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ABSTRACT

ABSTRACT

The Longmenshan Thrust Belt (LMTB) trending NE constitutes the northeastern
boundary of the Tibetan Plateau, and separates the Songpan-Ganzi fold belt to the
northwest and the Sichuan basin to the southeast, respectively. The LMTB is famous
for its extremely steep topography, intensive activities as well as the abundant
structures. As a typical composite orogen, the LMTB has had experienced intensive
intracontinental deformation during the Mesozoic then is reactivated by the Cenozoic
deformation, produced thin-skinned structures and basement-involved thin-skinned
structures. The Mesozoic tectonic evolution of the LMTB is crucial to understand the
intracontinental orogeny, uplifting of the Tibetan plateau and the alternation of the
thin-skinned and thick-skinned structures.

The LMTB consists of three main thrusts, the Anxian-Guanxian thrust, the
Beichuan-Yingxiu thrust and the Wenchuan-Maowen thrust distributed from SE to
NW. A vertical cleavage belt has been delineated within the LMTB that divides the
LMTB into a Western Zone and an Eastern Zone based on robust field structural
analysis. The Eastern Zone characterized by NW-dipping foliation accommodated
with NW-SE trending lineation, all shearing indicators show a top-to-the-SE shearing.
All the foliations within the Western Zone are exclusively dipping to the SE with NW-
SE trending lineation, and reveal the top-to-the NW shearing. Combined structural
geometry and kinematics, the LMTB is actually a flower-liking structure. There is no
horizontal lineation observed in the LMTB, which contradicts to the ductile strike-slip
structure.

According to the structural level, the Eastern Zone can be further divided into
four subunits, from SE to NW, the autochthon, the para-autochthon, the allochthon
and the meta-allochthon. The autochthon is located to the east of the Anxian-
Guanxian fault that is composed of Jurassic to Cretaceous rocks, weakly deformed as
long wavelength fold. The para-autochthon bounded by the Anxian-Guanxian fault to
the southeast and the Yingxiu-Beichuan fault to the northwest is mainly composed of
Late Triassic rocks that is intensively folded and overturned to the southeast with the
cleavage dipping to NW at local places. The allochthon includes the thrust belt
between the Wenchuan-Maowen fault and the Yingxiu-Beichuan fault, the pervasive

klippen distributes at the front of the LMTB. Extensive foliation and low greenschist
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metamorphism assert its deeper structural level than the former two units. The meta-
allochthon located between the vertical cleavage belt and the Wenchuan-Maowen
fault, has had suffered the highest grade metamorphism from high greenschist to low
amphibole facies. Detail structural level recorded in the meta-allochthon depicts a
southeast-overturned antiform.

Combined redefined deformation, including the strata relationship based on
pollen analysis, sedimentary characters of the Sichuan perpheral foreland basin and
the zircon U-Pb age of the syntectonic granite, constrains this main deformation event
in the Early Mesozoic around 219 Ma.

In the middle segment of the LMTB, there is a top-to-the-NW detachment fault
developed along the western boundary of the Pengguan complex, which should be
later stage superposition within the Eastern Zone. This detachment fault has been
delineated along the southeastern boundary of the entire Songpan-Ganzi fold belt
more 300 km in length by previous researchers. Integrated structural analysis,
anisotropic of magnetic susceptibility study and gravity modeling suggest that the
present architecture of the LMTB and its adjacent area is the result of basement slices
extruding and stacking during the Late Mesozoic between 166-120 Ma.

The LMTB is far away from the contemporary plate boundary, devoid of
ophiolite related material, could be an intracontinental orogen. On the basis of
regional tectonic background, the Longmenshan area as the northwestern boundary of
the Yangtze block, has had suffered extensive pre-Mesozoic extension that
incidentally offer an ideal intracontinental weakzone. During the Early Mesozoic, the
Yangtze basement underthrusts along the weakzone due to far-field effect of the
Paleo-Tethys’ obliteration and exhumated the different structural level material to the
surface, presented as the southeastward thrusting and contemporaneous
northwestward back thrusting. During the Late Mesozoic, the basement continues
underthrusting due to the amalgamation of the Lhasa block to the Eurassia block,
which lead to basement slices extrusion and stacking that resulted in couple developed
detachment fault and thrust and crust thickening at the early stage. This process is a

typical basement slice involved thin-skinned structure.

Keywords: Tibetan Plateau, intracontinental orogeny, thrust belt, thin-skinned

structure
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Chapter 1 Introduction

1. Introduction

1.1 Background and scientific issues

1) Intracontinental orogen

“3& LL/E P fe 7 H Giilbert (1890)42 H, K 3 i SRR & I 1T P9 1L B e THE
F o HE G 2 R I Ly SRR Sy it L T e mh 22 52 9 2 408 A P AN G A AR TR 1
7o BBk A5 28 1 HU 5 (Schuchert, 1925), RIS IISHRE IS, NS K%EH
Wilson (1990) K i L1t & SO B Bty BILE, & Ll /R I HR AR A ot
WS AR A — RAVE AR BRER . ARG 5 R 3G A 3
B T+ FE (Dewey and Bird, 1970; Sengdr and Natal'in, 1996), X S84F FAIFL S L
FARFBR AL AT Rl T8 A Bl . AR IR P> S f € R KB o A
FURFES A, AHLE T KRG A AT, 50 1 K o A B Vs Bl K Bk i AR o
WVEHCE A, SERGTIEIT IIEI,  ILETE B KB S0 A B AR R
Y e R Rl 7 A2 KL FE - (Sutton and Watson, 1986).

fegid iy E SRR TR 2, 53 il B A= B (Figure 1.1 a A1 b).
A8 B 3 L 8 7 A T3 TE 2 0 Pl M08 I e RS AR P 5 e i 4
VRS SR AR ) T R AR, 51T A P AR SRR B 1 e 2 AR
. ABRAE RS, WE DR A T AR GG LA R AR VR SR IR i
HfE Ll RN ITUEHT I E S RSN, FEBERR U IE AT . AR F LA
Fedhse e, ARG LA AR, Wik /R 78 L ik (Brendan Murphy

and Damian Nance, 1991; Windley, 1992, 1993; Windley and B.F, 1993; Nance and
Murphy, 1994; Sengor and Natal'in, 1996; Sengor and Natalin, 1996; Cawood and

Buchan, 2007). LA_b A 7 e 2B AL o e ok el -l 2 KBl 0 2%, AR
B o

WRIEE TR BRI . R e R AR i, BT 2 A
WA R AR B 5 5 T2 18— A K BE R Rt BRAR - B 5 7 A2 (R bl B 9 AN )
WG ORBE 1 SR AIE MR, OV MIEE ST . DAL, IPEAR B EEE e A B
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ST 2 AR BE 1 220 1 i A Ok B L 52 AR T BT i (Molnar and Tapponnier,
1975), HHbR HY 58 = Fhd 1L 287 - [l Y 3 Ll ORI 7

¢

Figure 1.1 Classification of the orogens (Chu, 2011)

(a) Collisional orogen; (b) Accretional orogen

it P L Y o 7 e 6 [ 2 35 7E T 70 B A Damara 3 L7 IR 46 ) P63
LRI DL <l Y RE A5 B A & 4% B (Intracontinental fold belt) /&) 5] H (Martin,
1983). AR P LLVE AN IR AR i1l , SRR it 1Ly 4k R JE IR 7= AR 5
L AR —B B, A HRR I MG A B T UG T 5 RO AL
(R R R R IE S, 2002) S5HR G0 (L 2R ABL, i 3 1L A7 28 KA 4
AR . AR FAER RS RIS . R, 3 nT D@ ik o AR AR Zhidk L P i 2%
Mo R ER 7 AN 7 SRR N I LA o AR N I LA R Bl ) L —
BAFAEG L, 5 b SR (it Y 3 1L an R A Damara i 7 B R EEF 4
Wrily . KAV [ Petermann 38 17 A1 Alice Spring & this A7 [ AEAR KR
iy AEAB A I L - LL RS b s FI e R 1 2506, B3N Laramide 3 (7
DL K P 1) Zagros 2% (Dickinson and Snyder, 1978; Martin, 1983; Choukroune,
1992; Allen et al., 1999; Hand and Sandiford, 1999; Sandiford et al., 2001; English
and Johnston, 2004; McQuarrie, 2004; Raimondo et al., 2010; Chu et al., 2012a, ¢).
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XL A A T SR R L a2 2 BT A RN, &S mtk b
B TR MR X L& 1 L T T e S ATV 2« PSR ORI 250 Bl R R
AN ) = Fh iR BEHL I (Molnar and Tapponnier, 1975; Dickinson and
Snyder, 1978; Tapponnier and Molnar, 1979; Hendrix et al., 1992; Avouac et al.,
1993; English and Johnston, 2004), [ 5 Fif 4775 1 78 55 740 38 7 02 7 A i Y AR
FE ) B 22 5 K] 2 —(Choukroune, 1992; M. Hand and M. Sandiford, 1999).

B0 T gL A TR E R AR DA, m R A, H R A AR
T AR F i P 365 1L/ FH (Chu et al., 2012a, b, ©) o 25 U5 1Ly DX DA - 1 2 M 5
RS AR DX EEORAE Bt AR ARG ALY 5 1 ot S X sl ] £ B A A AR
FIERFAL o MR- T R VD — AN SR AR BBl i g5, 72 TR o
MU RERON T, A G S P JER T M P - s i 95 77 [0 A P O VR O, 170 s 2 70
oo d AR VURRIE S« B A SR RS o 2 A B iy A AR . R
Aakd, SEARBENIE LIRS, RN AERE 2 3G LR R iEE (Figure 1.2).

I——- Western Outer Zone ll Eastern Zone {

Xuefeng Mountain

Chenzhou -
Linwu Fault  gp
.

Wuling Mountain

Figure 1.2 Structural cross section of the Early Paleozoic Xuefengshan orogen (Chu, 2011)
Alice spring i L7 f& A TR 30 ZR Pk m & i B N & L, B

HAea 1ol AT IS5 AR AR o e A N IR E s 2 K E
AR Joh S B P B A v DR B A 9 X ek, 2 Dt vt AR AR BT
515 N A BITHREAL, JeR L A RO K AEZRLEEHE 7 RA,
TR T VI A B B3 ph W2ty , - B Rl Amadeus ZE3UATE A Aruntal
g AR, PN HUATERR A TR ] K A2 1L T (Figure 1.2 a; Goleby et
al., 1989; Martin Hand and Mike Sandiford, 1999; Sandiford et al., 2001). #Ji&2F
FERE T Amadeus FHUAGEE, 170G T A L7 A AR 3G A8 X I Y 3 L i
R FEFEL D T s UE (Figure 1.3 b)o



Mesozoic tectonic evolution of the Longmenshan thrust belt, East Tibet

T
132

A :J.;g\ e
§ Arunta Inlier - Ko S
2o £ ia Basi .. Basin. .
22 13 Ngalia Basin , el L
< ‘,";4_4‘ s | ! : cigts 4 W
|- = |+ : : A
- l : S SR T Eee
Fasf Bl
o e
. Eromanga
_\\’“ Basin
_Northem Teritory |
[28® © : South Austraiia
R Musgrave Inlier \ e
Tt I = T G
a0 Y] Offlc_er:ﬁasm j 200km
|:] Younger sediments D Meso-Palaeoproterozoic granitic crust
Neoproterozoic to mid- "
[ Nagproterozoic o it [ ower oustl ooks o™
Alice Springs Orogen _ .
%0“3 Officer Basin  28°S 26°S Amadeus Basin 24°S 22°S Wiso Basin
N p ” JA & /
AN ) 1
UL TR '§§ A
o o R ok | 7 Musgrave L2
a i / Block i
50f @ MT- { o z
7. S2ehy WT-MF \ppsz =
Bl v v iy ~300km

Figure 1.3 Alice Springs intracontinental orogen

(a) Geological map of Alice Springs orogen (Hand and Sandiford, 1999); (b) Cross section of
the Alice Springs (Hand and Sandiford, 1999; Sandiford et al., 2001)

H Bl P 3 L i RIS 7 B AR AR, L FERE AN RIE B — E AN AR
Zrig iy, Hah UG IR A A — PR . (ERREAE L AR
BReAb) i i) A KR 7, R W FUAR G A X A bR A F R 1) B B A 2 —,
e R RG MG s 2R A K 3h 7 2 ML ROREE A2 B A AT FAR, %A
AT BAE WG 1 i % . HBR A 2% Bk ER 4G 5 v 804 S T 2 b s P 3
7 B AT AL R . SHRGE L AN, ol A3 Ly AN SR AR B 1 1
$4PE BRI N AR AE R, (EAE T AR P 3 L R T TR Y AL I AT
DI 7 PR A% 3k LA SRR AL S X R AR RO B A, AR R
X

1=
52

2) Thickening mechanism of the Tibetan Plateau

eI T R AR 2, R FL e U 14 b, A5 R 5 270 1 7R 35 2 R A [T o 4
MUFFCHLX . T R TE AR AFI TR B, DU Rt 2 5 = B, EA 2
100 km FIZKFREES Y, HE4R B 500 m 245 B34 T & 5000 m LA | (Figure 1.4).
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IR AR B AT I AR T R 3 W 1) o s X A AR AR DR & iy 1 R 2 T pR
3 (1% T} (Harrison, 1992; Tapponnier et al., 2001; Clark et al., 2005, 2010; Wang et
al., 2012; Cook et al., 2013; Tian et al., 2013, 2014), 7 L [ b a9 B4 1) T 1
KO, 5T R U )1 Z ) 45 km 7245 ) NW B3 S22 60 km 7 47 (Robert
et al., 2010b; Zhang et al., 2013; Guo et al., 2014). {Hj|#/ET, Tz
A AR B [ i i 73 (Burchfiel et al., 1995, 2008), GPS Wil 0.3 B 523k e 1]
1 238 F Y 38 7 1R 18 (Zhang et al., 2002, 2004), XFh 55 & S 55 iE
FERFAE IR R I AR A 51 H 1] L7 A AR AN b 5% 0 38 JEEATL ] 0 6 o o
JOREAL: 1), HhFRMETERERL, WRERONEE A T R e - s B, BB
PRI pp 38K 5 350 35 1 B T AN Hh 5T 3 JE (Figure 1.5 a; Tapponnier et al., 2001;
Hubbard and Shaw, 2009); 2). " Hi5¢ i@ iE it 2{(channel flow), BT HL5EH
Fas A TR T 22 B0 0 IR AE 28 A 1 P ANt 8 SR R F R b sh, 1N
NN DT 9 = 2 /i = N o I i) O N TR 5 2 LA w7 B )
(Figure 1.5 a; Royden et al., 1997, 2008; Burchfiel et al., 2008).

AN KR ZAE T ] Ll s 35 B ik 1) e A28 AR AR, AR N R A )
L1 X PRI R A 0o b 34 B T A e 1 S AR5 o A ] L B e B g oo vl
PRI AT R G e AR R A AN, el e A 220 - FLE8 =4l
T b 7 RUBE FRRRTI 5% L mO00EE T e A 2 B 1) 1L b [XC L 3] ) 1 5 19 5 (X et
al., 2008; Tian et al., 2016). EEBASE Rt —H LY, oI TLEFLFREE -
BE T G2 5 BL W D 2 25 AN 75 2K 22 B /KP4 el 8 7 AR 2 25 s B e T ANt e
142 (Feng et al., 2015). H AT RAGRIET T X R A A B b, w7 X
TR AR R AE AN AR 1) LT TS [l 52 IR B A 77 20, DA SAERA - H BOR8 4 T
IR R BATER G AAR CART e 1] 1l 52 1 JE SR A B K HR AR, I
T 78 e S B R AR AR



Mesozoic tectonic evolution of the Longmenshan thrust belt, East Tibet

8 maximum topography e ‘r o Elevation (m)
6 lmean topography ——— 700
1 profile C \
TN 6000)
2 Eastern Tib )
0 ; o B 2000
0 200 400 600 800 1000 3 1,
8 LR 4000
e 5 B 3000
=4 4 profile D
& 2000]
s 2t
3 1] 200 100
- i C . 1000
s 8 200 400 600 800 1000 Kilometers
bt 8 200
W of
4 profile E 4 profile G
Ar 2 ‘L
0 " " L " T ' 0 ;
0 200 400 600 800 1000 g0 200 400 600 800 1000
8
6 6f
4 profile F 1 profile H
2 2
0 " " ) 0 )
0 200 400 600 BOO 1000 0 200 400 600 800 1000

Distance (km)
Figure 1.4 Topographic cross section of the Longmen mountain (Clark et al., 2005)
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Figure 1.5 Two end-members model of the uplifting of the Tibetan Plateau

(a) Deep rooted thrust-slip fault piled up that lead to crustal thickening (Tapponnier et al.,
2001); (b) Channel flow (Royden et al., 2008)

3) Thin-skined and thick-skined structure

T BRI A Y Rogers (1849) AR RERRIH R Z L ARG IR o 3 1Ly
HTRG MR i i, IR 2 BRI A E . a. TUaERIE)Z
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HEHFE S HERAKERE, JURSERAERGZIgaR . Wi, &9 b
K FICNEPRE W= b, FERI N 5 v 5 3w S B 18 MG e 1
g R, RSN TR . ORI S, ERT K B
AT, SRZI P HER 1) MG A R B N B R B AEE)IZ KB
(Bellahsen et al., 2014; Pfiffner, 2016).

T LT e A TR AT — R AR R Kok, HEZGRE B WAL
N, RN IB ERRAE s BT L RIRE S A 6 1 22 B0 i AR
Bl Wb AR B F 3 BT IR - Burchfiel et al. (1995)7E V4L I AT fro 3
fifi b, KX SRR R AR A R D R E L e e 1 SR R g, RIRE Tl AR AR
AT RE SUNFE R AR A NAZ TV 8 7 W o ¥ 400 6 b 7 IS S5 1) T R i ek LR
FRERW, el ILrg B, TENERMENEEGNTE, J8T AR R i
(Figure 1.6 a); 121 TILAGEL, AL I M 5 % 5 ZU 300 e 7 (1 79 52 4403 (Figure
1.6 b; Jia et al., 2006)o e[ 1LIAG B 1) R )3 T B 114 J2 2 A e AE I [R] BB A
Z2 5, ACBGH B IE R AR AE R AR, T B JEL B A R A A I - R =
40 (Jia et al., 2006). Robert et al. (2010a, b)HRFE£E 1] Ll [X 755 K5 B 1 7 S 5 34
TR S8 51 T 2 sl G 225 SRt D L X S A DA R )3 1 1 e s
NE, HERUIERME AT, [FRERE AR Boh e B . el 5
1 5 B B ) e S A ATL 1) L B B 1] 546 i D% % 110 JEE 5 e B g 1L v e g A L
FE 3 F= A AL B T Al ) LU TR BRI A R B R

1.2 Research methods

AR T Tl i AR G A Oy TR, BB VR T L3 b HE R 5
WRFEIX, N BRI A AT S e B TEIX MG RS 2R L 70 DXCHRp s I I
FAFHIRIE S BEIME I 20 s AL 5 A A VE(AMS) A R AL i
ot S E RN, B E T i 2 IRE AR . AR N R
BINRAR. RERS. FWIESAEO U-Pb @ EMPINEAR I N HET V)
VAL Ar SEEE LT BRI Z AT I [8] o 320 e L rp A4
[T UL 3 T A% 2R S M A AR IR e 5 L - T 50 P AR A R A
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a Songpan-Garzé Basin ——-‘ —_— Longmen Shan | SW Sichuan Basin
NW Baoxing Figure 13 Seismic Line LHS-02-12 SE

5 1 ; — 20 km

1 Silurian- Sub-Sinian
-12 Paleogene [ suressic [T Lower Triassic Carhonifacoie [ | Hecamant
km Cretaceous || Yeper Triassie [T permian i Sinlan-Crdovician
Songpan-Garzé . | Longmen Shan «——— W. Sichuan Basin
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NW Figure5  jiaezidi g L T— Qinglinkou SE
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Jurassic Lower Triassic Carboniferous Silurian Sub-Sinian B

0 10 20 km

Figure 1.6 Cross section of the Longmenshan displaying thick-skinned and thin-skinned
structures (Jia et al., 2006)

(a) Basement involved thick skinned structure of the south Longmenshan; (b) Thin-skinned
structure of the north Longmenshan

1) Research content

a. Constructe the bulk architecture of the Early Mesozoic Longmenshan

thrust belt

FE RSB AT AR TR R AR b, 80 e 1T Ll e 7 iy K S i 1 X
KVaH . VB ANE52, tE HAiE LI A REsh AR5k AR A X AN [ .8
HRCE I G AR, e T TIL S MG RIT LB B R A,
[N 25 5 b S A R ARl OB URFAE S, 58 38 X 0 1] L3 o3 7 o FO A
EEALIAR

b. Distinguish multiphase deformation of the Longmenshan thrust belt

focusing on the emplacement mechanism of the Pengguan massif

R E NI T X et AU R, R AR 5EEMRME . AR
JZEMGE AR, RURW AR T AUR G2 a2 T Ja IR 58 2 od
TEM o DR A ) S VRS A JE e S S i I LIRS, A A R i M o
WA, B R A R R LA RIS LTRSS, B2 FRGE
it 2 RIS AR AR T T IS AL R R AT B R X

c. The geochronological constraints of the Longmenshan thrust belt
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TERFAMGIE T S e NBTEHE G R, 1 AR T AR X A
X I ARAAAE G A B LR S G, T8I K &6 AR BT e H )2 R4,
AR TR BRI A B SERE . 03 Ly N R A& AR i 5 #E4T 854 SHRIMP U-Pb € 4
N5 S AR H5 Y R AR T 1 AP Ar [E SR VBN A LA SRR .

d. Early Mesozoic intracontinental orogeny and Late Mesozoic modification

of the Longmenshan thrust belt.

FEX T TIVEEIE T L2 a3 MR b, S5 G RT X &
Az ARG S A R AN [ 3 DX IR 7 55, 0 A e D Ll 3 e oy B mp AR
AL RE s A VI R B e B AR AR IR 7] 1l 22 S AR X . 2 AR 2
IS, ATy B T R B e AL I 37 AR T2 5 A A 3 i oL i A 5 B
e AR Z A, X e Tl JE B E D e s B R Gt e 1 S AT — € [ o
iR o

2) Research routine

a. BORMELE. EWEICEMPPS SR SCHKI R . HERIL S HERY)PE BT
Bl AR T AT SR T TR [ P A AT B A AN T DT FURE R A E
SEEIAGN, NI AN TAER S N MR (4R AR .

b. HF A5 R B ARG BT 7T B 1 20 77 XSkt B BORL 9Bk R L [RIIS
LEE RELIX 125 77 XIb s SRk, RASCHE R I T R VRGN K B A b A
Xl a G o, e JUTE. MIEAESE, I RGURE S AL E
A SEFERE . KB AR - T AR A A A A RS A IE AR TR A Lt 45 5
fE—ile, W PHEAFRMIERTTHR LT ENEEY; KEAFARERERRE
P 22 ) JR AT ARFAIE S A I R BN BN O 2R, HETTEAT AT AR 735 PR AN ]
WRG A R BN XIS 5t ATRERI B A A

c. WM 1A 57 E(AMS) AU W R URF LRI 7C . XA U IX B R AR -2 2
HREAT TR T . SR A B ANRDUNPUIRIE S, #2 kR EAREIR
R I IPEAR T, ARMETT A SEROMIE AT . S B IR, AT
FRVIE PRI, SCEARAER . Oy TE AMS SRR ATEEE T, AR
LR A R N ROV, SR A A B BILAE BT 1 2R U SE IR o
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AMS AERTIAZE H a0 BOML T BEAIA 2 B, 25 S A LA AR i . B4 S Ak
FRAE T, T AR AR5, I AMS Frfs ) LRTHE SR A [X 7 H g id
R FE SRS, 256 XL 2 183N, SR TR IR & AT .

d. BB DAX SN ER B ROAi A% 5 70 7 1 O Al &5 & 3R
/N B Aot RUA A B 0 e e, St e Xvh B e M {5 2 @ vE
S BN RO R, S5 AT AR X 2l 2 3 RIS R, B
R BORL S R PR FR L A N T (W Z IR AT AR | I 5 55) 58 R
I, SRAF AR LT 22 2

e. FAAWITT: MRIEHE B P E ARY R, HET I E A A A R BT R
G I AT U-Pb 5& S0 5E FRIETE b o USRI, A ITTAR € MG SR R 2B X g
6] FEALSE A AT ANE DAL TP IE LR (LAt B 3 IT X A B B ) s B
SENAS N RAR I I NG . BatE Bath, MRS R YA Ar 4
R, S WEARIEHIR IR 26, B 5E 2 IR IR AR A AL I 1]

1.3 Main achievements and innovations of the thesis

1) Workload statistic

FF5 TAENE HE | B FHETERAN
1 T 41 o7 5 5% 3.5 H FEIRIE. MG
2 HF AP £ 714 A BERAE . R4
3 S T 20 % BRI, MR
4 ERLPIS S 130 B BERAE . ARAE
5 By ANy 825 IS R
6 HAEHR S 305 ) HEIR R
7 Fa 3 5E [ T Py L% 280 Fr R
8 &2 1 o ) 10 5k FEIRIE. MRAE
9 eyl 12 % FEIRIE. MRAE
10 B B RO S5 6 t ERAE. BUR
11 | #5477 SHRIMP U-Pb 5 £E 1 7t Bk
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12 | #47 LA-ICP-MS i 5 7t R, BLIR
13 O RALL I T 2 % PR
14 AMS XFf 36 = FERIE
15 AMS 339 A BEIRIE
16 EBSD il i 12 2 PR
17 B V) = BRI T 7 it FERIE

2) Main achievements of the thesis

1). A vertical cleavage belt (VCB) has been delineated along the Longmenshan
thrust belt (LMTB), which divides the LMTB into an Eastern zone and a Western
zone. The Eastern zone featured by the NW-dipping foliation and exclusively top-to-
the-SE shearing along NW-SE trending lineation, while the Western zone display all
the foliation dip to SE and display top-to-the-NW shearing along the NW-SE trending
lineation. There is no imprint relationship between these two opposite kinematics and
could happened contemporaneously. No ductile strike-slip structures have been found

along the LMTB.

2). The Eastern zone can be further divided into four subunits based on roboust
field observations and inner door anaysis, from SE to NW, autochthon, para-
autochthon, allochthon and meta-allochthon, which are bounded by three main thrust
of the LMTB and the VCB. These four subunits are characterized by enhancing
deformation and deepening structural level from SE to NW. The highest
metamorphism record in the meta-allochthon attained to low amphibole metamorphic

grade, as a core of a SE-vergening anticline.

3). The LMTB suffered intensive shortening could be the result of the basement
subduction. Both geophysical and geological evidences suggest a pre-T» rifting along
the Longmenshan, the subsequent closure of the rift offers a potential soften zone

where the basement subducted during the Early Mesozoic.

4). Pollen analysis of the brecciated limestone at the leading edge of the
Tangbazi klippe, one of the klippen has a narrow tail covering concordantly deformed
Jurassic-Cenozoic rocks, overthrough the strata evidence for Cenozoic thrusting of the

klippen belt.

11
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5). The Pengguan massif, one of the orogen-paralle proterozoic basement, could
be the surface expression of the basement slice extrusion along the LMTB during the
Late Mesozoic. The basement slices extruded southeastwards accommendated with
the top-to-the-SE shearing at the foreland and the top-to-the-NW detachment at the
hinterland, and the basement slices backstopped, piled up could lead to the crustal

thickening.

6). Integrating previous research and new findings of the thesis, a Mesozoic

evolutionary model of the LMTB has been proposed.
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2. Geological settings of the Longmenshan and adjacent areas

2.1 Geomorphic location of the Longmenshan and brief introduction

I T FAL T T RE VAT, RIEEUNHT 0, 5kl
FHE, PURFIEAH 2R 4, K I RRL 414 500 km, FE4) 35-50
km(Figure 2.1)o eI 1L BEDS P A5 00 1Tl AR PGB U R AR 22 5, R B0 X
WNKFEAE, VU2 RN X T fEth: P RN AR, SfEt+41
H o DR P A 000 ) TR b 2 S ST T 2 P T - AR Aty R D 1 23 R R
AR B RE N ZESR, DU 2 BAA % - H SR 9y, b7 JE B 44 km
RA R 60 km, RINBIARAF RPN EICPFES | 1992; Robert et al., 2010a,
b; Guo et al., 2013), R H ML HIFE (2008)F1 7 Ll HiFE (2013) 8 A AL T it
(Figure 2.1).

T T
—35°N 100°E 105°E
Anyemagen Syturs
. S Fia 35°N
S £ ~ o ﬂfyuan Fau]t

Minshan

)

N
o -
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granite
+ Proterozoic
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. | Fold axial

Qiangtang
Block
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il fault

105°-E’ k ))’ Thrust fault
1

Figure 2.1 Simplified geological map of the Longmenshan thrust belt (Modified after
Harrowfield et al., 2005)

DR e 7 A X B = A NW R b 2 2, VRN A i
fENTER I, I TIL T B NW ] SE I AR T 138 I e, Dt
U ET fE AL R 7 (R4 & %%, 1994a; Chen and Wilson, 1996), iR [z 551 1 A1
bR AR R R R R A B AR B e T Ll = 2% S TR ) NWURERT 15-20 km VR
YR I ) AT L R ZE (L et al., 2010; Guo et al., 2013; Feng et al., 2015). &
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I HER Oy R R S R Ly, AP ARSI R R, el
fr T3 FIRB R E BT B NW G (8249, 1991; Z5H, 2008; ZE1£, 2009), #4
P e A AR A SR A A A B BT A i B I LD A R (RS B,
1992; Burchfiel et al., 1995; Chen and Wilson, 1996; Liu et al., 2013), #rAACH4r
TRITEE & R T & )R 215 4 (Clark et al., 2000; Kirby et al., 2002; Hubbard et
al., 2009), {5 1L PRI T ANMUAE NW-SE J7 7] EARI IR IR AN —
(Luo, 1991; Burchfiel et al., 1995; Chen et al., 1995; Worley and Wilson, 1996;
Burchfiel et al., 2008), # %111 NE-SW & [A]_E R H 7 BERFE (Jia et al.,
2006; Jin et al., 2009; Xu et al., 2009; Jin et al., 2010).

T T PEALER AL R - H BORE 4 o — ARV R e AR . AR FEpE 2 P BRI
18 = MR E B A 2 (Yin and Nie, 1993; Chang, 2000). b0 LLR J& ¥ 5 - %<
RGN, PR CUH A4 A7 A S, SE IS M e T il i et
i (Figure 2.1)0 FATE-HBORBAEHT 2040 J554 10 km 1) =2 20 74 B A A
(Figure 2.2), NHERG- AL I 47 7L Z MR BN E R, iz T
kAR b, 78R DUACH -3 4% 55 TS )5 (Bruguier et al., 1997,
Weislogel et al., 2006; Zhang et al., 2008; Weislogel et al., 2010). kA - H FkE 4
WA ZERERZ(EB-ERERE RS, SHARKE. R=8082) K%
JZ M BIUIER, G T T R R ZRR A AR T 50% 4R (VPR
25 1992; Calassou, 1994; F5575%%, 1997; Roger et al., 2004; Harrowfield and
Wilson, 2005).

5 ZAE A ) RERE R A T A T2 RN I LD BE L 226-205 Ma [55E
R A BB A R A, VRGN HLER AL A BT 3R B o 2 S R IE T N B
TFOMERL, AT AR R A S DB RIEI I, AR ATz IR AR
WALV SE BRIV TV IR T - H SO R - e AU AR RE N A
B RS TN AL, B VR AR (Yin and Nie, 1993), {HET 2 57 & ML 45 48
AR PR PR B R A 22 R AR R e R 2 S S 51 T 45 R VAR - T AR 4ty T
R T FE R (Roger et al., 2004; H{# %5, 2005; Zhang et al., 2006; 1%,
2006; Xiao et al., 2007b; Zhang et al., 2007; Yuan et al., 2010; Guo et al., 2013;
Sigoyer et al., 2014; Guo et al., 2014, 2015).
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VU1 A AT AR B B R 43, HH o oo ol AR a o AR G A I AT
FAEME B ERE RN BRI E A KA Bz k&
W&, BEHA RS- =SIR A 5 LA ARG B ()14 ™ 5,
1991) VU PG AL S AR e T il h 2R s ISR RR S I B FE T R, TR A 2
AR s, RGOS T AR A I R b, A R R R TR R I
FARAL I FECEE SRS A2, 1991; Chen et al., 1994a; Li et al., 2003; Meng et al.,
2005), PUNIZEHAZERLITUE . SRATUE . =8t E R U2 Z R
Jit 2, BT L e DY )1 2 A R RS T (Yan et al., 2003b; Wang et al., 2014),
B L R WA R ks R RE SO T 45 SR AN T 17T & (Hubbard and Shaw,
2009; Hubbard et al., 2010; Feng et al., 2015).

2.2 Structural and geological history of the Longmenshan and adjacent areas

1) Proterozoic

JeI TR NW £k, t b s Ao AU E B s . R
. Pkl XIXPFSE, By, TR, 25, 2. JTESE. £
i BEE A S (Figure 2.2). ARTHEEARSE F TARRIIX L4 A R T 840-
750 Ma 2 [H](Li et al., 1999; ZE#RHESE, 2001; Zhou and Michael, 2002; Yan et al.,
2003a; Zhou et al., 2006; 254k, 2006; Xiao et al., 2007a; Zhao and Zhou, 2007;
Yan et al., 2008b; Pei et al., 2009; 2=k E15%, 2009).  F 1A PN 70 A — LE A PR O
VERAAER, SRy 5 1M AL AR ORIl N R4S N AU 4, JF S5 R [X Ty
PREENEA R (L et al., 1999; ZRRRHEEE, 2001); 5 20 22 Il 1 M BR AL 22 RpAE X
LTI AR NW ZRIX 285 oo ol AU AR (1 T o5 BR A1) N Rodinia K
K& 47 T RGBS AR s 5 R AR B 9k E (DU 148 57 )=,
1991; %501, 1991; Zhou and Michael, 2002; Yan et al., 2003a; Zhou et al., 2006;
e EE, 2006; # CERAE, 2006; Xiao et al., 2007a; Zhao and Zhou, 2007; Yan et al.,
2008b; Pei et al., 2009; Z=4/ F14, 2009).

R el A Bt b S )38 e, 5 ARG 42 57 5 )1-FHF S
o RFWERONG, SR R A AR - H SO i R . A AL b
WA 1 R 70 33 9 3 S AL (e o B (AR IR 5%, 2007) BEELRRIR S . 28
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REKILE KL B TR (F) 48 N5, 2003, 2004),  HER: o AU 35
Rodinia # KRl A, 5 BRER Fh AL 1] F AR (1 — B B U O

VU 1| 7 4t

106°E

Fgiure 2.2 Proterozoic complex distributed along western boundary of the Yangtze bolock

HZ: Hanzhong complex; HN: Hannan complex; GKY: Guankouya complex; LJP:
Liujiaping complex; PTS: Pingtoushan complex; JZD: Jiaoziding complex; MT: Moutuo
complex; PG: Pengguan complex; XLB: Xuelongbao complex; DB: Danba dome; BX:
Baoxing complex; KD: Kanding complex.

X AL TS A SR o AR DTS FE R R B 1 L XV 2 A
WA S . BT TS A% i oo v A B e A M AR G KL s .
ARBBNBRTEEKWE S N, N—BR A -2 Is -2 0 -m8CaHE
HARAE R ER 1 L B S B A1 LA-ICP-MS 4E# /T 829+6 Ma~1000+7
Ma, HUIBRAE S HE 5 BT T IO R 51, A RRIE XS BT AR AR A 55 v
I LA (Pei et al., 2009; ZE44 %%, 2009, 2011). M OBENE AT WHE SH
WA A I W) P2 A8 AR FH (R S B T 3 2 A R BT B ) o 5 i &2 B B
PRI R (BLR 5, 1994).
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810 Ma 2 J5#f A\ Rodinia j# KFEZLMRIT B, #3277 H DAXI K S A% X
FIRENAGR IR K ILCE R o XIGIEREN KL E S R B A LA-ICP-MS 4E#¢ (]
T 809+11 Ma, Fityca. 0 RN/ b2 [RIAE R 0 K PRAE 55 7R () Ko
B MBCEFHAEREL, T RCT K12 S N FF T S Je i AR 1) A ) 1 1 e (B M
E 5, 2009, 2011). 117 793 Ma A Ay i3+ D 5 5 e il A i, DA A rg
A TP B B A AR TR A e R K Bl A R 5T T 1) SRS 3 (S5 R U 45, 1997,
Pei et al., 2009).

R, e Tl X g o AR AT 5809 Rodinia KRR & 74— RIE
TR NW G A7 1) B 9IUE H a1k ilis B s 3t AN 21 Rodinia KRl #EHY
B X N R A T 5

je HLZAIRIR s ARG S A TR BLAE A AREs A2 i ik g s
b, UURRPRAE e o3 AT VE L 3R B R B 14k K T Rodinia 2455 1W], I HAY
AR A, R s T RGE TR R . I T BORWREAPY, B =B iR
HRBEHEARANGALR G b, RUEDAERITLFEE, wh s
FEF A N B BRAT AL, FATRSE SE M AR BB (Figure 3.1).

2) Early Paleozoic

U )1 ot A 8, SR R R B ) % L gV A BB Rt R S TR, L€
G Rt X I R . KRR RS SR LAmRREE L, TER—&
WA DIRMAR R ZE- WP 2O 2 — RO, R X R s sk, (HEER-
BB 22 R () S ASAEAE R 1 E AR o R 2 (1987) N 47 T AR B T 1 7E 5
SRS BN RG E RO RR IR EL . B I R BRI Tkl s, i
RFEA SHRIMP #567 U-Pb J& 5 [RIFEMERE A 473.6 Ma RS N 248 K la (3
F,2009), (#3587 1] 1L M X B 20 R 24 FE PR R .

JE1 YLl I i A S - B R R R B AESSHEA A NE DU T BB
T T IX (Figure 2.3). 1 2€u- B W SR A2 sR ZU OB AR T, BRI TR R
HAANHEN. R DR B A T, B R B R 2 K D s I
JEEER, ERTTIHACBERBUATER- RS HEEZE S /U B &
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B Rz L(Figure 3.1), 1Rl Tilimg BLEPR a2 F 2o —BaiiF 1 RBEE A, D
T HE I
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Figure 2.3 Lithostratigraphy of the Sichuan foreland basin and adjacent regions

TRLLOK, T IX AR R BB R SRR, IR B R
B AU (Figure 2.3). el Tl s ) 2 i Ee 10S B R B, B8
ATEAL)I-BRF W PR AL, & — BRI AR s THCE . ehifa
MBTEF s, WRIGEBRACE, TR 1000-4000 m AZE, WX EGIN
JEPEHER, 3R E R R B TR NW ZRRAE T s ZU DU TR, R P REXT Y
JeI T X RF SR R R, P 2R AT TR NW G A f BRI IORA 2
8], I HATIR I AL -BR 75 W AR T ez 5 S W R B R MPTR. EJ81 Tl
Wi R I, SRR, RIS, TR RS- B Rk
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JE B AN G He il (Figure 3.1), fR/NBH RN EHIMES IMMUEEH . BEE
BRI ERENATT TARG A AR AR, Rt X 2 B A TN A A AR o AR
i, Fid ¢ 7 se B B AR F T (Worley et al., 1995; Arne et al., 1997).

BAKRE, RER-EHOHZE R X A B R, Em iRt
G RAER R, 7R T T X Bk p S - P 20 R, TR R U
—BEEEIR, XFERE. A EE R AT T AL, R T X
FEREAERET T RME- TR MR R Z S8, B UTRR IR Sk Ay il e
RIEABEC AT, 1991; ZHHERSE, 2009, 2011).

3) Late Paleozoic

W AR, 3 AR B R Bt 2o de T L X R AR 22 B K M 1 (B
R, 1984; Z'EAL, 1984; JFW, 1991), JEAL— FR 51 NE-SW 7 [m] i [A] JTAR 1E W
2, R 6000 m JERIUIR . L pEE T RIS — BRI A
W MDA JERRKE, PIRUERIAS] 3000m P . 1 RREGFE R
—EHRER S, JEEM 300 m F] 2000 m A&, FESAGE T ALB R 1 %
[ BRI R T T Ll R B RS T S X (Figure 3.1), 5A k- T =85 EM ST T
LA KRR HER Hy, R0 T ) 2 AR AR EN AR T . FEAN - H AR
AR RN G A R IR SR EETK 1000 m A2 45, JURMRFAE 7 o KBk 2 e ik
ZIRAKPURRIRES,  Jm b X L 2 RO R A IR A

B DX RHB 23 IX 3 R A R 200 )2, ANEE T 1) L 308 e 23 i AT R - T R
B R EAGA IR e el L e AR AR 2 ORI T KR
MADHE, FOBRKEMIE, Saat)Z— kg L CORIGE R A 2
Fe . IAE-H SRR RS, ARBREZ NS b5 IR K TUE
B TLAE K. Jef-AROHZETIBRER BT T X TR S B B A
LAk — B IR R (R 15 5 R IR /K A8

DU PG T — SR R AR E A =G H, S RRIRE,
PRI AR TAE . W S, el TR . s X T2 ARA X
ek e L Z i), R X E A 2000-4000 m(VU )14 Hu 5y 7= 5, 1991),
FELE T L T 7 R BI5 0E LLk X AR DG B 2 s (RIS, 1991).
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St Tl X (e e AR IS B TR B, FRIR AR NW 102 12 TR
FREREE DU MR . RKRERUE S RIS T BIRHEDTURR Y (P 57, 1984,
1991, 1994; Chen, 1985; % ELAE B, 1992; K [FI%AITH 02H, 1994).

Fai-H AP RGN T SRR, WHEAE 100m Af, HIRKR
B WEMICE R, W SHINSRICEI A B, — Lo 8 5 R0 A s
FREAE, ATREUIAR T KBEZEAIRAKE R, WMEEFHiRE ESKAENAELER
B X33 _F 5 2 1) R % 31 (Chen, 1985; ZR[FIDS AT 4, 1994), FEFARE-H HUFE
G ER, P HEABORE S . IR RAES T IR ZIL R A - H UK
S, 5 R B e KRN RS NAR DRI — & DART I E S, e
BT A B N = B e R RH AR B AR R R W M AR, R X
W A T A B R KA 2 A s R b 2 o 1R OK & I (2R S AN 4 [ T, 1987).
M RE s B T R AR s H DO 1 & mr bk 2 — Bl 5 2 A AR b (Jia
et al., 2006).

4) Mesozoic

T-h =B GAEM G- H BT AR, 5091 G PG b2 m R A5
L, A —BRIGRIR LA RS 5. RIREE, ZARERS. BA
ACEEE BN RS Al SRR . TUA SRR L LS 4
(Figure 2.4). N =& GU iR H0 00 C AL DG F 30 R AR 1R 98 2 2K o 5 B o A D
N T R R EL R BRER £ R N KB AR URR IR, 1 4 A R A
JZH 0K 5 AIERDIR 2K 5 2% B R R KR A . N =& 40 KAl e iR
A AR R BR KRR DIRY, AR T I X = B 40 245 UK FR L TR
(BB, 1992), ST LEREAN DY )1 G A 1 rh - =8 Ge o AR 5 3 KB
SR I T B A AR I IR S, DA . TUA . VR IR,
A LAY TR =2 G000 )1 73 78 J b bt DX A A S e ORA B B R 3
HATERR 5 (Read, 1985; Meng et al., 2005).

TEARAE DY A G bl Ft ik A - H AR 4l , NS E =84t
G R AR FARA: AENIARE RN, =85 ha A 4
[71) b AN 5 2o B 3 R TR B S T A (Figure 2.4),  HAZANEE S F AL
FGATRG AR E , RSS2 e T HEBD i shiz ), DU Z 46 H
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Chapter 2 Geological settings of the Longmenshan and asjacent areas

Tt o M Bl et T 4 1) i el 2 b Bk 78 o ot ML 2R 5T 2 8 B2 el R b
o DETUR FRE DU [RE AL R 2R, ELURRAR AU 5 B A A
ERARZE AR AL, AR R R KT A (K R 25 AR (Chen et al.,
1994a; Chen et al., 1995; Meng et al., 2005; Li et al., 2013; Luo et al., 2014; Zhang et
al., 2015). SEIT I TIL W HER Y, AU 2 R TR . R s A
B BEE RN IERE, B8 A A AR DR o RS IT R AR E o
—IE B B GTRAR, S RE 1A DY 1| 23 N S T R K o X P T ARAR He v
VA 17 ok A 2 78 D R BT (M J2 SRR, A AR S 0 1) L o ot o D )1
IR = A BT IR 7 OB (G SREE AR 24 B, 1991; Chen et al., 1994a; & 7%
MIZEB | 1995; XIMHRZE, 1995; Li et al., 2003; B A%, 2003). HuERY) AL 59D
0.2 B DO 1| 3 5 i il b T L W = e T R N R N A AL et al., 2003;
Meng et al., 2005; He, 2014). el TiLdbE, REUFEGER) =S S5 T ok
Do F WA S 5, ] LR BOZ I I A U5 2H Y By 5 0 SR
= BN EE G He i O AR (Figure 2.4), R 1] 1L e 783 s 72 1) DU )1 23 A% 4%
AR IR . AT s ) | — SR AL RN R, 5 -d6 )1 IR LA,
SRR SR A A DG S B B A0, B R
BN AT, B BIAL) 1 -B TS W (& B, A T 2 1] DO )1 2 Ay
. E=SG0IKNA B A I A SR s . B R KILE
H-NE=B S AR, R el T I IX e AR IR AE I = B I 22/ B R
MR (E SREEA 24, 1991; Li et al., 2014).

el Tl B v, IR A AR S E R U R A2 b,
Hoe AR 5 5 2 AN 5 R R - S B R X ES S, T
R B G A2 R AR M = B thh B 30 DA it 2 XA A8 (Figure 3.1)
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Figure 2.4 Mesozoic lithostratigraphy of the northwest Sichuan basin and adjacent regions
(Meng et al., 2005)
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Chapter 2 Geological settings of the Longmenshan and asjacent areas

AT BOES A, =85 AERENEEA TR, 2P iREar Y,
JE B X LR IA 10 km,  Herb s NS TR S AE AR Kb = R v 20, Bl S
Wl =& AR B )\ 1L A5 78 75 (Figure 2.4), br B RS IE B 4
45, RN )TiZ NW-SE JE 7] (RS 451 72548 B AR T 541 NE-SW 5] 45% H 4 4 »
6] SE I e gt ph e e, RS OO M Sl bS8 NE-SW &
[5] KR 48 B 125 (Figure 2.1). FEAZIEIIAR M, RN =80 11 R AE AT
JEAR P B45 R (Dirks et al., 1994; FRtt &5, 1994a, b; Chen et al., 1995; Arne
etal., 1997, Meng et al., 2005). Faik-H AR NIRANKREF AR A B T8,
FERG I AR TA 70 R AE 4 i, ERATE 226-205 Ma 2 ] (Roger et al., 2004; B
2% 2005; Zhang et al., 2006; Xiao et al., 2007b; Zhang et al., 2007; Yuan et al., 2010,
Sigoyer et al., 2014). KZEHUH AU FREGIT I K B AR B, A FATE-
HAGRZ R A R — IR e e =B 2 0. SR, HAPRA K-Ar ik
N R WA RG22 190-150 Ma 28 5 A FH (2 5252, 1993).

% & A HIAA— B R BRE AUR BHCIRS B BB 5, P17
Hb P AT AR AR D 45 (Figure 2.4), N—BRARIH . WAV, 254
FEHET Tl B BOK A 1L B B LA e 1T 1l i B IR Uk AV (Figure 3.1). 5 B =& %20
KA, NRY G S RHERAE RV 2t R R LAy —, JRARS
AR, R AT 100 m, B4 EZHRET BRI S ERA IS K
HKHA, HRIFHEREZRHE DB KIS s . BERA IR IIT
AR E B AERIE KA. FRP REES—, |2 K E RERRER
OB RAFRES B R RS e T A T L S R TR . R R G T
A ARV RIEAA —BEZ A MR A RTUE, Ay DL R RO, i
ZIATIR AR, EEAERE R T ALBOK G LR AR T 1L R B IRk LA,
PR s e Ry KR T T R B R T T AR B b AR B Gy AR AR 32 R E T
VEALBL KA LRI B L, 77 R B = R [ T L o A (e SRS AN
W, 1991; BESL AW, 1992; Luo et al., 2014). 3X 5 22 U FI AR
JE JURR 2 B i B 5 2 3th 377 15 Bt (Heller et al., 1988; Jordan, 1995), 3 BH M4k
HHFFaE, el L R e U E— 8 7] SE 10 7 ST I )1 i s 73 b
Bo XA P 0] e S BOR T IR N 0k 2 Gukth 22 AE R 478 T (Figure
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3.1)0 VUGN LR 2P 20t 2%, A6 14751 1 43 #r A o B8 S bR B R B e T Tl
L AT SR F AR A W e AR I 2 A R AR (BR T 2%, 2005; Hubbard and
Shaw, 2009; Hubbard et al., 2010).

12 40 2 AE DY | et P2 40 A, TE el il e B 2 A D 4 B
(Figure 3.1). YR T MR, ARICBAEL M E K2 L abe U )|
G IEA, T PE R B 2R R R R ARE A i AR T, B B RS
S5 TFARGEUMBEAEERAZTH, NAEGZ G0 JE b R o
T, B0 1L 7 R B 1 S - B = 20 I S0 0 T 2 B S B P AE B = B i
JA TRz b, R ) A ARG 2 AR, AR A 2 A5 R B R
VOO E R T I PR B, RS AE T P g B S E R =
HHTA I p P HEE R B (BT AR EE, 2003; VREZESE, 2007; Xu et al., 2008; Tian et al.,
2016), FEAMMUEFRIIE, ol LB AERTRE A, LRI
R AR ZRFAE, 256 5 IR 20 PH I BEME 25 iy W (1 S tH- L35 =40 *0Ar/9Ar 4F
REEER, BE— BRI L 74 B 2 & NG 3l (Jia et al., 2006; Tian et al.,
2016).

5) Cenozoic

BT X ERWEAKE, FAERAWERIIFA R . [RRENR
R R R R R T NI NS IR AR S, 2R AR AT B - R K
Mo, SRR R FEETE, MR- SORE 0T WAL S S S IR
BERART S5 RAR YTV LW o =20k 28 T R 3E I BT, TR F5-
A6 W 22 P A2 o ot DRt A 1 22 e VERE T (Arne et al., 1997, Kirby et al.,
2002; Clark et al., 2005; Godard et al., 2009; Wang et al., 2012; Cook et al., 2013;
Furlong and Kirby, 2013; Tian et al., 2013). #7424 C5RF B FE T8 0 111 HT 2R T
AL RIS KA R, AT 2 B A TR 58 =20 K B kS 1 (Chen et al.,
1994b; Chen and Wilson, 1996). E%[ TIHHLIX, B AEAKIER I LGN
E, ARMEEER AR . T EI R RS AL BT IS, S EE R
Y5 5] 45 1 36 3% (Tapponnier et al., 2001), 50-21 Ma 18] S5 iy 52 28 11 - 203 247 7E
Vi T 240 ] 6 3% (Tapponnier et al., 1990; Harrison et al., 1992; Leloup and Kienast,
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Chapter 2 Geological settings of the Longmenshan and asjacent areas

1993), B JE# NW-SE & 7] [ /e AT E 1 0 /KT W 2 A A= img ik ik, FRAEA 12
Ma 3% HK 5 5l (Roger et al., 1995).

2.3 Previous evolutionary models of the Longmenshan thrust belt

T VU e A A O B B MR R, RIS — A AR AR
TRIE SR AT, R R R EA R IR s s R 2,
IR I HH AR K A (R 390 b HE B A R RN 2 kA 1 A i Bt bt . 80 ) L4 1
BT, RGN T I E R — A E &g, BZ T AR
ARG AR, FE HHT RS TR R 2044 1 75 46 7 FH (Burchfiel
et al., 2008; Roger et al., 2010; Liu et al., 2013). H AGEEXT 1T LA % -H 70RE
AR RN RERETAE, 45 Hh BRSO T LA K DU ) 1| JE i i 42
MR 7 S, R L 7 R AR T AN RO R, T L e
HEA A B ) A R AP AE R A AR B AR AR AR AR =N T B

1) Early Mesozoic

Jen Tl 3 e A B AR ARG LR R R 2 S AL (1984) B Y C AL
LS W NGl R b N O M S L D R S WA s e = P A R T KA Y W SN i
ML, BT IR RSSO A I AR R T 5
2 Pl AR P AR E TR E I, AT 20805 K S I AR TR I 4
JESET, TR R R TE R R, BRI E 3 aefai
MR RS REE BRE TR BRI, Ui, SECEaRIRAMS), kL]
AR S (Figure 2.5). BN, el Tl X g5 an- S 2 AT IZ 0T
ieliva AAENTEBUZ, BRI ERBZ, EamKE @ EH T, [
I TT R, AR IR SOV, B BORIEYIR B 5 T8
REMIPEF SEOE s BISCHER, i FARE-H At g, ARHR AT i
RN, AR T 3 X B et — D T A o AR - H SO AT A
Ha oy R 1A P R AE AR PEAR AL, PTRE A2 371 L e AT L0 ) P BTARHI i i e
H SR H oy e o UL DR ) R R b PR 4 ) P 5 2 S A R R ) 1 -7
PO LA, A B SRR AR T IR R PU B R 4, IR BE I B RS . R,
C B A i R RS R A G AE B R IR & s THR A B S EEH R,
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ORP AR AR h BRI AR RN, A7 AR R m PR A A T Bl WS kARt i R - IR AE
el Tt R R BN — R 50 P47 1 i (Figure 2.5; 2507, 1984, 1991, 1994; %
HALAF e 72, 1992) .

% 171l I 2 s
i

Figure 2.5 C-type subdcution model proposed by Luo 1984

VP B BRI A - POV G R T S PR =t R 57 T ff B
(RATAR) R F AR PG B #B-FE TR AR, S8R
PUAbES . 70 EB TR R AT Y SO il A S SR, AR DR - AORE Ay
NEARITE BB 1L B (Figure 2.6; VFESE4E, 1991; VFEEESE 1992; F o254,
1997). B, RAWE-H RN, BT R TR s R e E M AE S ) AL AR
PEAERREN I E AL R R AT R AR 7 1 1 T PR SIOR T A BB S
R TR S A YE G ST 1R SW R U I HRF R A B, FERA G-
HH N = TG AR5 R FT, FRIG AR 0 S-N A ] AR 4 328 28 I 7E 534 1)
S U AE b o AEX SR s i L]~ R A - AR 2 R R
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Chapter 2 Geological settings of the Longmenshan and asjacent areas

T, 7R DAPE ST O T 1 5 0% - B AR X sl KB 4 = St R EA A
ANCARG S8 i AR 7 T IR =8 R EA R, el Tl i B oy
01 W i G5 8 P R Il R A

Figrue 2.6 Bivergent subduction and thrusting along Yangtz passive margin of the Early
Mesozoic Longmen Shan (Xu et al., 1992)

IRZ2F DN A LR R R AC BRI I, FA R H b SR e 70 7
N i, ERaE-HAA A — RS S BT, 1T E a3 iR N i
“HHBGL S, 2P e AT ER A T T IX 72 A2 2 17 SE 138k HERE AT
F1s BUARTE-H 408 WBLA NE-SW 5577 — R 51 NW-SE AE [ 4849, =
T T X, Sflfl T2, RIUCHAATEN, I NW-SE & [ FI 85 45 %
R[] Sl T X AR O NE-SW A& [ A 4% i DU )1 by g, el Tl i
VEFE I AR 3H R SE WP iEaE , JERET Tl 2 ()38 ph HE B M i& (Figure 2.7;
Chen et al., 1994b; Chen et al., 1994a; Dirks et al., 1994; Chen et al., 1995; Worley et
al., 1995; Worley and Wilson, 1996; Arne et al., 1997; Harrowfield and Wilson,
2005). Mattauer (1992)F2 HFAWE-H BURE 48T W B R 55 21 & IR Bty 7] S BY
Y1, ERAESUEIE R S N I AERE ST PG A — RV P HERT . Worley et
al. (1996)XF -7 BTV A A 11 R Al = 4E D) F SU 3R B, Ak
TORAF B AR AT 17KV J7 B AT B Y0, B85 SRR AR 1A SE f i
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HEBAEF, W AE 90 RFR I T Ll b [X 408 H A i e 1) A A A 7 i 1 38 e
AN, WA S R R IR T ol b X WA R A Y R R AE A2 AT R W ) SE
7 ) b FE e &k 45 . Burchfiel et al. (1995)5F 1] Lt K J& 32 3 [X 4l i 70 #r
WA, AR E A A G AR JE B O e, [ B - BRI AR A ) SW
R, T 2% AT ety 3 [F)VE AR W - 0P 2 ) 3 ARG A R 5t 2 A e T T
Z RSP, RN R B AT RN B, RIS Ay R R e LR I
P AR B AT BT e % T B det B 1) Ll it DX f) 7 9 (Figure 2.7)

YANGTZE

& PLATFORM
@

Figure 2.7 Interpretation of the Longmen Shan allochthon as part of a transpressive
boundary along the major zone of early Mesozoic N-S convergence in central China
(Burchfiel et al., 1995)

Chen et al. (1996)% J& 1Tl A AL AE I AR P2 A 7] SE 3= AR () HE 78
PRI ¥k R T T R PR A S LT 2 7T, B e =Bt DLRT 4 ARk
NW ZRFSE I B L — R 51 NE & 17 f R SURUIE BT (Figure 2.8 a);  EISCHA
F T FA V- H SR s AR T AE S T Ll X = A 1n) SE PRI w8 A, A R4 0
TR A SO, TR GBI p e 2ty R AL |- 75 W 2y, L IE i 2 o
[FIVTAR IR B S URR A LA 7K T 28 D I 7 s e 8 2 0 1 2, T e o o i
J Nz (R AR ORI, P B = AR U 1| i e 7t R 4k (Figurre 2.8 b);
W =5 2 5L S BB By A I 72, R 1) ol b HE 7 i E R R
] i Bt S AL B R AR, TR R -2 LS R A T R, 2 R P
BN SRS - PN R R R B AR L ] B (Figure 2.8 ¢).
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NW  Wenchuan-Maowen Fault S Yingxiv-Beichuan Fault Xiangshui Fault SE
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(a) Pre-thrusting extension (D-T32)

Wenchuan-Maowen Fault S Yingxiu-Beichuan Fault

Ak i »~ o7 o~ Xiangshui Fault
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(b) Structural inversion and initial thrusting slage(Tgxl‘z)

/S 7 D13 7 u—Xiangshui Fault
i _a—Cuan Xian-An Xian Fault
Pt T K R K
P-T3? tnil X

T
TH X P-
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(c) Episodic thrusting stage (T 3x3-K1j)

Figure 2.8 A simplified geological model illustrating the evolution of the Longmen Shan
Thrust-Nappe Belt and relationship to the development of the Western Sichuan Foreland
Basm.(Chen and Wilson, 1996)

D, (Late Triassic)

Figure 2.9 Northward subduction of the Yangtz Block (Yan et al., 2011)

Yan et al. (201 )IRYE MG TR 2 SAREGTLAS BN, 781 T ph e 1
PO A AR — 3 AR R AR AE 237-208 Ma 2 1], 78T i dLBER A
FRI WSW IR R, FRAE T R B p e AT, I A 1) S B0 -
B FET 2R, R WSW RIS 3 2 R H R AR i A L AR Rt FE e, e
PR bS8 A S B AE R 1] L H SR Y i B (Figure 2.9). Zheng et al.(2016)if 1
S A1 -5 L P R & BB AT AR PR KUAT S84, EIRE RS T
Ly = = W 2R B rh AR A B B AR AR 4R
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2) Late Mesozoic

VRAH MR AT R A T B B S AR T T X, AMUCRIA T2 1]
SE R8P, 7R 1 T I 2R M 7o o AR A 1R NW 3 ST B R A6 AP 1Y
BB IE NW BTUIR BERE it o BEM S T POBT AR 5 B GAR AR 2 A0 DY )1 ok v
1S 200 T A I I 2 20l R 7o AR5 R NW i S IE T B D) AT[) SE 38 ot
VU1 Rk o iV FITE 24l DRI ) NW R EWT R ) SE Fr3 ph LA [ml
o PRI Y b T I Dl i 34 A% 22 130 55 AR (R B G 4 P A2 B 2L IR 5% PR 8
N, SEEH AR - H P R A PR, R RA TS H AR AR
[Tl 3 HEZE 7 ) SE 7 1) R AE BRI % H (Figure 2.10; VFESRAE, 1999). Hrhid
R o ARl 1D L el 0 e DA R P s [T s S IE W, SR ABLE B R Ll i
Y T R R R A AR, (R Ll HE R e A AR T (B,
2007; Xu et al., 2008).

NW

A R
! (ETD) ——__ﬂi

Figure 2.10 Crustal wedge extrusion of the Late Mesozoic Longmen Shan (Xu et al., 2007)

Tian et al.(2016)J@id B /3375041, I AVFEEEEE(2007) (128 40 Hh TS UL B
B AT T LB i DX LR B S B AR A R B 37, B P N 24 3 3O Y L ) e e 23
A%, X EEFAMNIMEEAATF G o Tian et al.(2016) KT 4 H 01 T 1L H X B 2R
AR FF SR INF K1 5, 18] SE AT i HE 78 57 R R O et 7 RUEE /Y
Duplex #4Jit, Ff4& H1E Duplex I Tt = [RIFE 22 oo AR 54k NW S
NW [ IEWEA

Yan et al.(2008) £ & ] L1388 378 7 oo ol AU o TR AN o A6 S T AR =
Z 18] R H 2% R SE PR B IIEWTZR,  IX PSRRI LW R T R R
A “HISEIRIERL T MEREONIE LTS IR SR IEIA ST, AL Ra k- H Ao A T
PG R RAR A AL e T Ll X B e i I 2R SEE U [l 65t HY i 15 1
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Chapter 2 Geological settings of the Longmenshan and asjacent areas

(2.11), XIARFRE R SBUCHERINE 2 FEE R-BE R EEEe, JFH
BN PRI GRS B AR — R M8 by, el Tl B
SOMEAR I . P X107 SR 2 A R LR U 1 P-T-t BUZERFAIE

X N A g - AR AL AR Al 4 8 )R- 25 1 1 B2 (Huang et al., 2003; Yan et al., 2003a,
2008a, b, Yan et al., 2008a, 2011, 2012; Zhou et al., 2008; X|#%%, 2008);

Figure 2.11 The Early and Middle Jurassic extensional in the Longmen Shan thrust belt
indicates SE-ward retrograde migration of the South China Block (Yan et al., 2011)

FEMET UL DX, 6y B4 487 [ 0T 00 1) L s PO AG) T T A AR A i DRI
YER(ZE B4, 2005; FT/NTF25,2009; Li et al., 2013, 2014). /TR, #AW%-
PR ARG )| Z 35 2 0 4 50408 o g e, TS e ) 0 T L X
RIS W IES 5, AR SR, 0] it X AE R B G A o
Sepe e BT 1(ZE B4, 2005). B 54 [ SR B AE R, Ak R il
PORIACSEAE VYN A ni bk st b o VEA0 0 2 URURRAE 23 HroKs BT o e L 3t
Ry AR ERE R DBURAGIESTRUT S, Al bk B OB T 1Lk
WRE, VR TRy, BEVIHT SR DRARZHTAR, JIRYE
AT 1) i ol 7t P SR 45, TR ISR 1) Ly iR B e A Sk i i 2 e
WA 2)RBIBOIRIE S5 E I TR 7 51, R @b T mALRE, wiRas
[B] A AR K, R RETTRR PR SRS R8T AT 4] 3 o 28 ) B ] 1
[X = Sy ¥y el g, DRI R AR L IIR AN P AR OB S [, AR S B (R OB 7 4158
Brre, WAL T ENSZHA T Il ) SE (3 b 7 7 i I S A [ AR FLAS
BER(Lietal., 2013,2014).
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3) Cenozoic

R2 2 E NI NI A WA S R B TR AR, AT, Hh
FEIG R DL IV K B KR I A HE 78 A4 14 1% (Meng et al., 2006; Royden et
al., 2008; Burchfiel et al., 2008). [FJ#F2E 21 T ot A E 178 NW 32 5 7]
NW [ IEBr871), Royden et al.(2008)f# %y channel flow ££ 172 1)1 i (Figure
2.12). GHERK BLHE L R K channel flow 55 2 887y, HF &R A1 41
T, K REAE S RER A S T, 7EH NW IR NW ) IERT LA
SE £1r] SE FrI0imfr,  SABh7 78 e S5 1) = v R o T R4 R P 9 25 2

= MWF 5
| Tibetan
Plateau Sichuan
oS S S Basin
E 0 |"‘-f .‘u;-’.-za |:n::!|‘- i —
~ 0 (e e )
: =
-ip

Figure 2.12 Geological structure along a profile through the Pengguan massif indicating the
massif as the crest of the channel flow (Royden et al., 2008)

Meng et al. (2006)FR 5 2 K RUE [ 23 (8] S 22 T2 . SR AR 0B 204 =
AIAL B 5 0 T T3 BOARR 5 9% R AN ORISR A7 5 37 A AR LRI = A
HKo 1ER M THTEA channel flow H/EHAE T L3 X = A= s 2L 22, T
FRAEANE] 100 km RIZKFREBS A, A2 H DU )1 28030 L E oK 3] NW 22T 22 5000 m
DL ARBER LSS, IF T 8E J1 3 RE 1 BA (Richardson et al., 2008; Godard et al.,
2009; Wang et al., 2012). 3 AnLE KT T BL RS KR, R HAI AR T
N—FRBIEWT, TTE ORI AT SR DN M A< B v e, X PP EF A S %
Steide PR S RIS R I, 5 I B CRIE RIS S s R —3 1B
Tl T B Kok EECY R, T RS, AR ORI &N S A A
R R Bl CORIERR B A AT S 8T T NE-SW & ] b3 35 72 5 2% 1)
R, MR E . EXMARESRESE, VLR OkIE, T/
BB R ORIEEEAT R E s el Tl b B YOk 56 AE R AR T (R 1k 2 - 1 S 20 -
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ERSEZ b, R CREFL S H AR E 2 VIS . Meng et al. (2006)H]
AN, HZEAR channel flow [f] SE $ HE 3@ A O WIE DY 1| 2 b 7] B3R 30
SER I FACBA S —0 T, BB AR, DRI 7 A KRR e 7 A
H, el LA B B AR R AR, R 2 A 0 ORI 2 . el T IX &
BRI AR R AR BT AU VR DA S e i AR T AR IR 5 7% B2 R A S
S MRS SAE W B E R e g R A, R B R R TR 5 e
M AW . AR AR, BT 2, R T channel flow [ 3 [

Ft, n EMERRAR MAER, =FAM IR R, TR WA B R B LR

I 23 A ) CORIE R (Figure 2.13; Meng et al., 2006).

LOW-RATE DENUDATION
mainly by river erosion

HIGH-RATE DENUDATION

by both river erosion and landsliding

Longmen Shan

near-symmetric exhumation
of the middie crust

lower-crustal flow
directed mainly to the SE

-
Jr

et

LOWER-CRUSTAL
FLOW CHANNEL

bt 5, W e 0 M M, B
W e Ko
" BUTTRESSING I\,

7 OF RIGID CRUST ~ ~ .
3 34 : 2 ¥ * 5 H "
N e

Crustal thickening

L 4 PR oy -
= _ \\\/\\/\\\\\\
Eastern margin of Western margin of
Tibetan Plateau Sichuan Basin

Figure 2.13 A model to illustrate possible links between surface processes and upward
extrusion of lowercrustal flow channel at the eastern flank of the Tibetan plateau. It is
suggested that a positive feedback existed between nearly symmetric exhumation and high-
rate denudation by a coupled action of landslide and river erosion in the southern Longmen
Shan. The lower-crustal flow is directed mainly to the southeast, and has exerted less
influence on the northern Longmen Shan, which thus underwent neither marked denudation
nor exhumation of crystalline basement rocks (Meng et al., 2006).

SRTM, Robert et al. (2010a)% 1T LS X BRI RFAE . FE 40 ML = S 5 51 T AN
SR 0 T iz 2 T IR R TS T b s 1R T A AR A BRI AR A AR
PAIERS I (Figure 2.14). JET T3 IX BRI 5k S ot 4ir 2 06 0k o k25 Fr) &5
RRIAE CORIEJR T tH 425°C PA R i, R W] ORI AL 5 2 Ak —
SEIRIE RIS R, 9 ST P IS S8 378 I S LA X 2 (174, AN SO
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AR KRB A AR RIS B W A B2 R4S IR R, A6 -me s Wi A Dy —
ANGRORI L, FOU e G S (543 NW S5 4 g (i 2 W 2 5 T SE S
WP, TR A AN IR AT 70 . b RR S S 51 T 3 W 2 o T L b 55 5
RAEREWIE, DY) A 45 km /247 ELEBE 2 AATE-H K 60 km A B AT, M
70 3G JEE T AR 0 1T L DT AR AR V2 ) VR B AL, DRI 2 e PR R B 1
TG AR SR A 05 1 B )1 224 8 vy 1) FE (Robert et al., 2010a, b). S5 |,
TN KR I F T 208 9 ) AR RIS KVAr SR E S, 45t 171-180 Ma ()
SRS, FERT ] AR SRR ORI E A A 7 A7 (Zheng et al., 2014).

a) Wedge (Indosinian)
NW o SE

Songpan

crust crust
T
b) Thickenning (Late Tertiary)
NW WSZ g SE

'Résl;"-‘.'ta_nt Yangtze
Thiek Tibetan craton

Crust

WSZ . Wenchuan

shear zone
BF @ Beichuan faull
GF : Guanxian fault

S8 - Sichuan basin

S SG . Songpan Garze
o flyschs

Figure 2.14 Schematic scenario envisaged for the Longmen Shan (Robert et al., 2010)

(a) During the early Indosinian event, the crust located west of the present Longmen Shan
belonged to the margin of the Paleotethys and composed of a poorly known oceanic or thinned
continental crust, and was adjacent to the continental crust of the Yangze block. A detachment
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Chapter 2 Geological settings of the Longmenshan and asjacent areas

that separated the sedimentary units involved in a subduction wedge created sedimentary
thickening and shortening; (b) Crustal thickening during the Neogene as a result from the India-
Eurasia convergence overthrew material from the soft Tibetan crust and its upper part
composed of the crystalline massifs onto the Yangtze block.

WA =3\ Sl T X5 DU 22 K ) A L GE 810 L P v 3 A 24 e 2 2
TEFHCEBIRIARSE, 1994; SH[RIMRSE, 1999; J& B, 2006; & H FERIBT 4, 2006).
KL FN Ty, DAL X D i 1)Kok, AT R SRS (R 0K )RR I AR AIE
PR ORI VKR ICE A%, EB VYRR Ll R 5 s SR o X T2 0K ) 1 [ )
[l

2.4 Brief summary

JET TR TN - H SUB ST A7 TR 2, HAIE & PEAIER 5] 77 22 3
A, B RER I P 45 S AR R AR AR A o B LA O LR R
PENT ks SR K NE %%, 81T il A AR A 3 o 2O A AR 38 1) A% 7 DL R A
SEBLAt BT ARG AT . BB RETT . s Te N B SRR A AR R

Jel N X AR 47 TR As € KFfiia%, H Rodinia KEHF&2Z )5, 70
HA- TR R, IR B LR IR BT, RREER R RIS R A
el ek Y Rl IR AR 1 BB A AT TR . X B R TR dn e i i
WGz aiia T 2R, RO IERE AR TR 0 1k, I EJe T Togr A24%
SRALFI ST ARG B NSOG8 T AR AE AR E AT 3R 1B Pk

AN T T3t X B B IE T ST, AT LR B4 B e
FrR T . RN XIFRIC e s . B ilUa S a5 T re i A 52 I s IE
i, A FTAE G SCRAR S i -REE L EEREam A8 H i i g A =X,
R UABASE (A2, 2R - TR bRl Ao A BB 0 vt Rr 4R e AT 6 X T o g Bl N AR T
T EREEAER], R AT AR O 2 T i Rl AR T REAB A S e
RONLo FAE A AR AN IX] LA KRl 73 25 R PR /Nl DR O B S 57 0 KBl e 2%
WAETE T I Ry 2 IR IE R B . B e Z: . RN 2 IS 30T 5t
N, Bt 7T 2 IGE LR B A G AR SR, B = B S LA
W, JUPBE 7T X R E B E R I, AR R IE N s A
AR, 38 BN SR IS A A LSRR - T Ot X e ()2 18 )5 T
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AR ER IR, RS E A MG AR, X H A
SRR — A

AT AT Tl X A AR A A% 22, /T T T FCRAF L Bl P3R5 o7
WAL 307 WeEhBh ST iid L AR e A7 A T G L =R R ) i, AR
AR DR A 1) L3 e i AR 3 T L AT “A HE SO 7 Bt — 20 e AT, [
U, T T XS ARG I S5 R AT AR . 5 AR TR AR I8N 58 R LA SRS 4 1)
DRI 5T S5 R T UAT 2 R AR X AT S S f 1) L3t 7 A rh AR AR A i v A T A
FREE, AR TAEat 2 Ed KRR EINEME AN T, 8
LN RG0SR v e w7 (G A 28 1 IS4
AN AR ] i m AR AR A AR R 3 ) 2 2 8 P A 3t 52 RUBERE
ot HhFCH) duplex #7311 R IE TE S ES A LA S channel flow £
M, AP SE A LU T LT 2 i oo AR R A% 5 i FE 0 R 0T
It — B I o R A 5 NW Zkim) NW RIERTER], RIS SO —
o TAE I T o BGZRE A Wt SURt B, TR HE M . WAL 2% 1
Ve SRRFE AT B IRBEAE 2 2t RHR S R NT R S I e A s
PRERALHL, B — 2B B 1 L e iy i o AR AR A I A AR
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Chapter 3 Structural analysis of the Longmenshan thrust belt

3. Structural analysis of the Longmenshan thrust belt (LMTB)

o T T 7 e X3 R A ) NW R B 2T 2H Bl (Figure 3.1),

M =St DUORFFZE 1) SE F1 S (30 phHE78 (Y B 5555, 1992; Burchfiel et al., 1995,
2008; Jia et al., 2006), LA S A=A BN B2 - WO AR Bl 4 7= A= () s 2046 -, fd H Rk
T L = R A E f K )34 2% 2 —(Clark and Royden, 2000; Kirby et al., 2002;
Hubbard and Shaw, 2009). &[] L3 s HERG iy AR 32 BRI 9 X3 B AR R —
i) SE ffebE R, 5 ELA DY) i 22 b 1) % 1) L R et 2 300 L AR T 52 I
S AR FUZ IR ISR £1(Chen et al., 1994a; Burchfiel et al., 1995; Chen and
Wilson, 1996).

XIAEA T R BRI N — R A SE Wb BIRE A &)z 1 KokiIgH, K
H—Fuim NW R4l . BE 2, T3 LA NW-SE [FA 4 h A 2231 L AT
FHRHIE(Figure 3.2). HFAMIEELE, TORTE CoRIE, BN R, L2tk
WEHEBT RN, ¥R 7R8E—tH NW i) SE i Hissh ettt . e T el Tiligiph
HEA A X F B RRIE L% 183 RIFER, BTG T 2.
TR YLl A T B R B ST (1984) 3R HE <“C AP, U Tl X
JZ B HERR W AL i 2 T S IR IR S B B IR R 8L BEAS TR
56 PR AR SR A SE ) Bl R AR, R E] T S SR AR A (P AL
1984), J& T Bl ik L JamE . VR SRS (1992) ik 0 e T il Hi X R 41 (1) 44 1 3
B, AT L TE R LB B X )78 T R A ) T T s ) R 3 e
BRI, T RORE S A T ORR S, IR R AR (e BAE 1 TR A0 RS B i
JoS I il 724t D9 A I 284 FH (V7 35 52 4%, 2007; X et al., 2008).

75— MO RN R R A A R AL B AR SR RN E - T AU S T iz
FVERNAR, AR L D AR B S AR ARG e 1T L AR T R A i
IR FAEJE A, 1 XA B ) SE- 38 o ZE AT AR T IR AR I — ZR A 3G (Dirks et
al., 1994; Worley et al., 1995; Chen et al., 1995; Burchfiel et al., 1995; Worley and
Wilson, 1996; Arne et al., 1997). Callassou et al. (1994) 3/ /& A 7~ H #0RE 417 JiE 5
KA1 S BT YIAR TR, 32t R i H PORE 43y A e ] 1 380 b 4 7
i HIE .

37



Mesozoic tectonic evolution of the Longmenshan thrust belt, East Tibet

L

L AT TS N o
. 5 A 7- \\k\;\ 105°00

0’

#Qingchual

® Chengdl

- Un- Pt
Econformaty granite - d - B
ﬁ : Mz
<> | Kippe - granite Ts - g
ove [ Dolerite = [l zo
/. Normal Sericite Bikou
I fault schist - T -terrane
s ]« [ ol P
104700
Figure 3.1 Geological map of the Longmenshan thrust belt (Modified from BGMRSP, 1991)

Fi: Anxian-Guanxian fault; F»: Yingxiu-Beichuan fault; F3: Wenchuan-Maoxian fault; Fa:
Qingchuan fault; Fs: Huya fault

B YN TN BCIE BT Ul S AR B L 28 PR AR 5 LA
LRl UL 3 7 i 0 AR AR T e 2 R R I P S P AR G LD R S
TR BRI, X AR s ) H R A 1 X sk B — &R 41 SE B BY D4R
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JE(Zhou et al., 2006; Yan et al., 2008b; Zhou et al., 2008; XI#3%% 2008; Yan et al.,
2009; Yan et al., 2011).

Je VIl LT R AU A SR A, X3 b E g I A R A ) 5 [ R
[l 3g o7 7 1n) SE R 308 e 35 s 22 AR FH(Li et al,, 2003; 2B 4%, 2005; Li et
al., 2013; Li et al., 2014). 175 5 il ke o Rt — DR B, 323 AR B -RROE AR
Penlb R e, el TGk EARTRARAEAR R ZE 5, JBBLAIA) SE 101 i ()98 B2 A
WRNE, FEBRUAERE NRIEHJE RIS A (BT R4, 2003; Jia et al., 2006; Jia
etal, 2010). % T DL EgHty, Xfel ]l s phHE 78 i i A oo ki) o3, #adE AT
SRR IS Bl 2E AR 75 B AT VRGN SR e, AR R ] Ll e 7 A (0
i Ja 1 A P s o A e B B 1L bR Y 8 2% NW-SE & [n] ) it Y
Fa A 5T ) T BT VR 1] L T HE T AT X 2 AR T I A i S A R
TG~ Rt JUAAT SRR FIE B SRR AR

3.1 The main tectonic boundaries of the LMTB

= SO R R B R T = 5% Bk AT AU ) NW IRET 15-20km X
(K47 2545 (Li et al., 2010; Guo et al., 2013; Feng et al., 2015). M NW [i] SE, =%

Wiy R O B B AR AL, AT AR B Ly ) R R R B (R K
&, 1994a; 4 3CIESE, 2007).

1) Anxian-Guanxian fault (F1)

ZHL-FELLWTZL SW S (I #VLIETT, [0 NE @A 2 22 L(AHdb I 24,
7] NE A8 — R AR 73 SO H A di rp i e, 48 %8 5 i DL R (Figure 3.1),
ST =2 E T W TR . b FZ S S TH RN B0 R 22 B PR 8 7 22 -
ELWT AT W ) NW, IR EUAABE, [ TR BT AR S, i i
TR - RE R R AR R Iy — SR eI 2, Bl ALE O rh W REE AR
Wi Mmiia . RS WiET, RIRZ s, T 2AEnr kR b st sud
(#B% 5%, 2011; Li et al., 2012, 2015; #0, 2012; #7655, 2012). Chen et al. (1996)
FEXT I T X VEAN MG I AR AT 2Rl b, Fe 2 BB MR 2 NE-SW A T =
BUAFMAMEZ N E R T E=8B8 T FMEPGMZEZ I, RIEH#ETE
K&, IWHZMERA T =54 EFWRECR I Wi, JF BAEm =S i
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X3 - H R RG, &0 Ja AR ZISOE AR A o 7 0 1] Ll e 7 g DY 1 23
AR, MR NIL SRR, A =B 50 O T 8 B ) SE 13
MEKTLOMZZ b, ARAATER R et al, 2013), RIS HHEE
St YN, K rE S EuL T H e . Ee S ERMR T A,
AR A 5 2 P B R R B O E s, ARRRREE R T T
TP HEZR T M) SE A phEE /R FH (Lu et al,, 2012, 2014, 2016).

2) Beichuan-Yingxiu fault (F2)

WeF5- b 1 W |y SW LSS 4L, 7] NE 2201123k, W] SE @ 2%
NI B PRI TR, W EE R N30-55°E, L 50-80° £ &40 1) it Ik (Figure
3.2), HuB-ERWR R, BRI EETEMTR)UTEIEES (L et al,
2010; Wang et al., 2014; Li et al., 2015). 4t )1|-B 75 W2 1 5% b 26 2% O g W 2 L [
2H % PLRHERESR, 10 SE 1 s 2 E R AL ET AR I A 3 AR I (1 9 1K -
G ARMZW PP ERB e -~ 2 /R b Wiy WA TERE DU E
Mt E, W2 EANE A R R W R A SE W i 3 RHIE. b
JI-BR 75 W Y S HE A 4 (1) SE S SR AT, 2 st 1T L 35 e T dg B )
2, ZWKF SE M IER, 380U )1 5 H I 2 i # A AR AR
(Chen et al., 1994a, 1995; Chen and Wilson, 1996; Li et al., 2013). {E A7 Tl
TR T T T, M- TR A1 DY) i 2 A T 2 AR R
AR AR, T A e A S A AR A R H R T T ARG A AR AR R A
FH U7 2 P 0 Pl s A A A, R BT -0 1B 24 2 /D3 sl N 52 1S km 119
Z M T (Robert et al., 2010; Airaghi et al., 2017), W7 2% 95 {0 )l 2k 7 2448 4% 525
gk R Z2 W W 24 I W o 22 S PE R H I % 5. (Wang et al., 2012; Cook et al.,
2013; Tian et al., 2013). 7211 1B g BCE S I IE R Fole b, RIR AR
SEUE 1R I H T AR AL B TS T 24 ) SW I SE 0y, AU — i 4N
Jb )11 -Me 75 Wr 24 (Figure 3.1 F2; Richardson et al., 2008; Godard et al., 2009, 2010;
Wang et al., 2012; Cook et al., 2013; Tian et al., 2013). FI ALK, WAL
LA 73 A0 (8 — FRFUHER AN ORI ok B BTG W3 B2 A 1 5 2
Ji, DRI -G T 5 — BLAE & ORI IR T, Ak 5 JOIRAT AR P
TE(BRAE A %5, 1994a; b; Chen and Wilson, 1996).
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DO 1 S EEFIVELN I B SN H B TAER W D0 W8 K B v — &S5 h
MG, OFEWEMAUE. W, WRUE WS, Rk s A4 e e R 20
WA, Fa7m 2008 AEB MR 1K) 320 A IR ARAE 2 i AL )1 - F5 W e Bk
B, M A S W 2 S IR AR (L et al, 2010, 2012; Wang et
al., 2014), J&5 RS RINEVERZRFNS . &t T el Tt Aa T

3) Wenchuan-Maoxian fault (F3)

BON-BL 2 Sy e 1] L i s e B B2 P — SR LT 2, 43 WA o - H Pk

B ST R HER S, SRR T X AR T G A R A T, A
] 25-45°, Wriifi ) NW, B[R SE Wiphigshs:, HIEALE b SW i 57 i
JIELIR, 18] NE 3 255 e B, AHSRBRB Gl R tp R I, B -75 i W28t vl e 1]
NE &, FEnfmTEMLATET. FAotbhaRas—rnbin Nw

FRITEI B, 7001 - D T 2] B AE X B AR AR TR 1) 5 B 2 46 e SR A7 7E (Figure
3.0)e BB R E T TR R IFE R A A, TESMERATER, Bk
B HHE, DR T, TR RoRT 6 B R AR T B A v 2 e
Rz#ERAEZ Ly U RABIEE RN TRERMZEZ b, Bl w1 -%
DT RIS b 2 5B R i 2 E(Figure 3.1). Dirks et al. (1994) K30 )11- 18 5 24 5
SCAWGE = BRI BT ), b B3 A Bl 0 RUE FR VR K M 2R R 1 P A2 Tt
WY FHR T B, FEREE R ZEATE N LA BTN SR 1)1 -5 B KT
SEAETIPE B DI A E S A EREZE . Amy et al. (1997)XF BY V)71 N ISR =~
BRHEARESE, BB 120 Ma & A ZE S ERETT, 400 NW SR s
AR E A SE MR UE A . JE SN W RS B, TR M

ASRFARE . FIRREA, R X T WE R . W S R S I BT D) 1
LR T I B, SSEEPANETYITR M, YRR A SE Wi g, fE

BE A5 47 7 H8 BT ) /> #(Chen and Wilson, 1996; Xu et al., 2009; Fu et al., 2011).

PON-FEDC R DU, R ATIZ W 8 Wi i) NW R IR, A S8
IR P AT, T NE AT SW 5B N-BRF5 Wi AHAS, PRy d e i AR 2K
RPREAT , SR ET RNE SR A RS AR B B A n R
b, PR AR AR BR S F R R E LR (Dirks et al., 1994; Burchfiel et al., 1995; # &
L2455 2007; Xu et al., 2008; Burchfiel et al., 2008; Wang et al., 2012; Tian et al.,
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2016). FEARYFES T IRIL, HAL)-BL A WiEdm) SE FAA R phiE S, B R AR
channel flow ‘5 ZUHh A% F+ 75 1 32 10 B (Burchfiel et al., 1995, 2008; Wang et al.,
2012). HFEE HRR (4 E EE4E, 2007; Xu et al., 2008) B HL 5 R FE ) X 30 4

i#i(Tian et al., 2016).

4) Qingchuan fault (F4)

HNWERREZ AT, mEgdE ), FelEE, &R T Wi (Figure
3.1). TR G R BB 215 NE B IEAHES 5, HAT M BLRZ 3)
FHRHMIE(EZ-B5, 2001). HUESORHIHIRY], F)IBR 2 ERRE, HIEA
Hh 5% ] 4y il 1) SE 1 ph B AN ) NW R phHE B AR 2 & i, e /2 478 1
RPE, MR A Bl 2 T ARRALE 4 77 1 TR AT AT A T PR s A b AR
(Jiaetal., 2006). Mirp AR JIWTRL ZEAT ZE T, Wl AR D 35 YR BRL ) P 5% Hh
P2 I3 5T 5 (Burchfiel et al., 1995; Meng et al., 2005) 5% Y ) 1] 7 Hb & A5 5 41
Jig e 77 A ()30 00U (Wang et al., 2014). SRTTHER LI, BE5 7)1 WL i3
TiIE) AR T A B DA S R AT P Bt B DD B A, R T I B A 47
FEVRRIE(BEARAE, 2008; Lin et al., 2014). 25 55 252006 75 = 15 Wi 24 A B e 7223t
WUTERRHIE . JUATERS, H 75 )24 47 78 W B 18] BR 58 7E 43-3.6 Ma 2 [A)(%* 5
2 2006).

3.2 General zonation and structural geometry

e T T R T S E LXK, CAVESE R B A W E o R Al Dok T
= ET WA H A A, M L A A NG S A
JG: SEHLRS, M EHRSG, MHXTANR RS, SRk RGP (Figure
3.2).

WG T L0 A 7 T A 20 A R B B L ST K VG T S AR DA BT )
BT . B AMAIE T LT AT A VRN AT R W, BE 2 B ST Y I AT S P A R
FEES BB S AT AR, USSR IC T A BRI ) NW, 5 R 2, 7R B
BLALAT PU BRI PG AR AT, BT B B AR SE(Figure 3.2). 11 M BRI _E BT A BOHT
PR AR £ B PR A A Tl AE X sk B R — 8k, BRI NW-SE [A1 51 N-S [
(Figure 3.2). BYERELNZ AT LAZR, TCRZMAIEIFAES, BIUMG T IE 200U o
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e, %S, #FE/R B SE MBIYIARIY, R AR, FrA eyl
fa A BdEs LA A NW BN (35 U)45 [ (Figure 3.2). MRIEHZHAC, T Tiiid
TR E, HE BRI E R, B4 R A R R

gt FXTEHLREGE, HXTIR RGN K RS (Figure 3.2).

1) Autochthon

JEit 2R G T DU 7 o 7 2 BL-TE LW R U 2R (Figure 3.2), FEEON— B4k
PO-FERAR, RIAEMBEME, ARPIRECFS, 27 IR SE
fat, DY) EI A ERRE A . PR P AR X ANV S SRR =845t
A= 2 E(Figure 3.1). AR TTIIIEE, % RUZA T WAL 7RI
YEFIIFIA SE BI%%, 1FNEAIEWE 7 — WIS 2 NIEdE . WARTRRIOK
h B ARG RIRY - A R R AIVIRIE, EEONRR - B, P
ANTE T BTG N AT SR 2 1 22 11 324 )2 i A T AN R B 3

2) Para-autochthon

FR TR R G T 0T T Il RORIERE KB IR 2 T, AT EEEMR S
JI-BRF5 W2 8] (Figure 3.2), EEN—8 L =BG MK FHME, H9LHE
WAL, TR KEMEEEA, JHERFUE RET K EEE, REEHEE.
TEAIRT S R G AR, 7] NW BREEUT KRG AR AT By, R H A & i
SEGRIRAE, TEHEE AR 2 R ORIE S A AL E, dsk T SRR AL Y
AR R B, S ke K 78 AL sl (o7 I R hoxt T AR b S5 4 S 7 1
JIEAERERE, I FLE T BS 2K 24001 NW(Figure 3.2).

3) Allochthon

XIS RG TN —EEHRE B R NERVIR LD E T =25 KA
W)= (Figure 3.2)0 HEARE AL FWRF5- AL N 5T - B W 2 18], I 4s
ST TNl AT 2 FHEE AR KR IE . T atEZR, MIXHIR RG0S A
JEARTCHRFAEAN AT ] o B4R _E SR I 98 2 A RE AR A T AR S B 6 R B
#, mESHERMZE N BRI E. TS, RBEIRKZIZZE R, £ 6k
WA, A ILRCRE R B R R A R BT B, fR bR ) SE fRIFL .
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Figure 3.2 General zonation map of the LMTB (Lowerhemisphere projection)
4) Meta-allochthon

SR ARG LI~ BESHARARRNB S, oA T8k i 5
BE R B 7 2 [F] (Figure 3.2). B RGUE 1] LLabl b4 78 i 28 o A% 1 e e 144
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G, BiR EONs R A MA, R IR B A N A AR . AT
Mifas, JFUREBEATNL, RSSO RA. WY oL E M A AR
W SRRGEA, IENW TR EKE ) NW-SE | ) g, 28
SE TN HER iy DX A LA 22 RF i (Figure 3.2).

5) Vertical cleavage belt (VCB)

BEM E L VIR 0 RN E, MRk Zh1, KBURE SRS
AU AL, Sed TRAUE VIR, BSE - OCHR E A (Figure 3.1). B
FEH BN BE-ATHCAE ST, RN b HER 1 AR E 2
A7, BEELE LK A (Figure 3.2) AMXUAE 9 LT 22 S0y b T B 5T [7) NW K ot 5
BRI SE A HTT, EMNEshsE R B SE BYYIR)ZRER 5 B N BY
NW HIBIUIRI PR 0 JF o NS A TR AR TCAR R, BY B LA Rl A
N A EERMFLL, 73BT 2 G A 74 #8152 AR i A ()
SRR ARG T (Figure 3.2). BB E AR AMNORIILUS B E, fin
By BEIEE AR BUIC W R GRlT h  PEAR IR ) o T BE A A il T 3 ELS
FRITEARARE A DL KT A7 T B ) A 9 S T i 2k ts o BN BE BB R L 57 1 A
R B BRI, Fse BB B AL T AR R IR, IR K
I AR B S AR 20 5 [ B AT e B o o St X 00 8 30 1T B X 30 18 E PO 4
RS ATREA IS ACT AR, AEIFANE IR [T il 1 7 s (1) 32 R B

6) Western zone

R T 1T LB LS 7 PG B 2 A R 28 1 e
R REHRATE-H HO0 e — BT A R M = B B s TEIbE T
28I, 7 38 32 7 ARk S B R R R . B
B TR H B4 R AR P A R Z AT, B B B AU
SE, 2 [IHIX 2551 3 B A7 9 3 SR I T SE B8R S FOTEEE, 5730
PUA BT A TS . PO 5 2R S A BT [ K50, J9 NW-SE [8%
N-S [fi(Figure 3.2).
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3.3 Kinematics analysis

AR S a4 AL S5 AL T O B 5 25 A3 o Ja ARG T LT 27, AR Al
FE IS B A1 1A A s 3h 22 X6 B DSk b ARG i Al B S B OC 2L

1) Traditional method

stretching o~ low strain lens

lineation

sheath folds

thin section cut thin section cut

normal to the parallel to the
stretching lineation stretching lineation
(not suitable to (suitable to
determine determine

shear sense) o shear sense)

. marker and foliation mantled porphyroclasts
deflection )

— strain shadow @ 5-object
/ o -object

//'; sigmoid

complex object

mineral fish
C - type shear bands O
= S
E; _/%C e stair stepping lattice preferred

orientation

C' - type shear bands
s
== <
cr

oblique foliation

fold asymmetry

T

Figure 3.3 Shearing indicators in ductile shear zone

Top: Schematic diagram showing the geometry of a mylonite zone and the nomenclature used.

Bottom: The most common types of shear sense indicators (Passchier and Trouw 2005)
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g FI\ Wiz s~ BT UJHR R J7 ik 3 B0 1 By A0 e B BT 47 2R B 8 T
(XZ ) EWEE — R BOIR S, Wiltn SR MBS i, S/C Ak, 3Pk
iy A IR SRR TR PSS o % LS 3 BT BT AT LR P S M,
AR = B BYY) 5617 S5 br S B e 45 i 1 BT V)45 7] (Figure 3.3). X
RER/IN LEBEI 2] B A S S AR s (0 o, ) DA e A7 e It ik 75 B ok
T € I YIFR 1] (Figure 3.3). EME Xk ERAKIZNBIY T ), KA A
B S R 1R (R 8 At RE A D A B BY D)4 170 ) B IE D% (Figure 3.3)

FEJET Ty, B BT AR, iR A AR /= B = K
RGN EANIRAT T BIVIEA52, ERAMN M R SRR JRE5%
bREARE7R Y — 1) LB SE BT UIASH, s Jz, fERE A EESS T LAY [ D4 A A
TG, FTARIBTUIR R, ARG RI ARG IR, =B AE BT )E [ 1 1R
ARG EFSE NW BA) N R BTV . Rk =, BB E S AU E g L
2 E L o B AR IR s AN U &y, AR ARG s a2 7t K LA SE BYY)
FZRER T 5 B8R NW BN BT VG & 2 T

2) Electron Backscatter Diffraction analysis (EBSD)

Introduction

L7 BT S 4R (Electron Backscatter Diffraction)S2 it 52 A I AS [\
Y. <)@ di AR S5 A RN 7 L IR T BUR AT 56 MG K i 1 e Sk 5 42 J8 S ) et iy
ERHEAR . AR FREH, B SHTATRR R I S R R I S b e ik
JIRL T, LA T DA S0 BB ORI ST I S5 i R AT AN AN I BT
(Prior et al., 2015). EBSD Wl J5T £ 2 A2 Hin 41 4 o B R N B e - 38 T AE A
b, AR EBUN M LR AR BRI S 2 B R TP AT AR, A ST
S ) B SRR AT RS AT SR A S R A TR AT, T A b 5k (Figure 3.4
a). BRI EEAT IITEIRAN T UART & 1 76 A O R ERHE FE VT RCRT, St A1 3084 1) 2 1)
il 2 EREEIER, RSB G E a1 R SR LT 45 5 . EBSD
M gt B U458, R T e i il s 75 10 o #% &,
TE5E [ (XZ THDMHARES , AR5 BT LA A R B bl 7 1), LA TR
T A R R SR A
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Figure 3.4 Schematic showing the theory of the EBSD

(T AR MG WG, KA TR ETOCFENG  (b)7O6B S 461t
Sl A SRR ST P RS R 2 (B TR

3322 4%

N T SEAHECHAIT 7T 1T LU0 A T IS B SRR AT R RE ) B D AR R U RE
StE, BATEIRT Tl A AP SR A SR B 10 MRER (B SRR A A%
o ANAE B 0T BE a2 E T [ b i K 2 (A )X TESR . B M S B = 34T T
EBSD W iX(Figure 3.5). JIrAa MU it 35 0 £ 2 B P AT &R DR, B OR
BYY)THAE AT .

GEEUR, BN AR RS, R R 2 SRR, BR
7 CX16 A1 CX18 A 9% C heh i _E3 I NW BT 77 1A, HEFEmr(CX11,
CX10. CX8. CX6. CX33. CX109)f1 3 C Flifge KA B4t —Fy L) SE
[P BY )48 [H] (Figure 3.6). CX16 Al CX18 1 T A A a4k, Frés il Likm
NW (B PI8 FPE RS 4 TP iEgligR . Bh #5537 AP IRE L, CXI2 451 |
i NW BT, S EF NS = 4 T — 3K

MWHEHE C fid sy AikE T LB H, CX6. CX8. CX11. CX33. CX109
RIFE AT S R & P AR A5 C B ICRIE RS /R, 1 CX12.
CX18 MHCHARIEBT I B, CX109 A BRI B UM, g
MR A, CX16 3% T 5 e BY DR BE A RRAIE
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103°45' 104°00
CX33

exiog”

G
massif

103°30’ 103°45' 104°00° /
Figure 3.5 Location of the samples for EBSD test. Symbols and acronyms are the same as in
Figure. 3.1.
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- NW SE = NwW
Min. D.

Min. D.— ds/NEE (%)
Max. D.— I KEE (%)

Max. D.
251

Figure 3.6 Quartz <c> axis distribution from EBSD testing

3.4 Detailed cross-section analysis

P E BRI 2 1 T 4 3 B 6 A RO T ) L B PR 955 7E T L AN 1 L A
e — BRI, BFRLEASA, VRV AR IE A e T A A
TEIIAT o 5 NLAR T YA AR F A% S UART A4 AR AT AR TS IS 3 P44k, AT B K
T3 b HEE AT 8 2% NW-SE 7E [ (13 14 355 PE4H A — Fith id % (Figure
3.1)e
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1) Qionglai-Baoxing corss section

TSk -5 241 TS T B 78 X f P G LUk T LAV, e s 1) il e 78 i 2R 5T
R R G A SR R GG SP R R St (Figure 3.1 A1 3.8). R ARG —
ERPO-FERMWE, RPDMEMZEFE W, RnZEEEm TN, RKE
ATART % HE 4 & (Figure 3.8 a); HELRFIAEAHRAKRT LHZ L, 5T 4L
= — A = DY o PR P A0 SR A - AR AR 2 R 0 X B 22 4
4%, HhmiTEAL, JokE(Figure 3.7).

FEOOT S 2R 4t 3 BN — B GR TE  E — Bt - 1 SR 40 2 (Figure 3.1 1
3.8), FORIEEALH H RO Z R KA TR GARTY, R X K B REES
i (Figure 3.8 b) RAEET M S ZH = IRFKH,  FE9EE A HBBEM 4R B AR
PiIL 3 (Figure 3.2), %3 Hi1M SE EERMIFEGMNE . =8-HEH)Z 2 LB FiE
B i R-F = St 2 R ok . Z T R R T A -
WA, WM = BRI ARES E 15 (Figure 3.1) IR IUHIE M AA R
YRS, ToHEEAL, WO, s sl it Z i, H5X 89
MFBIRHIF LR KRR, RWZRGNNZERE R THE RS, LT
RIME )RR RO RIM R & TR RS, —F B ER
Wir %L 73 b (Figure 3.1).

FHX AR 2R e A FRAL TR 5 -0 ) 1K 52 NWHHERE /R0 B B A R 3 R St
Z b KR (Figure 3.7). iZHIH b, KR 2 oo AR K E- L =S 1
MR AR ARSI R AL w A B AR T R B AL, IR AR E R O AR
(Figure 3.8 ¢)o AT HEMBIUAIR K CRIEHEH R-H ARG A4,  CRIE
WS Z EIE R BE B IRERHE R IR SE B YIRS . AT Beg5-k)1|
W2 NW O HEZE 74 32 22 by o A KT R AT R 70 52 % 2% A AL Rl (Figure 3.1). 35
KRR BTV N —ETHCE . e e fase ) a. R s PLRGER
FERC A AR T IR, ) NW )T B EJE TR B & NW-SE 7E 7] 1 4 34 (Figure
3.8 d). VAT S B YN E MR B IS, KA o itk KA
WA f 1 B 1~ BRI R 525 LB 1a) SE B YIS T (Figure 3.8 e-f).
ZHRTCIEMNIE KAV R, RNEREDIEZE, S5HE0 R R
GMEPERRE N EXNACE AN FEAIX IR RSN, ik &R AIE 2 ok
W, 5 Al A SRR AR AR R I R AN AP SR R G AR T 2 I X v A SR R B
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Allochthon Para-Autochthon Autochthon
km | | | | km
4 NW . . Allochthon Qionglai SE _ 4
2 - 2
0 -0
) -2
- LA Ve e —— 1.4

Thrust
[ m [0m T [ o-p [ sonist I St ®

Figure 3.7 Qionglai-Baoxing cross section (Location is marked in Figure 3.1, T1)

B z-o I
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Figure 3.8 Petrological characteris and shearing indicators along the Qionglai-Baoxing cross
section

(a) Autochthon, undeformed Jurassic rocks; (b)Para-autochthon, Cretaceous strata steep dip to
SE indicating intensive folding; (c) Allochthon, klippe consist of Neoproterozoic rocks that is
strongly foliated; (d) Ductile deformation within the allochthon presenting obvious foliation and
lineation; (e-f) Allochthon, microscopic plagiolcase dominoand c-type porphyroblast indicate
top-to-the-SE shearing.

2) Huaivuan-sanjiang cross section

PRz =T HI T AR S PR AR, 1 o R A A 28 R - H PR 4507 P9 (Figure
3.1 To)o MOGHITH H)JFE RS AN SR R G SR RGEH LA E . 1%
HIH BRI R B, AR EIRRG . Mo, s r ARt
SEHB P A LEE, R BRI DX R AN I S AR BB AR, 45 T v
Py (R LA 22 A5 )2, ERT T XS 122 1) B B L 37 7 AN DA R 23R 7 (Figure 3.1).
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MOREVE RS - A — B R BRR R G, R e, ARA
IBENFPR IR S RD L E A E S T L, feoR TR R R T,
7] SE, 5 LM Z P AR TE B 220U )1 B N (Figure 3.1 F13.11 a). MRS
G- 11 % 0 2 [F) I DA A BB G S AR SR EAR 43 T ) W = Bt 2 S 2 2
F(Figure 3.9). JRifiHh[X b =S50 5 HHh = X 2k 22 B - B W 30 pnp 2 4k
P-ARLMEZ b, KRBT RTTIL X 2 A TR R (Figure 3.9).

27 FL-E ELWT AT LT IR AR R 5 3R 40 3 B — B PR R TR I i = & i
ZBU T 2 J R s i IX S R 114 7 AR A B A AR (DU )18 57 ),
1991). T EREH MBI, BRI o WA BB (Figure 3.10 b), #BHER
L SE MIBIYIARTE . AT CORIE S SHME R, A8 T A R R S,
IR INGRE . B E WA NW 853 (Figure 3.11 a). Y& 2 KPR Z
(BT UG A o 7D B4R (Figure 3.11 b). [A] SE {815 (148 4% (Figure 3.11 c)tB
[FIREAR S L) SE MBS VIR . i B, Bk NW SR HEE AR, BB
SEINREIZN, 5B R VG AN 7 AR AE A A2 P X T AR R G- AR X T 28 48
f H (Figure 3.11).

Jei B X 20 ST A 5 AN BE G SR AR o d RN K LA A 1 |, RETX BT
AR AE S b AR AR SR Dy oy i 4 B 49 52 20 5V 2 R OB 7 6 (Figure
3.1), X5 TS UR N ThAE T J5 s FR 5 A 1 TG AR A AR S M P A AR A e o
Fi. TEHIFM T, =2 AR AED R ZESREDRZHEER, KUE
A TR B RFAIE (Figure 3.10 ), HiuJZ A7 78 B S 1) B TR A8 e B PR AR 4k
{HL A WA AR AF 2 1) #5 5% B (Figure 3.10 d), W] RE NG — St 238 A 56 4= [l 45
LPBRZIN B A RG: tesh, Sk RE L, RTREEREKE, it
— ISR Z BN = S b 2 0 [ A U
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Meta-Allochthon Allochthon Para-Autochthon Autochthon
| | | |
km _ Allochthon Huaiyuan Km
NW ! | | SE_ 4

Akm T« Bl [ |
| o-p [ schistI° St z-o [ Pt [ Pt granite [ = Thrust

Figure 3.9 Huaiyuan-Sanjiang cross section (Location is marked in Figure 3.1, T2)
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Figure 3.10 Petrological characteris and shearing indicators along the Huaiyuan-Sanjiang
cross section
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(a) Autochthon, the undeformed Jurassic strata characterized by cross bedding and dip to SE;
(b) Para-autochthon, the Late Triassic Xujiahe formation is intensively deformed in which c-
type sandy lense indicate top-to-the-SE shearing; (c-d) Tightly folded Late Triassic strata
without obvious cleavage; (¢) Allochthon, the Devonian rocks inside the klippe records early
phase of top-to-the-SW shearing; (e) Allochthon, the Devonian rocks of the klippe are
intensively folded and overturn to SE; (f) Allochthon, the interrelation of the bedding and
cleavage recorded in the Silurian rocks indicate the bedding overturning to SE; (h) Allochthon,
enhancing deformation of the Silurian rocks indicate top-to-the-SE shearing; (i) Newly formed
zoisite in o-type indicate top-to-the-SE shearing; (J) Biotite formed S-C fabric indicating top-to-
the-SE shearing.

FERT AR 22 G0 3 AL FE LTS -AL ) K 2 NW RIHEE (R TR0 5t R gt
BRI ORI, KRG R- T =SB4, AN R RS, MERHD
S 7 NW-SE [ HX 21 (1) 48 45 R0 RS 45 A% 375 W7 2 (Figure 3.10 e),  #% X3 _E 7] SE
b7 it . KORIEE 2, NSRRI SRE G UIc 5% 2 BRI RE 4 S I 2,
I HeRZUBs 84y, #8781 B8 SE MBI Y) A T (Figure 3.10 f). B2 00 RUEE
E, mFA-JENWIZE NW A AR RS BN~ BE SR R-RREDE, K&
WA SE 8% (Figure 3.10h), sRZUBFERAL, JRyffsth X 2 BEBS 22 1 J LA
HRER, RN T R4 — R SE {85 (Figure 3.10g), 87 SE B piE AR H
W . S R RS ELRL, AN SR RGEAR T 2 CSE R R ILAE JR) b XA
WA B, BIYI AR S/C Ak (Figure 3.10 1), LAK RABE TSR35 A
A S (AT P 2E 6 GBI AR 3 A R SR AR SR FEAE 400°C 72 4), AR TEILN o
FRPEAE7R 1 E#IE SE BIYINIZ 8 R (Figure 3.10 j). ZEBEMEXTAMNE R4
t, WRAEME LTS R, I B ELA0 ) NW, PR B R Sebr B Ar
TREREAZ L, RINFREZNE AEFEREN A b, MEEF
P, R L AR TR JE U0, B R B AR AV AL 2 O, (R A
HR I — U LB W) SE MBI P48 (Figure 3.11 d-).
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Figure 3.11 Progressive deformation of the para-autochthon and allochthon unit

(a) Silurian rocks located at the root of the klippe intensively foliated; (b) Para-autochthon, Late
Triassic mudstone-sandstone interbeds and S-C fabric indicate top-to-the-SE shearing; (c) Para-
autochthon, clear bedding of the Late Triassic Xujiahe formation featured by weaker
deformation; (d) Allochthon, the Silurian rocks intensively foliated and the orignal bedding
cannot be distinguished, the foliation dips to NW; (e) Allochthon, relative weak foliation of the
Silurian rocks, the tectonic lens indicate top-to-the-SE shearing; (f) Allochthon, the geometric
lowest unit of Devonian rocks characterized by low metamorphic grade, local tectonic lens
indicate top-to-the-SE shearing.

3) Yingxiu-Laofangzi cross section

WRF5 -2 b5 11 SE &2 B #VLIEN, 1) NW 2 75 33532 b5 1 (Figure
3.1 T3 A Figure 3.12). Z#lH LEM RS, MR RS AR RS DL
IR RGN AR TE B ARG 4, AL TRk NS5 NW SR PGy, h0RR
P NW RO, W] Re A J5 A S e T MR SE T, e B
HWr R LRI SR R GEAT SR N — B 005 PR T i 0k 2 - B 22 40 4 2 (Figure
3.12).
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Western zone? Meta-allochthon Allochthon Para-autochthon Autochthon
| I I \ \ |
km Yingxiu Dujiangyan km
4 ' Allochthon sgll 4

e

4 km d M 7. [ T

S sericite —_~-|Normal
| el - z-o [ pt [ Pt granite| = Thrust [ = |Norm

Figure 3.12 Yingxiu-Laofangzi cross section(Location is marked in Figure 3.1, T3)
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FAKHE L 2 48 2 BN A AR T 1R = B AR 42, S51RT )2 —
ARG B R IE, ZERIR D RGO — SRR, TR 4 R R 4
FTREN W E AL RRR A, )5 I & N8 ¥ (Figure 3.1 1 Figure 3.12), L =&%t
RGN -2 R A 2, TeliUa A s AL, HEIRIEEAL, W)
SE BEfil, FURZIIFEAER, 4R R SE(Figure 3.13 a).

AL TBN- BT R B 5 - N R (RS2 e, SR = R s
HA AL B ER AL 225 P AN 4E B8 (Yan et al., 2008b). ESZEZ 'S AR HE, kR
HUAHURIN KA ER N K5 (Figure 3.13 b).  SAMMIERFE 2 Hr e B, S40ES.
bR B AR NW ik 5 HORRAZ T (1) SE HUAHE S Y i (Figure 3.12)(L 5
4 %), RIMZERERLTEN SE 5y, XRE X FEM RS, 17257
TR NW 538 T AR IR RSy, X 5 R il T k1 T 6 M A% 1)) LA 2
FRIEAHXT R . S20E A NW 9, il id 3 5 B NW 1 1E Wi(Figure 3.12),
KAESE 4 BRI

PLTF BN - DR NW 15k R G0--E B R A R AR BT Y AR T A i Y
BRI R, TR Y. AR — 2080 NW(Figure 3.2), £
JEPEBIPE R LR NW-SE & [7 (28 B (Figure 3.13 ). #2kNE LKA o FRIT
3R Z BT Y] (Figure 3.13 d) BA Kb i Y D) Bi A4 (Figure 3.13 e)$448 7~ _F A SE 1)
BV . ORI b, 3 I B AT A B B (X Z ), & ks R
A BT UIE R S/C A4 UL BTV B shearband 45 4 &8 Sk RO — 21
B2 AN AME R G AR R RS2 S E ) S R R TR
I (Figure 3.1 1 3.13).

[a] NW FEUTBY BB S (B A S5 ), SR 40 A B B A N BT R,
D5 fRAAT T R K 58 ) (Figure 3.13 f). ZFRIBEHLE AT, ZHFAR-_BRAK
BPEMEL, REEHELS MBS SE IR NW,  ARHE X X8 - 19iAiR, &
ATTEE AR ) 1P BN 45 PG 50 ] NW S5 DI TE AW & o 7E PSR BN R b [X
SRAE TGN NW, RIS AU ETEE . Hissh R e a7 B n)
NW FIERT, AR R NW R, U 22 T A4 5 AL R - H PO iy
JIT s
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Figure 3.13 Petrological characteris and shearing indicators along the Yingxiu-Laofangzi
cross section

(a) Para-autochthon, Upper Triassic thick sandstone and thin siltstone interbeds vertically
dippingto SE; (b) Undeformed Pengguan massif; (c) Allochthon, ductile deformed Silurian
paragneiss with obvious foliation; (d) Allochthon, 6-type porphyroblast in Silurian paragneiss

61



Mesozoic tectonic evolution of the Longmenshan thrust belt, East Tibet

indicate top-to-the-SE shearing; (e) Sandy lenses indicated top-to-the-SE shearing; (f) Meta-
allochthon, carbonate budin in Silurian rocks strongly elongated due to intensive deformation;
(g-h) Meta-allochthon, microscopic S-C fabric and shearband in Silurian paragneiss document a
SE-ward vergence.

4) Tonghua-Wenchuan-Tangbazi cross section

BT ) V5] T 2R P Lok ) b 2 LTk, sl i)
W, ARA AR 7] g HER T & BT R IURE SU(Figure 3.1 # Figure
3.14), FHRG AT LH)Z, NEEEERBELRN =85 005 A=
Zz L.

xR RGN B =S G E, FFERAREIRESE, 7 SE 815
TR/ G R Gt ln) SE J7 [ 1% phHE7E (Figure 3.14 A1 3.16 a).

TERNMIXTAN R RGEM Kok, AL BAMGFEIARS F, RISk
P RUE )15 SE J7 0] R ph W 2475 R 487 1 9 24 955 A FH (Figure 3.15 b), {4
PANSCRE KRV T AR A R G R S A SR 1K B L (Meng et al.,
2006). HEHIT CORIE TR & RIFEICEAN, ERTIRER AR 1 =
St = b, K R A 0k P A= 2 B AR N ORI A AUk
A7 (0 DGR b 2 U HE VAN AR R A AT A AR BT I R PR 5 1 = )
(Figure 3.14)(F&T 3.7.2). WLF5-JL)IBIRE NW Bt RS BEHLE, 1B
XK RGE ) TR FN B VAT, B B ST 3 Ik R L S BT )03 S A 3k )
L SE MBI AR

I RERGFENEHLAB B A, —BUm NW T E L, K NW-SE [
[ £; B4 € K B (Figure 3.2 Figure 3.16 d). #kRJF F, A% o BIMAMG T
(Figure 3.15 d) LA K K A7 & Wik B (Figure 3.15 )& 46 ~ L #B 1A SE HIETH)AR
Wo WRREET, WE XZ €W, =tHf(Figure 3.16 a). S/C 114 (Figure
3.16 b))z i — 21 L3 ) SE B 1A TE
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Western zone Meta-allochthon Allochthon Para-autochthon Autochthon
\ | | | |
km N S . NW Wenchuan AIIcchthon\ Tangbazi sg km
Y " A I~ I—I; 4
A ANTINNE) : fze 2
0t - &
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——
|:| Q -\J I:]TS |:]T2 -T1 D D-P -S schist-sssg:ggitte - Z-0 - Pt - Pt granite Thrust

Figure 3.14 Tonghua-Wenchuan-Tangbazi cross section (Location is marked in Figure 3.1, T4)
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Figure 3.15 Petrological characteris and shearing indicators along the Tonghua-Wenchuan-
Tangbazi cross section

(a) Folds para-autochthon overturn to SE; (b) Allochthon, the mesocopic thrust fault at the rear
position of the klippe, showing top-to-the-SE thrusting; (c) Allochthon, the cleaved Proterozoic
Huangshuihe group, in which deflected cleavage roots into a meter-scale SE-verging thrust
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fault; (d) Meta-allochthon, the 6-type quartz budin indicate top-to-the-SE shearing; (e) 5-type
feldspar in the allochthon indicate top-to-the-SE shearing; (f) Vertical cleavage developed
alongthe vertical cleavage belt; (2)NW-ward overturned large scale chevron fold in the in the
Western zone indicate top-to-the-NW shearing.

R AP oR R GAE A e T L i 7 i AT 2 I m K BT, e A 2
R AFE RS . 2 BN - BB A NW, - RIBENARXS Sk 2 g8, B2 1L
NS, (HJRE X T WL E 4G R B AR R 1] SE {815 (R84 (Figure 3.16 c);
it 1) NW RT3 A T B ) 2R o BEE AR K4 B, it NW-SE @i (Figure
3.16 d); HEANAX AR RGP HIALE, BRI NG, R
SIE B Sk A AR A DN A, B 1T Ll AR R 2 3 B i 117 B (Figure
3.16¢); Fial NW SElnB5 B A7, AR E RO IR TIPS, RINANF =B
Fra A TSR ZIRE S, 1) SE FE RN Figure 3.16 ). KIS, MM 4R RGiHK
R Z IR, RN R UGEE RS, TR N EEWE, X583
DI TR AT 25 ) 2 18] AT 22 TR S W& AR AT, S — /N8 TEAL i (Figure
3.3 d). ARHEEEA BT — 0] NW BT THEE AT, 1275 T ik Bt b
SE BY V)4 4 (Figure 3.3 d).

BRI E AN —BRKE . RIVEA LS, B EZ2FHER S, BB H
BAER G IAEARF RS Z AR AR B BT SIS, WA 240 A A0 A ] e Bk
527K V-4 B (Figure 3.15 )0 VB BB AT H A LS BT S5 7E 18 AH DS 7K
IR B 2RI

[A) NW 28BS B E Ay, Pl R 2O So e i) L =8 s 2 A
MR- — 2 R ME . A KA mIREGARIY, HRIARNE RS TG4 )
NW =R, Hifie SE, 4878 LR NW BB Y148 (Figure 3.15 g). HEER
£, PR RVEIE NI IRAIKOR B B VRS, REAER M RS T NW )
i) (Figure 3.15 h)o AR T, ¥ XZ VI N = B A (Figure 3.16g) 1
AFEFR BN B V) K 715 (Figure 3.16h) I FEFG /R B35 NW B UIAH . Bi A
mhE KA MAERIERY, PRk a7V IRs A s AR R ER .
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Figure 3.16 Microscopic shearing indicators and progressivedeformation in the allochthon
along the Tonghua-Wenchuan-Tangbazi cross section

(a) Meta-allochthon, mica fish from the Silurian mica-quartz schist indicate top-to-the-SE
shearing; (b) Mica schist from the meta-allochthon, microscopic S-C fabirc and shearband
indicate top-to-the-SE shearing; (c¢) Silurian schist, original bedding in local place showing SE-
verging fold; (d) Silurian schist, NW-SE trending lineation defined by aligned bitotite; (e)
Mineral assemblage including biotitet+amphibole in the meta-allochthon indicate high
greenschist to low amphibolite metamorphic grade; (f) Allochthon, intensively folded quartz
vein vergening to SE; (g) Mica fish from the Western zone indicate top-to-the-NW shearing; (h)
Asymmetrical pyrite pressure shadow from the Western zone indicate top-to-the-NW shearing.
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5) Hanwang-Qingping-Diexi cross section

PUHE-75°F- % B - B iR AR e RSy, g db il 8, BIA SR
(Figure 3.1 Ts fl Figure 3.17). %l L, 25U SO 58 &5 & i th R 400t
HE B =B AR AR b, AR T RS, 2 BR s R S S A R
Hh R G (1 2 B B 2R REA T 36 DU AR BOMERR N (Figure 3.17).

FHXT G R GO AT ) =B S A E, RGN PR R SE. 7
FERAR- B RAMN CRIE SE &, W[ SE Wbl 270k CRIER —&
LR R A =S R, W2 P HZ P IR R IR 2 AN P (Figure 3.18
a)o

XK R G T2 oo R E R = B i Z e A A A R k.
TG E 2 ER ORI DLaR 2R 4, Jey i X LS a2 1 2 9 % B
FERIA SE R B 1T & (Figure 3.18 b), fR7s WRIE(E AN SRR R G — & 2>
FERL AL R i A2 58 ZU A SE MBI UIMERT . ARXTANR RGHERAR AR 73, (N2
VO i R TR A Wb R B PR B B AL, S 7S AR St R 4 B
BRI IR AR AL . BE B AT M 678 L 88 R SE A B UIAZHE (Figure 3.18
C)o

IR R GATIIRAE R AL T AR R IR A TG, 7B 2 WA O RUBE 35045 H B 1
RIBTUIbR IR B AhER Sk b, RSt NW, R B AT R AR S R S
W 5E [ B NW-SE [7) 28 B (Figure 3.2). & B4 = B A BB AR IE /)
s (Figure 3.18 d) LA S i ZURE 9L T 1) A1 S ik (Figure 3.18 e)345 Az 1) 1A]
SE MIBIYIARTE . MR8 TUEE, FLHME = BEE MHEFITE R S/C R EET Y)Y
Ji& shearband #i&, f57~ E#Bm SE FIBIY)AE Y (Figure 3.19 a F1 b). & & X &
Al KaW, FriEBEYIE M s B afgiG, 4 HAH R RS 8 Rk (Figure
3.19 ¢ Ml d)o AL = BET W1 AOR 2 IRINAZTEAE H .
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Figure 3.17 Diexi-Maoxian-Hanwang cross section (Location is marked in Figure 3.1, TS)
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Figure 3.18 Petrological characteristics and shearing indicators along the Diexi-Maoxian-
Hanwang cross section
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(a) The boundary between the autochthon and the para-autochthon, a thrust fault separates the
klippe from the Xujiahe formation and thrusting to SE; (b) Allochthon, klippe consists of
Precambrian strata forming a SE-vergening anticline; (c) Allochthon, the Precambrian rocks
suffering intensive deformation and strongly foliated; (d) Meta-allochthon, asymmetric pyrite
pressure shadow from the Silurian schist indicate top-to-the-SE shearing; (e) Meta-allochthon,
overturned quartz folding indicate top-to-the-SE shearing; (f) The vertical cleavage belt, the
quartz vien suffered intensive folding and shortening, no sigh of ductile strike-slip structures;
(g) The limestone in the Western zone folded and overturned to NW; (h) Large scale overturned
chevron fold in the Songpan-ganzi belt indicate top-to-the-NW shearing.

Figure 3.19 Microscopic shearing indicators along the Diexi-Maoxian-Hanwang cross section

(a) CX665, newly formed mica aligned and intersect with the shear plane of the quartzite that
define top-to-the-SE shearing; (b) CX118, shearband in the mica-quartzite indicate top-to-the-
SE shearing; (c-d) CX114-115, strongly foliated carbonates and mica fish in mica schist
indicate top-to-the-SE shearing.

BERLEL LA R 2BV AR R R . RIS Sea ik, Jeis 0
JiRER 25 BE A Bk A 4 (Figure 3.18 ). ALK BI VI i o TR L3
5] SE MIBIUIALH , Bldt et K AR S B OEARE 4. Je e SRS 2 KBS
B, PORIEES. RERE R BRI RSO NMESL, (HIFAR USR] KF
RIEIRAZE R, BT I LT 2R AV R AN 225

PEHR AT D S AR-Te AR DU 2 M =B R H k. BFANEEN
GBI T MBS B IY 10 I5) SE(Figure 3.2). fEVEZEZCHZ T, SREUBTYIAR T IFES
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ALK S . KA TR/ BB R NW BB Y148 (Figure 3.18 g); 1M (EFAWE-TH 44X
RGN, E AR FIRE AR TE N W BLRE S ) NW B RHE 7R FIFE 118 8 2245
fiE(Figure 3.18 h).

6) Beichuan-Xuanping cross section

G -EE TR AR r A BB AR N B 38, 10 NW S AR R, AR
W DUAS BTG, BE 3 B OHY 5 T T 5 B H 85 (Figure 3.1 T Al Figure 3.20) JE M
F0H B SRR TR D R RIABOHER . kD R HZE K & BOIRSCH
JZEE, fa7~E NW-SE [ 7K 7 ), R ILTE R 2O OF — e ik
TH(Figure 3.21 a). k% AWE 5 =BG AHR & 2 18 AL R
R R SAXT FE R S AR R IR GO =S5 =B 800 (Figure
3.1), MUZRESLRIRAE T SmARE BN AMER, SRR E DB E R,
b G2 R AR BRI SE (V3 HE 6 FH (Figure 3.21 b).

FARTAI R 2R G B4 Dy M LX) 2 A3 AR & - N =2 S a ) R I
AR W5 -6 )1 7288 DA PG HH S a0 R b JGE B R e o s e ik . ¢
Kl e - =t Z 4L, WEIKE £ %k SE W R, e
O JZ AL R #L ) SE e B (Figure 3.20). Ve 7k R HZ R A s FIAE 45 A8
JERIES, &) 2 KB, RELEIRZRNAZTR, Mritias B SE
(K BI ) (Figure 3.21 ¢).

ZHIEAMR R L EE R OB B B AN, AR K E I
NW(Figure 3.2), Ji&47J=467R So A5REFE 4 1] SE TR I AH(Figure 3.21 d),
fR/RTEIR) SE BYYIAR T RE i R AR BT B 30 5 2 RN B . BRI AR R B A
WL RE YR IZ I AR R TR T R K BRI
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Figure 3.20 Beichuan-Xuanping cross section (Location is marked in Figure 3.1, T6)
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Figure 3.21 Field charateristics and shearing indicators along the Beichuan-Xuanping cross
section

(a) Autochthon, undeformed Jurassic strata with cross-bedding; (b) Para-autochthon, bedding
dislocated to SE indicate top-to-the-SE shearing; (c) Allochthon, Devonian rocks are intensively
deformed and overturned to SE; (d) Meta-allochthon, the original beding totally transposing to
foliation accompany SE-ward thrusting; (e-f) Western zone, Permian thin limestone and
Triassic flysch are intensively foldedand overturned to NW.

P B B AL, PR AR R- S RMEA K. EEWR-E
AEMET, BHEERE, KT EaMAER NBLS BEM, (DL, H E AL AH
SR TE AT . =B REE AT, W NW SR ZHEIHE R 9 1 7538
R 1) _EER A NW 138 3l 2R FF (Figure 3.21 ¢ fil f)
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7) Jiangyou-Pingwu cross section

VL -~ o T 2 A 5 X R e A R T, 2R A VL T 7] NW Bk~ X
B, HEEREOMX, FEFEEITILHX B #4iE B (Figure 3.1 T, 1 Figure
3.22). JEHLRGTIA IR - R E A . BFANIEAI I ] BT DUE
ThE L EA RS BRI TN =S Rm A5 b BRP RE &
MR T RBGRII 2 4%, RETHIX 2 e S LW I rh, KRR D R
J5 JARE I B N 0E (Figure 3.22) % & BARDIRBGEFE R I 5 AR, (A
IR AN F T AR . A R R G &% TH LA = S G5 A
EHNE, B EIEARIRFE A EE,  RHR o DX A 288 R 78 5
(Figure 1 fl Figure 3.22). Z0Z Ham A8 49570, 19 SE 4%, IRk ERE9fE
W2, fa7n B3 SE MEBIUIAT, R REMRE a- L b )2 AR
SR, JEARJZEETEMI AT L, BEERR B (Figure 3.23 a). ZMEEH 2R E, B
5 REAZ VIR RFMEWEIER T _E#E SE Mig3).

XTI KRG R B E R LR s THCEFIE TR AR, BT
TR RO R EHALTHCE . BT a MR- R AR BUE MR 2 A H
IR [ R (Figure 3.23 b), AP B 40U i A 2 Hh BT A 00 T BT — S i v
NW(Figure 3.2). HELR EEREISZE, 15/ T 58 mRHEE st A 8 7 AR
FUEBZ I RAS I o SR AR IR (199 1) B ZE NG 12 B F7 R AE 73 Bk N
o 2 ) R Ry R AR AR B AL (5 LI AR, 1991b). HE 281 RS
Y-SR IE AR T3 R I AR A S B AL I, AN SR 1 28 1) RN 2 At A A
#(Figure 3.23 ¢). B Z VELHIET Hb LA 2% RIS B) SRR AIE #22 BH i F 28 AR 57 IRy 5
AL (U B 3E4E, 1992; Burchfiel et al., 1995; Chen and Wilson, 1996). [Hlifi €k
U i 5 M P PO AEH 2 92 773 (R LRI S I7, 199 1b) R BT 1) Ll J 3 B FH /5 1
JREREGEVER 7T R T ZE ARV -5 W2 NW )y ) (1 36 B A0 i R
Ji% T ARXT AR R G ) — A R 4
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Figure 3.22 Jiangyou-Pingwu cross section (loation is marked in figure 3.1, T7)
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Figure 3.23 Field petrological characteristics and shearing indicators along the Jiangyou-
Pingwu cross section

(a) Para-autochthon, fault —propagated fold thrust to SE recording in the Late Triassic
sandstone; (b) Allochthon, the giant Tangwangzhai syncline; (c) dislocation of the thin
limestone inside the Tangwangzhai syncline indicate top-to-the-SE shearing; (d) Allochthon,
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Silurian pelitic schist enveloping sandy lense indicate top-to-the-SE shearing; (¢) Meta-
allochthon, o-type quartz budin from the Silurian sericite-bearing schist indicate top-to-the-SE
shearing; (f) Vertical cleavage belt, well-developed foliation obliterate the original bedding that
depicted by the composition layer; (g) The Devonian overturned fold in the Western zone
indicate top-to-the-SE shearing; (h) Western zone, well-developed foliation in the Silurian rocks
dipping to the SE, the original bedding documented by the vegetation as an fold verging to NW.

FFAN ISR U] AR AR IR DA P ok SR G 10 6 B 40 P R 75 - B 1B 28
Wk 2 R R ORI AR R GE 0 EZE AR b, RIS -1L )1 W5 22 1A
SE [¥133f AR T 375 A S0 1 FH (Figure 3.22). TE G MIHLIX, & B 200000 24 b
Ji RS2 BTV ROE SR o IEGIR, FRs LEER SE MBI DI . 8K EARE
RAIESR 7S AT J2 K i T AR B 2R ¢

IPRARGH A BRI, A—EBRaE RS, BRER&E, I
FEAUA NW T EE_F A8 5 R B 1) NW BEMI 26 3 (Figure 3.2). XZ #1H 89 P14z
) o A geAn T FR7~ R SE BIBY Yl(Figure 3.23 ).

BEM B PR BAERALR I THCE T, IR = AT W, 3
DR B T B BT BN R A, ARG i EL A R AL T (Figure 3.23 ). BEHLE AL
AR B RARTE Lem 72 A BB, TR APIEZN S, N IR RS EE
TEM S ACTEIR . BRI EARALE B R aiiiE . X L, BB S
NEE GE 8] [{55 ) 1 Wr8-5 3 A F)— Sk B 5 o 75 )1 W28t 7% S S T R W Ry
— AR 3 O AE W T (BT AR 25, 2003; Jia et al., 2006), X5 8% B 375 480
TEIRI 455 AW E AR L .

VY A~ T R b AR R L A AR R AL R, PR
A7 (453 A1 Y6 AR BEAN IR L e A A vh iR )V . JRATTARE BF A ISR = A
SNt B TE SR AR — AN T DA AR S L I R AL ORI i (Figure 3.22).
PE R T2 R B T EE— (A SSE(Figure 3.2), JF 7] M. NNW-SSE [1JH 4
PP 2L H (Figure 3.2)F VB0 N A, VB A &0 ib 8 AR B ARE 45 1) N
1, feon BEBIA N fIBTY) A8 T (Figure 3.23 g). BRI AT, M T REIEIIE
L EGG 2 E 58 9 B Hodgin SSE TR FE, 4G R 2 I E AL K Y
fentisk, —m NNW RIERRRRES:, 456 XZ 48 di4gm, it
N (B YIS A5 il (Figure 3.23 h)o ¥ XZ HHIERIH T RIEME, KA
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dr AR K o TEBRE DAL A S SR B A R S 2987 BB A N A BT D132 I
(Figure 3.24).

Figure 3.24 Microscopic shearing indicators along Jiangyou-Pingwu-Mupi cross section

(a) CX396, o-type porphyroblast from quartz schist and wraping mica indicate top-to-the-NW
shearing; (b) CX412, quartz blast assemble in domino structure indicate top-to-the-NW
shearing.

8) Tianjingshan-Qingchuan cross section

KA -5 N AR FE AT R I -0 g2 el, 1) NW g 5 A 3
BB W ACAE B, Fadb g i 75 )1 B2 20 5% 3 B 7 5 BT (Figure 3.1 Ts fl
Figure 3.25). AHXJ 5 RGAIR NG RIL IR E - H R, NS HAEREYL
) E =24 05K 412 F(Figure 3.25).

IS EH R EE R =S Ak, WEET 2R E N E Sk
fa7n EEB W SE KB Y(Figure 3.26 a). JRUGZFRIEMT Al W, BEFAE R X
RE, BRERZER R RGIR.

HXTAMR R F PR - SO B A R XY EE3|H SE B
7S R R ZES AL, BE BRI NW, Fa7n L& SE (18I )48 (Figure 3.26
o). HEEWARAT, BIVIEMN o A 54T T 45— B SE KB IHE A
(Figure 3.26 d).

Gk R GG B, R X WL AR AR A, R HEGE AR Z
e

B P BT B S R IR A KR ZU B V)R Y, AT BER: 4 (Figure
3.26 ¢)o 1% FES I H AL AR Y R OB e R A, SO 1B B B AL AR
B BRI — . MhERALE b, BEEEE ST RIS R R Ay, (ENE
BT LR SRR T 1) N A ) SE BY U ERA
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Figure 3.25 Qingchaun-Tianjingshan cross section (loation is marked in figure 3.1, Ts)

o

79



Mesozoic tectonic evolution of the Longmenshan thrust belt, East Tibet

Figure 3.26 Deformation characteristics and shearing indicators along the Qingchuan-
Tianjingshan cross section

(a) Para-autochthon, sandy lense within the Early Triassic sandstone indicate top-to-the-SE
shearing; (b) Allochthon, cleavage deflection between Cambrian sandstone-silt interbeds
indicate layer-parallel slip, accomdated to SE-vergening; (c) Allochthon, Silurian pelitic schist
develop foliation dipping NW, the original bedding depicts SE-vergening fold; (d) Allochthon,
calcite o-type lense indicate top-to-the-SE shearing; (e) Top view of the vertical cleavage belt
of the interlayered quartz vein and mica schist, no sign of horizontal striation and lineation; (f)
Mica schist from the western zone wrapping sigmoidal shearing structure indcate top-to-the-
NW shearing.

PUER T L EN BN RA S B A, R BURBUA SE X1 B (Figure
3.2)e wh A BIVIE NN S/C AR EEF NW 1B U(Figure 3.26 f).
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3.5 The involving domain of the vertical cleavage belt (VCB)

Tl T B, EXEUAL, BEEE LAY B R OKBES AT (Figure 3.1, &
T 3.5.1), HTRIESARM, Hann—5%1, FMcsA 78R AR
AR TRHE . FEBS BB ST AR P M, IR 5 A AHNS M 2R e R
SARRGME T, PRI — B0 A SE WBIYIAR T . 78 R EH M
i, Ml RV G M E B R E I H R CORIE, TR NS R R G
— 5, EmEREGPEILN L =852 F(Figure 3.1), G851 Tl BURTILBUR
TFH R FEJRT Tl R B, B B IS AR B AR TR I ) RE R B E TS LA e T
T B AR TEARMI &, B B 3 B A A 1 AR T R B A e A58, LR
H I NW BY D) 1 B 2

JeI A B, AR TR AR 28 D R AT N7 iU 2o 5, 38 b 3 2
NETERE Fa BIARE. RS, REHX R B UK A E A
i, AT DR R ER g 1), AT 2R A B AR A BT IR T o BEBE (Figure
3.27 a). B IRE4(Figure 3.27 b)LL KB T o B Jig4% 7 Bt (Figure 3.27 )37~ b
FR N BNW RIBTY)ARTE, 5 ESHL B S AL 118 Bl R — 2K

Figure 3.27 Top-to-the-N shearing in Bikou Terrane north of the vertical cleavage belt

(a) o-type gravel in the Sinian tillite show top-to-the-N shearing; (b) Foliation-parallel tight fold
overturned to north; (c) o-type porphyroblast on XZ plane thin section indicate top-to-the-N
shearing.

MR, SR — R V1R N BE RS, Jem B A RUA TR
FE, KRBT (F13.5.7), £RBERMHIIX, gkekmdl, AT IEHTS,
RIA— RV, Tokt:, EIGEHIEW, KEFEANEHE, RPH
AT RN SR EE AR AR T 08ES,  TE R AL HER AR IR SRR b R Iy — P B
4%, In] N 815%(Figure 3.28 ¢); 1] N 2| BjEiE £, ] N HI0 AR T2 185 ek
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55, WA BT BT % AR 4 (Figure 3.28 b): FIAIdL, T LFEA W5
N ¥ A 5 AR JE (Figure 3.28 a).

e FENIt A7 $H2 9517 (1) 582 00 Y PRI 87 ok 59

Figure 3.28 Attenuated deformation north of the vertical cleavage belt

(a) Undeformed Devonian sandstone showing no sign of northward shearing; (b) The unit
below the nappe of the Western zone showing weakly N-ward vergening fold; (c) Tectonic
boundary between the nappe and autochthon of the Western zone, the autochthonous Devonian
sandstone presenting recumbent fold vergening to the north.

Figure 3.29 Top-to-the-S shearing due to the Mianlve suture zone

(a) S/C indicate top-to-the-S shearing; (b) Asymmetric pressure shadow wrapping opaque
mineral indicate top-to-the-S shearing; (c)o-type quartz porphyroblast indicate top-to-the-S
shearing.

R AL, T P ROR 2 A S 5 SE Jrla), (B2 R
X B 4158 Sk RBER) S/C 4G R 7 82 T RBE IR e s R AR 36 o FE BT IR R
Bl 7] SE (K138 3 2 M (Figure 3.29), IX 585 B AL A N (112 3h i
ASAHYI Ay o bl b U5 B 8 0 b B b 7 52 B s 154 4% 45 75 1Y) 52 1 (Meng and
Zhang, 2000), FILH A S (IIE 524 1

BE B RS AR N2 — g Ve B IBWH T, 7] NE iR I s
IOy EEZ

WEH PR, —EIA NE Jra, BYEE ST FR I sGE B
99. B SCABTEE L R I AT RL BT U0 KR L FEAR,  AERH PSR I o —
ERE-ERLes . s, JLFEANARR, ERREEL, Bk, b
I N S99 ML, AR ORI K IR, 4k R0 AR %k ) SE
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{81 (K #E 9 (Figure 3.30), MERIVEARE, SUOIEEM XA w] DOt
RL, EFEZALIIIE RG> Q2 AN]E,  DUBY B BTy G R & i B
Wiy e SE S B R LR RS, AR E A ARy, mRca® 7Tl
i g 2V FE R, SO A RIS W BT SRR X G 2, A NE 5
], RIHEACKAG 1L B R Y A

Figure 3.30 Top-to-the-SE shearing south of the vertical cleavage belt

(a) Tight folded Silurian rocks display weak SE-ward vergence; (b) Fold-propagated thrust in
the Silurian schist indicate top-to-the-SE shearing.

gr BTk, fERITILACE, BEELE LA NE @ R FH PR CE A
W, Som T T B A IIE L AE A 1A NE J7 AR ROK, TR 38 FI R AR
i, 2RISR G IR, RS AL A MR g, AR A S
I3 B R -

3.6 Timing of the main phase deformation

1) Relationship of strata involving deformation

BT LIk T3 )30 o A3 T BRI [ AR PR AR Kl T Tl X 3 N
PIVEAR Y S R 2 E =B RS, T RE G AR S S5 /A
BSR4 2 2 F(Figure 3.31), X WA EEABEALE T T AL B H &
Fo IRYEHLZ A NI I R R XM 1A IR A AE Ts-01 Z RI(PU )18 b
P, 1991; YFEEEZE, 1992; Burchfiel et al., 1995; Jia et al., 2006). 4k, ZEPY)I|
V8 ) 5 i T 23 M U RR PR SR E R = 28t R R M R 3k 6 M IR A DAy ot AL o
HUURIRES,  [RIREHE R =B tH ] 1L pP i 75 1) SE 5 18) 138 34 Al (Chen
et al., 1994a; Li et al., 2003)-
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Figure 3.31 Early Jurassic unconformable cover on the deformed Late Jurassic Xujiahe
formation

TEAME-H AR, L =S5 ENS RIS )G, KX -
FHEE RSSO R RIX, BAE R R &AM =2 MR TR O\ = ILdH), &
O SRS P A ME 2 (AR RS, 1994a), BER TR TLE
T o

WHTATR, TR T B R ah)ZE B B R, BRI TILFEE
ZH EEW M BT LM E, BRI TILIX B0 7 kP s
Huid 1 H (Burchfiel et al., 1995; Jia et al., 2006). {H5¢T 325 WM 38 JUMT R4
B T AEAGE 2 AR A — BLAEE IR K+ (Meng et al., 2006; Burchfiel et
al., 2008).

2) Pollen analysis of the bricciated limestone at the leading edge of the

Tangbazi klippe

Introduction

As typical representations of a thin-skinned structure, klippen have gained much
attention from structural geologists all over the world. The Longmenshan belt is an
important geological boundary that separates the greatly deformed and
metamorphosed rocks of the Songpan-Ganze Fold belt to the NW from the relatively
less deformed sediments in the Sichuan Basin (Figure 3.1). Since the devastating
earthquake that occurred in Wenchuan and Lushan, Longmenshan has drawn even
more interest from researchers. The Longmenshan belt has developed a series of NE-
SW trending fold-and-thrust structures represented by a series of nappes and klippes,
which is the best natural laboratory for thin-skinned tectonics. Dozens of klippes are
distributed in the center section of Longmenshan belt, such as the Jianfengding,
Dayudong, Tiantaishan, Tangbazi, etc. (Shi, 1994; Figure 3.32). These thrusts have

important significance for the tectonic evolution of the southeast Yangtze block and
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the uplift process of the Tibetan Plateau. The timing of the emplacement of these
klippes is very important; it would greatly contribute to the elucidation of the
emplacement mechanism and might even allow an explanation of the uplift process of
the Longmenshan and the whole Tibetan Plateau. The Bailuding klippe, the Tangbazi
klippe and the Gexianshan klippe, located in the center of Longmenshan, are
considered as typical klippes in the area, and provide a perfect location to research
their timing and emplacement mechanism as well as the uplift scenario of the entire

Longmenshan belt.
Regional geological setting and research status

The Longmenshan thrust belt originates in Guangyuan city and merges with the
Micangshan to the northeast, ends at Tianquan city and is truncated by the Xianshui
river fault to the southwest. The Longmenshan belt is about 500km long and 35-50km
wide and regionally composed of three faults that strike northeast and steeply dip to
the northwest (Figure 3.1). A continuous southward (Yan et al., 2011) or
southeastward thrust since the late-Triassic (Luo, 1991; Xu et al., 1992; Chen et al.,
1994a) and extensive uplifting induced by the collision of the Eurasian and the Indian
plates during the Cenozoic formed the highest mountains and caused the landscape to
exhibit greater relief than anywhere else on the Tibetan Plateau (Clark et al., 2000;
Kirby et al., 2002; Hubbard et al., 2009). Field observations have shown that both
overturned folds and thrusts intra nappe and klippe consistently demonstrated a
southeastward thrust (Burchfiel et al., 1995; Xu et al., 1992; Jia et al., 2006). Seismic
data further revealed that the collision of Eurasian and Indian plates during the
Cenozoic resulted in different deformation characteristics along the Longmenshan

belt (Jia et al., 2006).

The klippe and nappe along the Longmenshan belt are mainly composed of
Devonian to early-Triassic strata and each klippe has different types of strata (Figure
3.32). The Tangbazi and Gexianshan klippe are mainly composed of Permian light
grey of medium thickness massive limestone and dolomitic limestone and contain
micro-fossils such as Fusulinid, Brachiopoda, Bryozoa, etc. Further west, the
Dayudong and Jianfengding klippe contain different tiny early-Triassic strata, and its
biostratigraphic age has been determined by Lamellibranchia such as Claraia (Figure

3.32; BGMRSP, 1991).
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Figure 3.32 Geological map of the Pengguan klippes (modified after a regional 1:200
thousand geological map of Guanxian)

The timing of these klippes is still in dispute (Xu et al., 1992; Burchfiel et al.,
1995; Meng et al., 2006). Traditionally, a Mesozoic thrust model has been proposed,
based on following evidence: 1) the newest strata evolving in the thrust belt is a late-
Triassic Xujiahe formation (Xu et al., 1992; Dirks et al., 1994; Chen et al, 1996;
Worley et al., 1996), 2) the sedimentary environment confirmed that the Xujiahe
formation is a typical foreland basin (Chen et al., 1994b; Li et al., 2003), 3) the results
of ¥ Ar/*Ar dating of the newly formed mica and U/Pb dating of the syn-tectonic
granite zircon in Longmenshan area are exclusively between 153-232Ma (Zhou et al.,
2002; Huang et al., 2003; Yan et al., 2008, 2011; Lu et al., 2010), 4) isotopic dating of
authigenic illite isolated from the bottom boundary fault of the largest Baishi-Goujia
klippe combined with zircon fission track dating of the hanging wall of the Yingxiu—
Beichuan fault zone that constrained the emplacement age of the Longmenshan klippe
fall between 171-180Ma (Zheng et al., 2014), 5) regional unconformity between

extensively folded late-Triassic strata and relatively weak deformed Jurassic strata
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exists in the center and north segment of the Longmenshan belt (BGMRSP, 1991; Xu
et al., 1992; Burchfiel et al., 1995; Chen et al., 1996; Jia et al., 2006). 6) both
overturned fold and layer-parallel slip in each klippe and nappe consistently exhibit
top-to-SE movement (Xu et al., 1992; Chen et al., 1996; Burchfiel et al., 1995; Jia et
al., 2006; Yan et al., 2011), and 7) the thermal characteristics revealed by Raman
spectroscopy of carbonaceous material just beneath the klippe indicate a temperature
greater than 400 °C, suggesting that the klippes have a tectonic origin (Robert et al.,
2010). In addition, the Longmenshan lacks a typical Cenozoic foreland basin and a
massive Cenozoic deformation record (Xu et al., 1992; Burchfiel et al., 1995). Most
of the klippes, such as the Tiantaishan klippe, the Jianfengding klippe and the
Dayudong klippe, etc., occur on folded late-Triassic strata (Figure 3.32). Taken
together, the evidence cited above strongly suggests that the emplacement of the
Longmenshan klippes are intrinsically related to an extensive regional thrust.
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Figure 3.33 Cross-section of the Tangbazi area (the location is shown in Figure 3.32)

The Tangbazi-Gexianshan klippe is composed of Permian limestone, which
forms a long narrow tail extending eastward and sits on Upper Jurassic strata
overlaying continuous Cretaceous-Eocene sequences (Figures 2 and 3). This
phenomenon clearly shows that the klippe must have been emplaced post-Eocene,
which is the foundation that supports the argument that the entire klippe belt in
Longmenshan was formed during the Cenozoic (Bian, 1980; Li, 1989; He, 1992; Shi,
1994; Han et al., 1994, 1999; Burchfiel et al., 1995; Meng et al., 2006; Jia et al., 2006;
Han et al., 2006, 2008, 2009; Zhou et al., 2006a, 2006b). Actually, Bian et al. (1980)
first reported this special “tail”’; their field observations and detailed structural
analysis almost demonstrated the Indosinian (Triassic) deformation in Longmenshan,
except for this strange “tail”. Finally, they proposed a Cenozoic modification to

explain the reason for this unusual strata. Burchfiel et al. (1995) claimed that the main
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deformation period of the Longmenshan occurred between late-Triassic to the
Jurassic, giving the same reasons as Bian (1980), a partial reactivation during the
Cenozoic. The narrow “tail” of Gexianshan is a suite of brecciated limestone (Shi,
1994; Han et al., 1994, 1999; Burchfiel et al., 1995; Meng et al., 2006). Shi (1994)
suggested this brecciated limestone was formed by a southeastward gravitational slip
induced by a large gravitational gradient (because of the extreme altitude on the
margin of the Tibetan Plateau). A combined strain variation from the extension in the
rear to a contraction in the leading edge of the klippe has led to the proposal of a
gravity-driven generation during the Cenozoic (Wu et al., 1991, 1999; Han et al.,
1994, 1999; Shi, 1994; Meng et al., 2006). Other researchers think that the
characteristics of the brecciated limestone in Gexianshan are approximately similar to
glacial erratic boulders and they think that the Longmenshan klippe is the result of
glaciation in Qinhai-Tibet during the Pleistocene (Han et al., 1994, 1999; Zhou et al.,
2006a, 2006b).

In summary, the composition, timing and mechanism of the Gexianshan narrow
“tail” are of vital importance to explain the timing and the emplacement mechanism
of the Longmenshan klippe. In order to clarify these issues, detailed field

observations, petrological analysis and paleontological analyses have been done.
Petrological characteristics

Field observations show that the leading edge of Tangbazi and Bailuding
“klippe” is completely brecciated limestone and the diameter of the breccia ranges
from 0.5-15 cm (Figure 3.34a b). Some of the breccia are lightly rounded while the
majority have a conserved angular shape (Figure 3.34a b). Although the shallow
ground allowed extensive weathering, several outcrops could be seen and fresh
breccia was common. All of the brecciated limestone is uniform and devoid of any
sign of a stack rhythm or layer characteristics. Especially in a cross-section from a
cement quarry near the Biluding “klippe”, similar brecciated limestone was evident
everywhere (Figure 3.34a). The breccia is completely angular and relatively depth of
color than the agglutinate. Both the breccia and agglutinate are composed of pure
limestone plus a minor pelitic component; however, impurities cannot be recognized

with the naked eye.
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Figure 3.34 Photographs of the crumbled breccia.

a. field photograph of CX382 breccia; b, field photograph of CX236 breccia; ¢ micrograph

of CX236, CPL; d. micrograph of CX382, PPL; e. fusulinid in the breccia of CX236 with

micron fracture (marked with red arrow), PPL; f. Aularia in the breccia of CX236 with micron

extension fracture (marked with red arrow), CPL; g. Bryozoa and Dasycladalean in the breccia
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of CX236, CPL; h. strip micro-fossil in the breccia of CX236 with zigzag fracture (marked
with red arrow), PPL

Samples collected from the leading edge of the Tangbazi and Biluding klippe
were designated as CX236 and CX382, respectively (Figure 3.32). Thin sections were
made from these two samples and observed under a polarization microscope. A
characteristic high white interference color could be recognized under Crossed
Polarized Light (CPL). The breccia was mainly composed of bioplastic limestone and
partially composed of micro-crystal and dolomitic limestone. The agglutinate was
mainly calcareous with a tiny pelitic component (Figure 3.34c). Numerous micro-
paleontological fossils had developed in the CX236 breccia, such as Fusulinid (Figure
3.34e), Aularia (Figure 3.34f g), Bryozoa (Figure 3.34g), Dasycladalean (Figure
3.34¢g) and a long strip of micro-fossils (Figure 3.34h), which confirmed the protolith
of the breccia was classified as a typical bioplastic limestone; the fossil assemblage
and characteristics indicate that the protolith breccia is from the upper Permian
Changxing stage or Wujiaping stage (Yang, 1988; Sha et al., 1990; BGMRSP, 1991).
Some Fusulinid and Aularias evidence micro-cracks with no evident relative
displacement from filling carbonates (Figure 3.34¢ f). A strip micro-fossil had a tiny
crack with a displacement of approximately tens of microns and the fracture had a
zigzag shape (Figure 3.34h). The fossil in the breccia was nearly preserved in its
original sedimentary status with no sign of any ductile deformation or evident
displacement (Figure 3.34¢ f h). No micro-fossils were found in thin sections of
(CX382 and its optical characteristics suggest dolomitic limestone properties (Figure
3.34d). Both the optical characteristics of the breccia and the fossil abundance in the
breccia definitely indicate that CX236 and CX382 are different, which indicates that
the protoliths of these two breccias belong to strata from different ages. The protolith
of the breccia of CX382 is composed of dolomitic limestone without any fossils and

might indicate early-Triassic strata in the Longmenshan area (Sha et al., 1990).
Pollen analysis

The timing and mechanism of the generation of the brecciated limestone are of
vital importance in understanding the timing and the emplacement mechanism of the
Longmenshan klippe. In order to identify its actual age, we extracted pollen from the

samples CX236 and CX382 ( the sample locations are shown in Figure 3.32). In order
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to avoid pollution from modern pollen, all brecciated limestones were sampled from

the inner core of a cement quarry.

The brecciated limestone was smashed to pieces with a hammer, sifted (diameter
of 0.45um), and the 100g of powder that passed through the sifter was collected.
Lycopodium spore tablets (27637 grains) were added to the samples to facilitate
pollen concentration calculations. To improve the sample clarity, the samples were
treated with hydrofluoric acid (Moore et al., 1991) and the residues were further
concentrated by centrifugation. The pollen residues were suspended in glycerol. A

Leica DM 4000 B microscope at x400 was used to count pollen grains.

Figure 3.35 Photographs of pollen extracted from the crumbled breccia.

a. side view of Artemisia; b, equatorial view of Artemisia; ¢, polar view of Artemisia; d+
polar view of Chenopodiaceae; e. equatorial view of Chenopodiaceae; f. Moraceae

Both CX236 and CX382 contained the same species of pollen, varying only in
diversity and quantity. Three principal types of pollen were recognized: Artemisia,
Moraceae, and Chenopodiaceae. Artemisia has short spines on its thick-walled
cypselasis, nearly rounded with three colporates (Figure 3.35a b c¢) and the colporates
gradually narrow toward the poles (Figure 3.35b). Moraceae are nearly rounded or
elliptical with an average size of 25.5%28um and contain 3 to 4 colporates (Figure
3.35d, e). The grains usually appeared on the cypselasis and a bit beyond the pollen
outline (Figure 3.35d). Chenopodiaceae is rounded or semi-rounded with a diameter
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between 12-30um. Approximately 16 to 90 holes are well-distributed on its thin and
transparent cypselasis; the outline of this pollen has a wave-like contour.
Measurements of these three pollen grains obtained by detailed microscopic counting
at a 400 x magnification and equal proportion calculation are shown in Figure 3.36.
grains
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Figure 3.36 Histogram showing the statistical quantities of the pollen

The columns in Figure 3.36 show that the maximum grains of Arfemisia in
CX236 and CX382 were greater than 1000 and 4000, respectively, which is sufficient
to prove that the pollen was contained in the brecciated limestone. The pollen was
colored and uniform, which is completely different than the modern pollen (Sun et al.,
1997). The similarity of the pollen status in CX236 and CX382 allows the further
conclusion that the vegetal assemblage that prevailed in the Longmenshan area was
exclusively arid or subarid vegetation (Miao et al., 2011), totally unlike the modern

vegetation in this area.

The earliest reported Asteraceae fossils recorded are probably those found in the
Eocene of the western Tarim basin, south Xinjiang (Zhang & Zhan, 1991), which are
characterized by medium to long spines. Nevertheless, the Artemisia pollen in this
study had short spines and thick-walled cypselas, which appeared slightly later (Wang
et al., 2004; Figure 3.35). Wang et al. (2004) suggested there were three major stages
in Artemisia’s evolutionary history based on its morphological data: 1) Artemisia did
not become abundant until the Middle to Late Miocene, 2) it became highly
developed during the Pliocene and became the principal genus in north China and 3)
the quaternary was a major period for the diversification and further worldwide
expansion of Artemisia. Artemisia became abundant from the Miocene to the Pliocene

in Tibet, Tarim and Ningxia (Wang, 1996; Zhang et al., 2000; Wu et al., 2002). Since
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the protolith of the breccia is Permian bioplastic limestone, we can conclude that the
Artemisia originates exclusively from the agglutinate. That is to say, the timing of the
brecciated limestone and the appearance of the Artemisia is simultaneous. The origin
and development of plants are considered to be closely related to environmental
trends. Artemisia grows mainly in arid and semiarid temperatures and is usually
considered as an indicator of moderate to low precipitation (Wu, 1995; Wang et al.,
2004; Miao et al., 2011), whereas Chenopodiaceae indicates a saline to non-saline
desert environment (Miao et al., 2011). These two taxa have been often used as an

indicator of an arid or semiarid paleo-climate (Miao et al., 2011).
Discussion

Detailed field observations and petrological analysis indicate that the brecciated
limestone of the Tangbazi and Gexianshan have some typical characteristics as
follows: 1) the majority are angular-shaped breccia but fewer weak rounded breccia
also exist and the diameter of the breccia range from several millimeters to tens of
centimeters (Figure 3.34a, b) and 2) the breccia and the agglutinate are totally
consumed when sufficient hydrochloric acid is added, leaving only a thin pelitic film
floating on the solution, combined with a characteristic high white interference color
observed under CPL (Figure 3.34c). We believe the breccia and the agglutinate are
composed of carbonate with a small pelitic component. Post-Eocene Artemisia
extracted from this suite suggest that the “tail” is a product of breccial re-
sedimentation in the Cenozoic rather than a Permian strata as depicted on the regional

geological map.

Breccia can be classified as explosion breccia, karst breccia, fault related breccia,
glacial drift breccia or crumbled breccia according to its genesis. The genesis of the
Bailuding and Tangbazi breccia by explosion is the last consideration because of its
location far away from magmatism. Karst breccia usually appear where carbonates are
well distributed, originating from the collapse of karst caverns or from water
transportation. However, the appearance of arid to semiarid Artemisia and
Chenopodiaceae is unlikely in such a humid karst water environment, so breccial
generation via karst collapse is also unlikely. The breccia in Tangbazi and Bailuding
share nearly the same characteristics; a few researchers think that the breccia is a kind
of fault cataclasite at the bottom boundary fault of the klippe (Shi, 1994). However,

we discovered many Permian fossils in the breccia, such as Fusulinid (Figure 3.34e),
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Aularia (Figure 3.34f g), Bryozoa (Figure 3.34g), Dasycladalean (Figure 3.34g) and
long strip micro-fossils (Figure 3.34h). The fossils in the breccia were almost
preserved in their original sedimentary status with no sign of any ductile deformation
nor evident displacement which would indicate a cataclysm (Figure 3.34e f'h). The
zigzag shape fracture preserved in the strip fossil (Figure 3.34h) is an index of
instantaneous transtension in place. If the cataclasite fault movement model is correct,
straighter boundaries and more fragile displacement should exist in these micro
fossils, which is not compatible with their observed characteristics (Figure 3.34e f h).
More importantly, Artemisia in CX382 is nearly four times more abundant than
CX236 (Figure 3.36). There are two possible reasons for the difference in abundance
during the formation of the brecciated limestone: 1) pollen abundance is differentiated
by the distance between the regions (Miao et al., 2011), however, the distance
between Bailuding and Tangbazi is less than 3 kilometers, which is too short to
account for the observed differences, and 2) the morphology and quantity of the
Artemisia has been evolving since the Eocene (Miao et al., 2011). This evolution of
the diversity might be the only reason for the difference in abundance in one area. The
huge pollen differences observed in CX382 and CX236 indicate a different timing of
the breccia in these two sites, which is at odds with a bottom boundary fault
movement model that requires synchronous timing of the breccia along the whole

fault.

Another possible mechanism is glacial drifting. The brecciated limestone could
have arisen from massive pieces of limestone smashed by large ice sheets on the
Qinhai-Tibet and frost-splitting during the Quaternary before the re-sedimentation and
cementing of the breccia (Han et al., 1999). However this explanation is contested by
the following facts: 1) A great deal of Carboniferous to Permian limestone is exposed
in the hinterland of the Longmenshan at higher elevations and lower temperatures,
which is a condition likely to form glacial breccia, but no sign of such brecciated
limestone has been found until now, and 2) Artemisia isolated from the brecciated
limestone is definitely unlike the Quaternary pollen, but the glaciation in Qinhai-Tibet
Plateau occurred during the Pleistocene (Li et al., 2004). This mechanism does not

make sense with respect to time.

Crumbled breccia refers to generation by a gravitational collapse or landslide
because of a scarp or a steep slope. Weakly rounded and angular breccia coexsit in the
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samples. The components of the agglutiante were governed by the environment while
the crumbling occurred. Only this mechanism could cause the instantaneous extension
to form a zigzag fracture (Figure 3.34h). Immediate sedimentation and cementation
are the key factors that allowed the preservation of these micro-structures. No further
continuous deformation and movement occurred so the fragile relative displacement
in the micro-fossils is not very evident. So we can conclude that the brecciated

limestone in the research area is crumbled breccia.

The micro-fossil assemblage in CX236 date its protolith to the late-Permian,
which is concordant with the nearby intact limestone from Heifengchao (Figure 3.32;
Figure 3.34; Sha et al., 1990; BGMRSP, 1991). The protolith of CX382 may indicate
low-Triassic strata due to the dolomitic interference color and lack of fossils in the
breccia (Sha et al., 1990). The different time reflected by the Artemisia abundance
differences indirectly indicate that at least two collapse events occurred in the
Longmenshan area. A high gravity gradient was required for crumbling to occur.
Furthermore, a large scale collapse along the Longmenshan belt (Figure 3.32) was
required for a quick uplifting during this time. So, we arrive at the conclusion that the
elevated topography in this area required at least a two-phase growth, which agrees
well with the low temperature dating results (30-25Ma and 15-10Ma; Wang et al.,
2012).

According to the field observations, we redefined the distribution of the
brecciated limestone and separated the Cenozoic crumbled breccia from Permian
limestone in the Tangbazi and Bailuding areas (Figures 2, 3). The intact Permian
limestone showed the original bedding while the breccia was distributed irregularly.
Part of the brecciated limestone has a narrow “tail” extending southeastward and
covering Jurassic-Quaternary rocks, creating an anomalous stratigraphic relationship
of Permian limestone sited on a Jurassic strata (Figures 2, 3), which is a phenomenon
caused by a Cenozoic gravitational collapse. Coincidently, the boundary of the “tail”
in Gexianshan agrees well with the isoheight contour line (BGMRSP, 1991), which
indicates that the timing of the “tail” is too recent to have been destroyed by
weathering. After the removal of the brecciated limestone, the main part of the
Tangbazi klippe just rests on a folded late-Triassic strata and is far away from the
Jurassic rock (Figure 3.33). It is unreasonable to postulate a Cenozoic emplacement of
the klippe based on the aforementioned stratigraphic overlay relationship. In our
opinion, the timing and emplacement mechanism of the klippe in the Longmenshan
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belt is more likely intrinsically related to the regional thin-skinned structural during

the Mesozoic.

An updated model of the brecciated limestone and the klippe is shown in Figure
3.37. First, a southward (Yan et al., 2011) or southeastward thrust beginning in the
late-Triassic (Xu et al., 1992; Burchfiel et al., 1995; Chen et al., 1996) pushed the
Permian strata covering onto the folded late-Triassic rock (Figure 3.37a). The main
thrust activity did not cease until the Jurassic. Then the folded Triassic rocks
unconformity overlain by Jurassic sandstone. The elevated topography began to grow
because of the high angle thrust beginning in the early-Cretaceous (Chen et al.,
1994b; Zeng et al., 1995; Yan et al., 2011), which accelerated the erosion of the
earlier placed Permian limestone sheet (Figure 3.37b). By the Eocene, the topography
of Longmenshan has achieved a high altitude and a limestone collapse caused the
incorporation of contemporary pollen (Figure 3.37c). Finally, the brecciated limestone

was naturally selected, presenting the aspects seen today (Figure 3.37d).
Conclusion

According to detailed field observations and petrological analyses, we
recognized totally two different parts of the Gexianshan and Tangbazi klippe:
crumbled breccia and a massive klippe (Figures 2, 3). The post-Eocene age of the
brecciated limestone could be verified by the plethora of Cenozoic pollen contained in
the agglutinate, which is contradictory to the Permian dating annotated on the
geological map. Furthermore, the large-scale of the crumbled breccia in the

Longmenshan area indicated rapid uplifting and the achievement of high altitude.

The pollen abundance differences demonstrated a different age for the crumbled
breccia in Bailuding and Tangbazi, further indicating the existence of at least a two-
phase growth of the elevated topography, which agrees well with the low temperature
dating reported (30-25Ma and a 15-10Ma rapid uplifting).

After removal of the Cenozoic brecciated limestone, the massive klippe, the
main part of the Heifengchao klippe was sited on a folded late-Triassic strata (Figure
3.33). The leading edge of the klippe is far away from the Jurassic boundary. A
conclusion that a previous Cenozoic emplacement should be based on the relationship
between the crumbled breccia and the underlying concordantly deformed Jurassic-
Eocene rocks is unreasonable. A combination of regional isotopic data and field
observations indicate a Mesozoic thrust model of the klippe in the center of the

Longmenshan.

96



Chapter 3 Structural analysis of the Longmenshan thrust belt

NW(N) SE(S)
Ts thrust begining T

NW SE

Eocene-Present
gravity collapse with Arfemisia mixed

cx i e o \ ‘iahb
7 A N\t

()

NW SE

Present erosion and klippe distribution

brecciated
limestone

(d) -
e & ]| ate Triassic Late Permian[—=_=_] Jurassic [ = =] Cretaceous o,
e o Quat o
sandstone @ marble % Sandstone conglomerate Ceieiiey sl

Figure 3.37 The evolutionary model of the Longmenshan belt
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3) Geochronological constraints

Previous results
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Figure 3.38 Geochronological result statistics of the Longmenshan and adjacent areas

(a) Zircon U-Pb dating of the granites in the Songpan-Ganzi terrane and the Longmenshan
thrust belt; (b) *°Ar/*°Ar dating on newly formed Amphibole, micas; (c) U-Th-Pb dating on
monazite from the Longmenshan and adjacent areas; (d) “°Ar/3°Ar dating on metamorphic
minerals of the Longmenshan and adjacent areas.
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R, I XZ VTR FARARE B, KA K o IR iR Lim N #871)
BN, 5 IS BRI —SU(Figure 3.39 ¢). X FHERFIMI I ELAT, Ak
ALFRB RS, T2 e AR IR AL T 5 8 (Figure 3.39 b). [EltL, MA1E
KU 22 S B A RE R IUE R, AT AR B S RN R s k. 2
BN, KAREMS, HHENA I (Figure 3.39 d), #F—bIEIFE A AR TS
G520 T R, SO NKa R AN

TR B AR ST R B SURR, BT AR B E R IEAT TR, AR
R A, BT H B URE A I R S R, R B T R R
G IR I FEAT T SHRIMP 52 4R 08T o B A7 43348 SR FH B V07 J4e A0 P G 77 92 5
Ji%, % U-Pb SHRIMP & fF 7 o [ RL 2 Be b o 5 3 SR BRI 78 1T B9 1 4R T S5
EST

FE it P8 A 2 A RARIREK AR, K BEELAE 1:1 21 3:1 Z [A](Figure 3.40).
B2 AA W RIE KA IRG A, H ThU IWEZ KT 0.1, AR E
KR . — A AW RN AR, CL T Bl i, HigH
WA I A R KBS AR E,  CL BT 8 (Figure 3.40). 2% ) CL [y %
SR H B R AR A

FHorp 20 WS AT 25 AR PRI AR RS TE 219.121.7Ma, JRIR T AR R A i
ZEERAERY, RSO BIAERY N 729 Ma 24 BTG AT AERY, XS5 RITITEZ
A TG H AR A AR — 2, FTREN A A AR T SR 14 £ (Zhou et
al., 2006; Xiao et al., 2007a; Yan et al., 2008b; Pei et al., 2009).

Ik, MRAERATI PN, KB A A AL RS 219.141.7Ma %R P8
KRB NI HE T 1) A0
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Figure 3.39 Petrological characters of the syntectonic Mupi grainte, noth of Pingwu city

(a) Strongly mylonitisation at the south margin of the granite and deformation accommdate into
the country rock; (b) Blockage rocks at the north part of the granite, totally undeformed; (c) o-
type plagioclase in hand speciman indicate top-to-the-N shearing; (d) Microscopic view, the
quartz vein infill the brittle cracked plagioclase.
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Figure 3.40 Zircon Climage and SHRIMP U-Pb dating of the Mupi granite
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3.7 Thermal structure of the meta-allochthon—Mica geothermometer

measurements

AT BB RAE T GE (A IE T, AT SRR T EAT T R S B
H oz BRI BT, 38 1) 2 A B AR o Biric s AR T8 9 1B 42 7 1 A2 T
JE, W& R R ITIARTE R UCR BUW I E B 1AW R . ARG LA
R LI, RS N BT AR AR A R R AR LR . B R
B A BERATY) Ti AR TS, ARORAE R Bk TR e B A e
75 Jo i N 5 ) /(W and Chen, 2015a; b)o JCHEF GG IR 1] Ll 33 4 7 7 4
b R PRS2 AR AR T A P T 0 A & A 0] Skl 5 28 048 TR POl P 2 A
AR R

1) Introduction of the Mica geothermometer

o BF TR FE NI VE S0 b2 A 3 AR 7 22U o ot 0 SR P 40
HHRMZR AN HT R FUE TR, WDARIE TiO & A,
DAL 52 2] 5 2 BF AR PR B4 20 F bR #E(Wu and Chen, 2015a), 7Eiz I H
= BRI EETE AR AT, FIRE AR 8RR, 10 ALSiOs, PLR A PE[H]
i} 7 7E(Wu and Chen, 2015b). 2 BF TiO, M4 MR ERIFE LA
In[T(°C)]=6.313+0.224In(Xri)-0.281n(Xrc)-0.449In(Xnme)+0.15P(GPa), %A & H
TR JEAE 450-840°C, 0.1-1.9GPa ul, JFORIER = BFrh Ti B0 805 EAE 0.02-
0.14 2 [8(Wu and Chen, 2015a). [z BE TiO WA, Al AT 5 PR FE T 5
AR In[T('C)]=7.258+0.289In(Xri)+0.158[Mg/( Mg+Fe)+0.03 1In[P(Kbar)], H:H
KL RS E A ZER Ti=0.01-0.07, Fe=0.03-0.16, Mg=0.01-0.32 H.
Mg/(Fe+Mg)=0.05-0.73 . %I 5 v ] A2 e it e 48 [y il s 2% A7 5T~ 450-800 °C
F10.1-1.4 GPa 2 [8](Wu and Chen, 2015b).

2) Sample description and results

ST VEANET TS, TEIBA-BO RITER T 6 NS R B BN
(CX6. CX8. CX9. CX10. CX16. CX32)#t47 =BG WK LKL — B =
Bl 5 (CXT) AT H = BEE Wi FE vH I (Figure 3. 41 ). FEFHREHII TAE
A5 ERR 2 e b 57 5 RS 5 BT HL T AR S A R S = 8
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D PRUE I A i R iR P TG A, FRANTFESE T XA A St i AT
TVEA AT B TR RE SIS ] B = BR SRR Bl & 40A
HAERRHE, 2RI BB REAK S AR, RN TiO,
RBNEA, HA AT (Figure 3. 41 by ¢), B YA L 2 = B Ppill
WA VEAHEE W 3.1,

103°45'

2 A S

/ 103°30" ' 03°45'

SE

o 4km
SR RF

o
522+27 5107 2km

Okm

Figure 3.41 Location and structural profile of the Longmenshan thrust belt (location of the
profile marked in Figure 3.1)

(a) Geological map with testing temperature results; (b) and (c) Back scattered image under
SEM show the paragenesis of ilmenite and biotite or rutile and bitotite, indicating the saturation
of TiO in the system; (d) Structural profile with the temperature results. Symbols and acronyms
are the same as in Figure 3.1. WMF: Wenchuan-Maowen fault. Q: quartz ; P1: plagioclase; Bt:
biotite; R: rutile.

W5t B I E SRR, AR A-BO I AR R GE N B, AR BRI
EHUW S, (EaA AP SR 2 AT Bl EE, SmA
IR IFAERE S5 NI, ESMR RGN, X3 675£13°C, 25701
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NW H1 SE J7 28 B s, TR — 15 A3 (Figure 3.41 d). AL T-350)1-7%
W SR CX16, J& T AN R RS, 25 BB AR T H B o iR 45
B, BRI T HRER AR A L (Figure 3. 41 d). 7% ELIBERH CX32, IR HHE
S5 N 530+6°C, 245 R SRl T LLAbd 7 A [m] 1) CX7 PAZE RAHIT, R
AR R G A AR RFIE S R SE BI5 13 T A IE AR 2R 8 2400

3.8 The evolutionary scenario of the LMTB during the Early Mesozoic

BT ) Y 8 ZRAa i I T BAT TR e L A AR AR S T AR
EREMVRET 3.5). AT PRGN L%, 12805 DL T 2 IR T e
JET T AN LA R R e AT, Fe B LSRR N U R S AR A B
P E RIS BN I AL, AR T I AV R AR A e . AR AR A T
JE IR TERE L — 35 %153 B DUAS B TTAEREA e 1] 1L b b HE 2 s A g 20 A
FEXT eI LU B ALy e i 2R R AR LA b, FRATIEA 7 T Ll 2 AR T T P A Jet R 2
#3 FE (Figure 3.42).

mE AR, RSA ARG TR RGN —ERY - AR, B
EES, RIREREGE, RIAEFESH, BARETHRTBZR, AEGEER
PR T Z 2 by AR R 2R 48 T SO SR SR A AR TR I | =B G 25 5]
HubE, FAYNIER SE, Wi 2B EEMRY R R ARG b, KX
KBRS R W HATY E IR E IR R G AR AR SR 48 DL TS - )1 I 5 9 5
7] SE 10 rh AR SR R Ge 2 IR GHEE AR AN WORIE, AR AR R THCE .
Jeli rE A, IR BN RO E S R LR =& S,
SHL I am AU, AR KB IF SR NW, e 2 b5 8 Y)iE
BRI & BTV A SRR s BRI SE WIBT YRR, AR TR AN B A B 1R
TR IR IR RGN IR Z AR Bk AR RG T HNERAH =B A S
R, BT R SRR R G — B IE LT A FEE B R E LA, B A
o BR DL R SR DR A AT A I S R AR RGBT I IX AR
R BT, HAESMRRGNER, = R YR 45 R Ak R 4t
Pt 2 HLR SE B S I AiE . BEFR BN E AR, ke b Es A
NW 5% N 383l vt 3555
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IR M BRAL SFAFAE A RS PR 1 R S SR T, A A - H SR A T
FAE 547 F MR [F) PR 5 ) FE )i (Roger et al., 2004; #H{# S et al., 2005; Guo et
al., 2013; Sigoyer et al., 2014), T TS ppER W, IR K BlIE S s fdh A
AR IAH LI H G 30, RIS R T Xz B AR Bl 5, A7 LK T L 3o e
BRI ARG L . IEH0 Figure 3.42 FTRE/R I, ToiB R AR B I8 1L U
i, FEI-ME =8 B A T RN, RPN R AR
Je: T ERAEARIERISAR, AR FTREG E 78 —FE R AE R A N4 ae,
SRAFAE — /S8 1 5 AR 1 R TR AT DROR A & 75 ) (R i 7 (Figure 3.42), A
SRR AT B L ST XA $th R B b R 0 Rt I8 A R <<l P T 5
377 JE SRR Bl PR 55 i R ARV SR B R R AR L, ARz 1) SE Y
T ) NW R

NW eib SE
1
1 Wenchuan- Yinxiu- Anxian-

Western i s Maoxian fault  Beichuan fault Dujiangyan fault Sichuan Basiri

) ara-allochthpn / Autochthon
: | kllipe

e J .
SO ":?:',’., 'v‘- Q‘/W’i’:.%c, ‘ % ; o,

g o Yangtze basement o0

0{ 95, Aangize Dasemenk:

Figure 3.42 The architecture profile of the Early Mesozoic Longmenshan thrust belt

ARt AR e O Bt P TS A T DU e AR i L, ORI
Alice spring i& tli7l7, £ J7IX IR E#E o1 AX Peterman i& L SHF 5, fERAEL-A
¢ 20 B A = R AR PR iR i 11 (Goleby et all., 1989; Hand and Sandiford, 1999;
Sandiford et al., 2001), B2 AT I 7o 40 e J5 P & 8 bl N g8 7, o0 B ik
AT PGB O LE A A2 iy, AR P it vl SRR 2 3 5 g et 2 R AR S, B
JRbG AT, MRS R T, R E R AR AR, TR LR A L
(Choukroune, 1992). J&[ T HER 717 A 3007, WA 2 A B 70 A7
HAR N SE 18] NW ZBJR 2GS H IR . I TIVE R TARER NW £, &)
T H RS- RS E R A W RN VTR, SR AN IR REYOR, TIRE
WRE SRR, HRIEA—EREE SLIARITE, RN Z BB
PERRE FBRIR L S . KW R, (I T X2 58 -— &
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HIUTARIEI, $hFe A BB . R - H AURE DD ER0RIE S, (HIF
RIS WEEEA OIS, RREE I R R R = AR Ve, A
b 3% S R R — A T RE RIS o L AR ARTERA VG- H FOR 4T B A TLAE
N, 7R A th R4 P& BT 55 0 A A Bl N SR SRRV R, (24 A ) o il
T F IR I 22 2610 i T RO T R R R I HE R TR, T N B TR R
Tt TERHET T L T R T 1A R S5 8] B e PR BT o o A R U ) AN BTV

LRI 5 SR R AR R RS R AR 4 L, 1) SE S ImARAE DY N1 kB J7 A
JAZG AT B, FFERTR R IR R — RAUHEB AN ORI . B A5 T e 1 7 sk
T Z R TY, RATE RO WIS BT R DL GRS 4L . e Tl
TEHESE U EH, U0 I IV R A S T RN, AR RL R NW R e e
a3 o JEIEST LG AP SR RN ZE P 43 AT, BRI SE vk (3 B KT 1 NW )
Wi, FAMIIA AR RS T FE IR 1) V5 AA B - H 50 7 2R R T, TR
7] SE 38 e 78 A0 [R5 ) NW IF) I (Figure 3.42).
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4. Emplacement of the Pengguan complex—multiphase

deformation

4.1 Introduction

At the northeastern margin of the Tibetan Plateau, the Longmenshan belt is
remarkable for its steep topographic gradient with a thickened crust of ca. 60 km as
well as the intensive seismic activity, such as the devastating My, 8.0 Wenchuan
(2008) and My, 7.0 Lushan (2013) earthquakes (Fig. 4.1a) (Guo et al., 2013).
Numerous investigations have been carried out to study the formation of the thickened
crust and elevated topography (Yin and Harrison, 2000; Tapponnier et al., 2001;
Royden et al., 2008; Hubbard and Shaw, 2009).

The Longmenshan Thrust Belt (LMTB) is a composite orogen that records
multiphase southeastward thrusting in Mesozoic and Cenozoic (BGMRSP, 1991;
Burchfiel et al., 1995; Chen et al., 1995), and a period of top-to-the-NW shearing
(Burchfiel et al., 1995; Xu et al., 2008; Tian et al., 2016). The widespread top-to-the-
SE shearing has been interpreted as the consequence of the Mesozoic continental
collision between the North China block (NCB) and South China block (SCB)
imprinted by Cenozoic continental collision between the India and Eurasia blocks
(Burchfiel et al., 1995; Xu et al., 2008). The top-to-the-NW shearing mostly
developed associated with the orogen-parallel Neoproterozoic complexes (Xu et al.,
2008; Tian et al., 2016); yet, both of them remain controversial in terms of
mechanism, scale and timing (Burchfiel et al., 1995; Xu et al., 2008; Zhou et al.,
2008; Tian et al., 2016). On the basis of extent and timing of the top-to-the-NW
shearing and the emplacement of the Neoproterozoic complexes, several models have
been proposed: 1) Cenozoic lower crust channel flow bounded by NW- and SE-
directed shear zones, buttressed to the SE by the old and resistant lithosphere of the
Sichuan basin that sustains the high topography of the Longmenshan (Burchfiel et al.,
2008; Royden et al., 2008), i1) crustal shortening by thrust faults rooted in the
lithosphere that formed duplex structure of the LMTB (Tapponnier et al., 2001;
Hubbard and Shaw, 2009; Tian et al., 2016), and ii1) the extrusion of a crustal wedge
during the Cretaceous (Xu ef al., 2008). The understanding of the top-to-the-NW
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shearing and the emplacement of the Neoproterozoic complexes therefore is crucial to

unravel the evolution of the LMTB as well as the uplifting of the Tibetan Plateau.

The Neoproterozoic Pengguan complex, located in the middle segment of the
LMTB and is cored by granitic rocks, and involved into the top-to-the-NW shearing
that provides a perfect place to unravel the tectonic history of the LMTB (Fig. 4.1b).
For this study, we conducted a field-based structural analysis, Anisotropy of Magnetic
Susceptibility (AMS) measurements, and microstructural analysis, aiming to constrain
the structural geometry and deformation intensity of the Pengguan complex. This is
complemented with gravity modeling of the Pengguan complex and adjacent areas,
which provides a high-resolution image of the upper crust structures. Integrating
published geochronological data and lithological characteristics of the sediments
inside the Sichuan foreland basin to the SE, the new multidisciplinary results from

this study provide a comprehensive understanding of the tectonic evolution of the

LMTB.
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Fig. 4.1 (a) Simplified tectonic sketch of China.
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QL: Qingling-Dabie orogenic belt; EKL-ANMQS: East Kunlun-A’nyemagen suture; SGT:
Songpan-Ganzi terrane; LMTB: Longmenshan thrust belt; ICB: Indochina block; (b) Simplified
geological map of the Longmenshan thrust belt, modified after BGMRSP (1991), Burchfiel et
al. (1995) and Xu et al. (2007). T1: Anxian-Guanxian Fault (AGF); T2: Yingxiu-Beichuan Fault
(YBF); T3: Wenchuan-Maowen Fault (WMF); T4: Qingchuan Fault (QCF); JZD: Jiaoziding
complex; PG: Pengguan complex; XLB: Xuelongbao complex; BX: Baoxing complex; KD:
Kangding complex; DB: Danba dome; RLG: Rilonguan granite; LIG: Laojungou granite; MT:
Moutuo complex.

The regional structure of the LMTB is defined by three listric thrust faults that
strike northeast and steeply dip to the northwest, namely from northwest to southeast,
the Wenchuan-Maoxian Fault (WMF, T3 in Fig. 4.1b), the Yingxiu-Beichuan Fault
(YBF, Tz in Fig. 4.1b) and the Anxian-Guanxian Fault (AGF, T in Fig. 4.1b) (Xu et
al., 1992). A set of orogen-parallel Neoproterozoic complexes, e.g., the Jiaoziding
complex, the Pengguan complex, the Xuelongbao complex, the Baoxing complex, the
Kangding complex, the Danba dome, are distributed from NE to SW along the LMTB

(Fig. 4.1b).

] ApEay
Legends a / /
7
Diabass/ A
| Gabbro
)/ Thrust
fault
Qf Klippe
)
7| Detachment [3
=% fault L

i Cretaceous-
Quaternary

- Jurassic

Middle-Late
Triassic

Devonian-
Early Triassic

@ Silurian

Cambrian-
Ordivician

70] - a s
B Foeomie | Yingxiu
.

ol o
@ Guanxian

Mesozaic
granite

Proterozoic e
Complex |

X
Foliation and lineation|~# __ -
with shear sense

,»fT}m ductile SE-thrusting /’V/ Ja-Ki1 ductile SE-thrusting and NW-normal faulting Z,’" Ks-Ealiest Paleogene brittle SE-thrusting

Fig. 4.2 (a) Structural map of the Pengguan complex and its adjacent area; (b) Cross-section
crossing the Pengguan complex and Xuelongbao complex; (¢) Quartz boudin wrapped in the
Silurian schist indicates a top-to-the-SE shearing, northwest to the Wenchuan city (31°29.758
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“ N, 103°34.535 “ E); (d) Shear zone developed in the Proterozoic meta-sandstone display a
top-to-the-SE sense of shear, immediately in the hanging wall of the Beichuan-Yingxiu fault
(31°15.62 “ N, 103°46.96 ~ E); (e) Sigmoidal lens in the Late Triassic sandstone-mudstone
interbeds indicates a top-to-the-SE shearing (30°47.843 “ N, 103°14.615 “ E). Symbols and
acronyms are the same as in Fig. 4.1.

To the NW of the LMTB, the Songpan-Ganzi Terrane (SGT) is characterized by
an extensively folded turbidite of Middle-Late Triassic age, more than 7 km in
thickness. This folded unit is intruded by tens of syn- and post-tectonic granites that
dominantly derive from the partial melting of the SGT Neoproterozoic basement and
a variable proportion of sedimentary rocks as well as negligible amounts of material
of mantle source (Fig. 4.1b; Roger et al., 2004; Hu et al., 2005; Zhang et al., 2006,
2007). The Paleozoic-Late Triassic sedimentary cover is separated from the
Neoproterozoic basement by a regional décollement and transported southwards
(Calassou, 1994; Harrowfield and Wilson, 2005). To the east of the LMTB, the
Sichuan foreland basin, underlain by a Neoproterozoic basement, records flexural

subsidence due to the thrusting of the LMTB (Chen et al., 1994a).

In the LMTB, both Early Mesozoic and Cenozoic shortenings have been
documented. The Early Mesozoic shortening is the result of transpressional
interaction between the SGT and the SCB, which resulted in structural inversion of
the western margin of the Yangtze block from a pre-Middle Triassic rift to a SE-
verging fold-and-thrust belt. Pervasive SE/SSE-ward thrusting developed at different
scales in (i) the Sichuan foreland basin and (ii) the hinterland in the west of the WMF
(Xu et al., 1992; Burchfiel et al., 1995; Worley and Wilson, 1996; Yan et al., 2011). In
the foreland basin, the orogen-parallel klippen and nappes were transported SE-ward
and tectonically overlie on the extensively folded Late Triassic rocks (Fig. 4.2a). Most
of the klippen are exposed as synclines overturned to the SE. SE-ward thrusting is
also indicated by SE-verging folds and locally developed sigmoidal tectonic lenses in
the Late Triassic sandstone-mudstone interbeds (Figs. 4.2b and e). In the hinterland,
macroscopic scale sigmoidal quartz boudins, asymmetric pressure shadow and
microscopic scale of shear-bands, mica fishes, and asymmetric plagioclase
porphyroclasts on the XZ plane indicate an unambiguous top-to-the-SE shearing

(Figs. 4.2b and c).

The timing of the Mesozoic shortening is firstly constrained by the unconformity
between the Lower Jurassic conglomerates and the intensively folded Upper Triassic

sandstone in the Sichuan foreland basin, which indicates a deformation age during Ts-
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J1 (BGMRSP, 1991). Secondly, most plutons intruded in the SGT yield a peak age
around 211 Ma that postdates the folding of the SGT and the SE-verging folds of the
LMTB (BGMRSP, 1991; Roger et al., 2004; Hu et al., 2005; Zhang et al., 2006; Xiao
et al., 2007; Sigoyer et al., 2014). Thirdly, **Ar/**Ar dating of metamorphic rocks
from the northern segment of the LMTB provides a range of ages between 237 and
208 Ma that were interpreted as minimum timing constraints for this deformation
(Yan et al., 2011). Due to SE-ward propagation of the LMTB, the Sichuan foreland
basin initiated during the Late Triassic with depositional environment changing
significantly from shallow marine carbonate platform to terrestrial clastic basin (Chen

et al., 1994b).

The Mesozoic thrust belt and underlying autochthon were reactivated and
thrusted southeastwards during the Cenozoic (Fig. 4.2b). This was interpreted as the
response to the northward indentation of India into the Eurasia Block (Tapponnier et
al., 1982; Burchfiel et al., 2008; Yan et al., 2011). This brittle, SE-directed Cenozoic
deformation is expressed by brittle faults with slicken lines, and SE-ward overturned
Jurassic rocks in the LMTB. Low-temperature geochronology reveals fast exhumation
of the LMTB during the Cenozoic, controlled by the main listric thrusts (4rne et al.,
1997; Enkelmann et al., 2006; Godard et al., 2009; Wang et al., 2012; Cook et al.,
2013; Tian et al., 2013). The absence of coeval adjacent foreland basin may be due to
narrowly distributed and predominantly vertical displacements along the high angle

listric reverse faults in the LMTB (Feng et al., 2015).

However, between the Early Mesozoic and Cenozoic shortening, there is an
intermediate phase of deformation during the Late Jurassic to Early Cretaceous (Fig.
4.2b). Structural analysis and *Ar/*°Ar dating reveal a NW-SE directed
compressional phase along the belt, to the west of the WMF this resulted in crustal
thickening and associated Barrovian-type amphibolite facies metamorphism around
133-120 Ma (Dirks et al., 1994; Worley et al., 1995; Arne et al., 1997). In the
Pengguan complex, the top-to-the-SE shearing was dated at 140-135 Ma or ca. 166
Ma (Yan et al., 2008; Airaghi et al., 2017). A belt characterized by top-to-the-NW/N
shearing is named East Tibet Detachment, mainly developed at the N or NW
boundary of the Neoproterozoic complexes that extend from the Danba dome to the
middle Longmen shan and may extend to the Jiaoziding complex (Fig. 4.1b) (Xu et
al., 2007). It is worth noting that this fault formed at ca. 166-120 Ma (Huang et al.,
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2003a, 2003b; Xu et al., 2008; Li, 2009; Tian et al., 2016), and therefore overlaps with
the top-to-the-SE tectonics. In the LMTB, both top-to-the-SE and top-to-the-NW
shearing were developed with steeply NW-dipping foliation and steeply NW-plunging
lineation (Dirks et al., 1994, Xu et al., 2008). The SGT exhibits low regional cooling
rates of ca. 2-3°C/Myr since Late Triassic to Tertiary (Huang et al., 2003a; Roger et
al., 2011), and thus the deformation during Late Jurassic to Early Cretaceous is more

likely restricted to the periphery of the SGT.

In the Sichuan foreland basin, sediments display cyclicity of wedge-shaped and
tabular mega-sequences that indicate three stages of SE-motion of the LMTB during
1) Late Triassic-Early Jurassic, ii) Late Jurassic-Early Cretaceous, and iii) Late
Cretaceous-Eocene (Chen et al., 1994a; Li et al., 2013). The episodic sedimentation in
the Sichuan foreland basin has been interpreted as the response to the aforementioned

three periods of events.

4.2 Structural analysis of the Pengguan complex

1) Litho-tectonic units and bulk architecture

The NE-SW trending Pengguan complex, bounded by the YBF to the southeast
and the WMF to the northwest, is composed of Neoproterozoic granitic rocks and
sedimentary rocks of Huangshuihe group (Fig. 4.1b) (BGMRSP, 1991). The
Neoproterozoic granitic rocks are coarse-grained biotite tonalite, fine-grained biotite
granodiorite and two-mica granodiorite which yield an emplacement age of 809+3 Ma
by zircon U-Pb dating (Fig. 4.3a) (Yan et al., 2008). From base to the top, the
Huangshuihe group consists of pyroclastic rocks, spilite, crystalline limestones,
graphitic schists, sericite quartz schists, and quartzites (BGMRSP, 1991). Lastly, a set
of NE-SW trending mafic diabase and gabbro sills intruded the Pengguan complex
during 195-186 Ma (Figs. 4.2a and 4.3c) (Chen et al., 2015). Several NE-trending and
SE-directed thrusts are developed at the NE and SW periphery of the complex (Fig.
4.2a).
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Fig. 4.3 Photographs showing field characters of the Pengguan complex.

(a) Undeformed massive diorite (31°3.77°N, 103°23.19E); (b) Undeformed granodiorite with
well-developed subhorizontal joints (31°04.315°N, 103°26.520°E); (c) Diabase dyke intruding
the diorite (31°06.66'N, 103°28.88°E); (d) Intensively mylonitized diorite (31°22.931'N,
103°30.364'E). Locations are presented in Fig.2a.

Subhorizontal joints represent the main structural pattern of the Pengguan
granitic rocks (Fig. 4.3b). Although previous work documented several NE-SW
trending shear zones developed inside the complex (Ma et al., 1996), the ductile
planar and linear structural elements are not clearly expressed in the field. Even when
a planar fabric can be observed in the field, a mineral lineation is not always visible.
Only in the NW boundary of the complex, the ductile deformation is evidently
characterized by NW-dipping foliation and NW-plunging lineation (Fig. 4.2a). On its
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SE margin, the metamorphic rocks of the Huangshuihe group suffered extensive

folding and shearing that are consistent with the YBF activity.

2) Kinematic analysis

Macro- and mesoscopic- structural analysis document two opposite senses of
shear in the Pengguan complex, namely a top-to-the-SE, and a top-to-the-NW

shearing.

The top-to-the-N'W shearing is obvious in the NW boundary of the Pengguan
complex, at the footwall of the WMF. This NW-dipping fault separates Silurian rocks
to the NW from Neoproterozoic ones to the SE, with a consistent normal component
of movement (Fig. 4.2a). The shear foliation dips steeply to the NW, and the lineation
plunges steeply to the NW. The rare foliation steeply dipping to the SE/S is probably
formed by tilting of the original foliation during the Cenozoic deformation (Fig. 4.2a).
In thin sections, mica fish, quartz ribbon aggregates, sigmoidal clasts, and shearbands
on XZ plane of the sericite-quartz schist and granitic mylonite from the western
boundary of the Pengguan complex indicate a consistent top-to-the-NW shearing
(Figs. 4.4a-d). Within the mylonite, the mineral assemblage that defines the foliation
and the lineation includes quartz + feldspar + biotite + muscovite + chlorite,
suggesting that the shearing was developed under greenschist facies metamorphic

conditions (Fig. 4.4).

In the southeastern boundary of the Pengguan complex, in the hanging wall of
the YBF, a top-to-the-SE sense of shear is demonstrated by the extensively folded and
cleaved Proterozoic Huangshuihe group, in which deflected cleavage roots into a
meter-scale SE-verging thrust fault (Fig. 4.2d). Compared to the top-to-the-NW
shearing, the SE-verging shearing in the SE boundary, developed under a low
metamorphic grade since no porphyroblasts crystallized there. However, both the top-
to-the-SE shearing and top-to-the-NW shearing under greenschist facies
metamorphism conditions were distributed in the NW part of the Pengguan complex

as constrained by AMS and petrofabric study in Section 4.4 below.
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o~ 500um

Fig. 4.4 Microscopic features indicate top-to-the-NW shearing in the NW boundary of the
Pengguan complex.

(a) Mica fish in the Devonian sericite-quartz schist (31°28.445'N, 103°34.479°E); (b) Ribbon
quartz aggregates in the granitic mylonite (31°22.444'N, 103°30.551'E); (c) Sericite aggregates
wrap quartz porphyroclasts in the granitic mylonite (31°23.39'N, 103°30.99°E); (d) Shear band
and sigmoidal porhyroblasts in the granitic mylonite (31°05.193'N, 103°18.730°E). Qtz: Quartz;
Cal: Calcite; Bt: Biotite; Ms: Muscovite; Ser: Sericite; Chl: Chlorite; Fds: Feldspar

4.3 Anisotropy of Magnetic Susceptibility (AMS) and petrofabric study

Granitic rocks are often used as a proxy to study regional tectonics due to their
ability to record their emplacement setting and their post-solidus deformation.
However, it is difficult to distinguish secondary post-solidus fabrics from primary
magmatic ones preserved in granitic rocks merely by field observation, especially
when the granite is weakly deformed and/or fine-grained. Fortunately, the anisotropy
of magnetic susceptibility (AMS) has been proven as an efficient method to reveal the
fabrics of granitic rocks (e.g., Borradaile and Henry, 1997; Bouchez, 2000; Talbot et
al., 2005), and a combined microstructural analysis has been applied to the Pengguan
granitic rocks in order to decipher its emplacement mechanism and posterior

deformation.
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Magnetic susceptibility (K) is the ratio of the induced magnetization (M) of a
specimen to the externally applied magnetic field (H) (Borradaile et al., 2004, 2010).
The anisotropy of magnetic susceptibility (AMS) is a second rank tensor that
describes directional variation of a specimen’s magnetic susceptibility, which can be
used as deformation proxy if the contributing factors (mineral content, mineral shape
fabric, and crystallographic fabric) are determined (Borradaile and Jackson, 2004,
2010; Kruckenberg et al., 2010; Parsons et al., 2016). The AMS is geometrically
represented by an ellipsoid defined by three orthogonal principal axes, K;
(maximum), K> (intermediate), and K3 (minimum) (7arling and Hrouda, 1993). K;
and K corresponding to the magnetic lineation and the pole of the magnetic foliation,
respectively. The mean magnetic susceptibility (K,,) is computed as (K;+ K>+ K3)/3,

which represents the sum effect of the magnetic carriers of the specimen.

Three types of magnetic carriers (namely diamagnetic, paramagnetic and
ferromagnetic) have been classified based on their induced magnetization strength and
direction (Tarling and Hrouda, 1993). Induced magnetization of paramagnetic (e.g.,
phyllosilicate) and ferromagnetic (e.g., magnetite) minerals display same direction as
the externally applied field while the ferromagnetic minerals exhibit much higher
susceptibility. Conversely, induced magnetization of diamagnetic (e.g., quartz and

calcite) minerals is opposite to the external field but with a low intensity.

The overall rock magnetic fabric is determined by all magnetic minerals,
including but not limited to, their abundance, the grain shape preferred orientation, the
crystallographic preferred orientation, presence of high susceptibility inclusions and
extent of magnetostatic interaction of ferromagnetic minerals (Borradaile and
Jackson, 2004). The grain s