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Abstract: The Aowade granodiorited in the east-end of Kunnan terrain, a part of Kunlun Orogenic belt, belongs to Proto-
Tethyan tectonic domain. Detailed study of the granodiorite can offer important information to constrain the evolution of the
Proto-Tethys Ocean. Detailer study of the granodiorite can offer important information to constrain the evolution of the Proto-
Tethys Ocean. In this study, LA-ICP-MS zircon U-Pb dating yields a weighted mean age of 454=+2 Ma for the intrusion. It is
characterized by low K, O/Na, O (0.92—2.68) and Mg® (39—43), and the A/CNK is between 1.00 and 1.03. The REE exhib-
its right-dipping patterns with negative anomalies of Eu/Eu” (0.48—0.96) and high (La/Yb)y ratios. LILE(Rb, Ba, K, La,

Sr) is enriched in this intrusion, while HFSE(Nb, Ta, P, Ti) is depleted relative to the primitive mantle, and the concentra-
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tions of transition elements such as Cr and Ni are low. The ratios of Sr/Y (average of 55) are relatively high. All the samples
have high initial * Sr/* Sr values (0.705 9—0.706 3) and e;y; (z) (+5.4 to +9.2), but with relatively low e, (z) (—4.1 to
—1.9) and old two stage model age (T ;pu Nd=1.3—1.5 Ga). In combination with the lithology. geochemical signature and iso-
topic compositions of the intrusion, we propose that the Aowade granodiorite was derived from melting of the subducted ocean-
ic crust with minor involvement of continent crust. The possible residual of the source region is garnet amphibolite. Fractional
crystallization of pyroxene, amphibole and plagioclase may have also occurred during the evolution of magma. Integrating evi-
dences from the geodynamic setting of the Aowade granodiorite, the ophiolites in the Kunzhong structure zone, and the meta-
morphic rocks, arc-related igneous rocks on either side of the Kunzhong structure zone, it is concluded that the Aowade grano-
diorite was formed during the subduction of Proto-Tethys Ocean, which further reveals the nature of bidirectional subduction of
the Proto-Tethys in the Late Ordovician.

Key words: low-Mg adakitic granodiorite; Late Ordovician; Kunzhong suture belt; Proto-Tethys Ocean; bidirectional subduc-

tion; eastern Kunlun; geochemistry.
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Fig.1 Geotectonic framework of the East Kunlun orogenic belt (a), geological map of the Gouli area (b) and simplified geo-

logical map of the Aowade pluton (c¢)
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Fig.2 Microphotographs of Aowade granodiorite from Gouli area
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Table 3 Major elements (%), trace elements and rare earth

elements (10~ °) data of Aowade granodiorite from

Gouli area

e B1042-1 B1043-1 B1044-1 B1045-1 B1046-1
SiO2 70.40 68.30 67.80 68.80 69.10
Alz O3 14.85 15.45 16.45 15.95 15.50
Fez O3 2.57 2.85 3.01 2.71 2.73
MgO 0.83 0.98 1.12 1.00 1.02
CaO 2.41 3.04 3.46 3.39 3.07
Naz O 3.61 3.98 4.67 4.61 4.29
K20 3.92 3.11 2.10 1.72 2.24
TiO2 0.35 0.41 0.43 0.37 0.39
P2 05 0.10 0.13 0.16 0.13 0.13
MnO 0.04 0.05 0.05 0.04 0.04
BaO 0.11 0.08 0.08 0.08 0.14
Total 100.00 99.38 100.20 99.74 99.81
LOI 0.70 0.91 0.78 0.82 1.05
Naz O/K2 0O 0.92 1.28 2.22 2.68 1.92
Naz O+K20O 7.53 7.09 6.77 6.33 6.53
A/CNK 1.02 1.00 1.01 1.02 1.03
Mg+ 39.00 41.00 43.00 42.00 43.00
Li 29.81 17.58 10.23 7.40 20.33
Be 1.37 1.39 1.30 1.17 1.07
Sc 4.83 6.54 1.62 2.30 3.34
\Y% 32.20 43.79 38.44 34.91 36.56
Cr 6.59 5.17 6.09 6.60 7.51
Co 54.26 78.37 20.28 51.59 37.80
Ni 2.86 2.69 3.56 4.39 4.50
Cu 2.65 1.72 2.73 4.00 1.19
Zn 50.97 51.07 55.44 52.81 57.53
Ga 17.44 17.42 16.05 16.50 16.44
Rb 119.89 96.02 40.69 45.65 70.36
Sr 291.96 339.82 509.43 560.59 536.89
Y 18.68 15.21 5.48 6.68 9.19
Zr 179.94 186.81 169.19 141.07 196.52
Nb 18.45 15.46 10.51 9.74 10.47
Sn 1.86 1.64 0.81 0.78 1.25
Cs 1.57 1.50 1.71 1.10 2.64
Ba 952.01 735.43 668.52 712.45 1194.43
La 49.35 33.49 31.34 25.23 40.54
Ce 89.05 60.50 50.98 44.81 67.90
Pr 8.95 6.21 5.24 4.45 6.67
Nd 31.36 22.74 17.98 15.78 23.02
Sm 5.61 4.20 2.71 2.65 3.88
Eu 0.79 0.75 0.72 0.71 0.92
Gd 4.20 3.29 1.68 1.91 2.73
Tb 0.60 0.49 0.22 0.25 0.37
Dy 3.43 2.89 1.15 1.35 1.87
Ho 0.65 0.56 0.20 0.23 0.33
Er 1.84 1.48 0.49 0.60 0.88
Tm 0.26 0.21 0.07 0.09 0.12
Yb 1.65 1.38 0.49 0.58 0.75
Lu 0.24 0.21 0.08 0.08 0.10
Hf 4.63 4.74 4.04 3.40 4.65
Ta 1.25 1.21 0.57 0.75 0.83
Tl 0.73 0.64 0.41 0.32 0.45
Pb 25.52 23.40 17.80 15.14 15.54
Th 13.18 8.79 7.40 7.13 9.54
U 1.61 1.65 1.50 0.95 1.27
REE 197.99 138.40 113.35 98.72 150.08
(La/Yb)n 21.52 17.36 45.97 31.40 38.63
0Eu 0.48 0.60 0.96 0.92 0.82

s LOL B8 % 4 ; Mg® = mole[ Mg/ (Ma+ Fe) X 100]; A/CNK = mole
[Al; O3/(CaO+Naz O+K20) 1.

{254k F 0.000 531~0.001 055, Yb/" Hf HAH A
F0.012 156~ 0.024 713, H{/"" H k{8 28 fk T

0.282 645~0.282 755 ye , (¢ ) M X #5878 » A8 Ak 70 BBl
5.4~ 4 9.2, XF BB B B A R AR R R 800 ~
1 100 Ma.

4 P
4.1 FHARKEA

FOEEAS AR B N B B Mg™ (39~43),
FAE AL O, & KB R CaO & 1, k= 545 i
P — BB PE 55 0 40 A AL A R s 2 Rb.Ba K. Pb
FREFHRAITLE MM 5 Nb. Ta P Ti %53
WL, RS Sr/Yb (16 ~93) Fil (La/Yb)
(17~46) L AR, H A N vl iy 5 35 52 B2 5 3 8 1) b 2K
1k 2 ¥ 4F (Defant and Drummond, 1990). Z¢ & >
AR AR TR Mg™ 3k 5w B 1 HIR
ORI R AT REA W JLAREAY . CO AR b 7 58 36 20 95
fill ( Defant and Drummond, 1990; Rapp et al.,
1999) 5 (2) finJ& T # 55 #4344 fill (Atherton and Pet-
ford,1993;Chung et al.,2003); (3) FFPT T #5215
Fl(Xu et al.,2002;Gao et al.,2004) ; (O bR H
T 7K 5 Sz b i B8R 43 % il ( Crawford e al.,1989;
Tatsumi,1995) ; (O b T FR 9 3 40 4 BlOE it &
e R 5 08 B2 /2 W ( Tatsumi, 2001 ; Tatsumi
and Hanyu,2003).

TR T M58 38 43 I mlOE i A E R B
SiO, ik MgO F1 Mg™ & ¥EAE , IF 5 WL 4% 7K 85 A7 5
HF e AR, FLR DX B B R RRORL A — R EE S A
I R B Sro ik YL Sr/Y Mil(La/Yb)y H
{HZ 85 1E (Chung et al.,2003). BB IE K N K &
BARE A B &M SO, &8 BN MgO & & Al
Mg™ DA S & Sr FIR Y S5 4R, H 2 BF AL £2 JF R
UL B 5 AR A A B A A8 B AR B R AR B SE PR LA, B
AR AOW 58 K U-Ph 2 4 1K & BB 0 9 4% R 55
A7, 3 SR 55 MR ) T Bl S S A3 4 Rl R R Y S A R
FEAR—F.Sr-Nd [Rl57 R J5 1, B AR 4 N K s B
AR R B A B 4 46 4R HE (B (0.703 240~0.706 264) %
HER e () (—4.6~—1.9), 5HE)E A6 0 B A —
P 8a) s i — L HEBR T ISR Hb 5w 45 BB BB
A A B4 B R ASE 2L B D0 T M 5 0 il I JSE R 52
S R 2SR, LR DX 43 DAy 2 e ol 3 R Pk
Tob AR R RN T S R B 23 55 0 ONE R A RO
OB SEAEAR D CroNiLMgO & B A .S
ALK IN K A AR Cr(5.17 X 10 ° ~
7.51X10 °) Ni(2.69 X 10 °*~4.50 X 10 °) & & Al



11 BRI 75 45 - 2 B 6 7 B i X 6 DL B 48 B TN S i BR Ak 2 450 AF e JH S i 45 4 07 9 3 £k 7 1 24 1871
18
(a) oL (b)
15F WAL 5 51
st W% 5 A5 * +
< 12F
L _4r
o S
v y . S
5 9 K ~% + 3 3+
s +
4 A )
Al AL 7 71
2N A 2F
. E e 1
L . T - (@]
# fERNK (G B BF) 7 51
0 / 1 1 1 1 1 0 1 1 1 1 1 1
30 40 50 60 70 80 90 40 45 50 55 60 65 70 75 80
Si0: (%) Si0: (%)
150 o
s
50k (c) (d)
F25% L 1T
A 1
2.00 | 100 H Wik s
% A @)
GH . E10%F5 K8 T
s T A IR
Z 150} % A0 % A"
< 0 2
A
1.00
0.50 1.05
0.50 1.00 1.10 1.50

A/CNK
[+]sREmm s (o] SIEERS

(O] ik etk b

Ybw

(@] w8 1E H IN K 4

P53 B X A AL S N A (@) TAS B L (B)K, O-Si0, L F& () A/NK-A/CNK X R Hl(La/Yb)y-Yby K FR
Fig.5 Major-element plots for the Aowade granodiorite from Gouli area (a) total alkalis vs. silica (TAS) diagram, (b) K,O
vs. Si0, diagram, (¢) A/NK vs. A/CNK diagram, (d) (La/Yb)x vs. Yby diagram
R R U - AR B Bl e S R AR B (441 Mas EREEEAE . 2012) ARG IE W 5 9L b4 4 (437 Ma) AR F 8 Rl 35 3 32 5 4E i 27 (436 Ma; Li
et al.,2015) ;a [E#E Wison(1989) ;b El 4 Rollinson(1993) ;¢ ¥4l Maniar and Piccoli(1989) ;d ¥ #& Defant and Drummond(1990) , [&] #14F /s

L £ Y i £ V8 40 04 ot

Mg™ B B A —2 75 4 O AE K IN K A B B A
1 e (0) (5.4~9.2) , Bt — B T AR IRIX T4k
Sty 2 M FE ) BT R AR 1 X BT M 5E J Fill (Ather-
ton and Petford, 1993;Zhao et al.,2016) 7] DLIE
IR A 1A 1 R AL 2 R A (ERBFSE IX TR
450 Ma Zc 45 1 B A kA3 LB B, b e 4 6 )RS 1)
R A PR 0T 2B 1 20 35 b e B 40 44 RlovE LA AT 5 I
HMIFFE X I KB 450 Ma 22 45 B 3R U8 F 51 P
M A 10 5k, B B0 B0 Bl 1RGSR AE 430 Ma A2
F (Zhang et al.,2014) , W & 0 T 5 HE S A KK E
A7 R] PRI 5 3 P A S AT g A %IR35 4
PEALFREE B 2R X BT LSS A Rl KT B TE R
HEA A 25 b T 3R T LUHERR ISR H 52 K AR DT

i 5T 7 A B A A T RE

A e Al B 7K 35 & i R A i R b O AR
TE JC 1 s A 5 b A i 7 7 A T e AE R B A
B MgOL BRI SiO, F1 AL O, X 5 5 H:15 7
TR R L 2 5 AE R — B R, B AR M N KA
Sr-Nd [F] 47 F 4 55 R IR T 43 5 A0 9 5 42 e 5
HIE BRI AL X125 25 (XM, 20115 BT AR HE . 2013) B &b
A= H R E N e () (—4.6~—1.9 HE &
Fia# HERR T LA T REME (B 8a). - L M phF
IREE T WA I A2 AR i Ba/ Th L B &
W #s (Elburg et al.,2002) , 1 #1546 5 A K 5
Ba/Th FAE 8 AR (<100) , #F— B HEBR 1T 16 vh i
DA 55 L DR T30 A AR T R A U R P AR



1872 HERBLY:  http://www.earth-science.net %41 4
4.0 17.0
A 16.5 *
35+ N : i 0}
16.0
3.0 F A °q
A 155 F A SR
25t S 150t A * . a0
S S +0°°
S 20 Ff 5 145 F A
S . $ &
Z st + A < 140Ff A
: A
++ o 135 | A A+
1.0 A
+++%Oo©+ 13.0 -
0.5 | sk
+ .
+
0.0 12.0
6 0.40
0.19F ©
0.35 | 0.17F
5¢ + + a8 0159+ oo N
At 030 | A 0.3F @@+ o
+ + 0.11}
4 + O 0.25 0.09F Go @+
Q : C)ooc? + S ++ T T
EE o X 020 - o
o A O A E QQ»
v 0.15 | )
2 F boe 2 & o A
A = 0.10 |- ooP+
1F o
0.05 | A
4
0 0.00
1.6 8
0.55- o N 40F * 44
1.4 | 0.50} A 2L 35l N
A 0450 gt ++ A 3.0r Qo S
L 0400 “0 9 ® o 4 oL a 25F ©®o0 4
A A 0.35f A OP + 2.0+ 0o, A
| 0.30F o @ N + t 15k 8
1.0 ~ 5
f\; 0.25F X 1.0 1 L L 1 1
s A02Q—L—L 11 = 67 68 69 70 71 72
S o8 iy 67 68 69 70 71 72 s 4f + o
= o A
A
0.6 = 3L
o N %CO A
04 Q&% A 2F oo8A+ +
om, @
0.2 L
+
0.0 0
6.0 45
L 4.0
33 A A A
5.0 F o o 351 A %o
1)
sk Seo of 3.0 F —+ 000
s @) + Soast
S ol <2 +,0
S 4.0 A N S Aot )
K + + < 2.0
& 35 F 6 © +
: A% + + + 15+ océé +
L + A
3.0 A 1.0 F dl" +
2.5 F 0.5
2.0 . . L L 0.0 1 1 1 1
55 60 65 70 75 80 55 60 65 70 75 80
Si0: (%) Si0: (%)
MiFE AL s [ IE SR T sk Rty (O] MEmA RN

K6 18 BLH XOBOEEAS 1B B TN e o 15
Fig.6 Harker variation diagrams showing the concentrations of major elements for the Aowade granodiorite from Gouli area

and other related rocks in the East Kunlun orogenic belt

B ok IR P 5

HEBR L3R pCA SRS L S35 A B AE 1 N
R RT RE ST i A9 3 M 5 B 204 il 4 0 A A

I8 7K 375 S F) M A 4 L L L AN R BE K TR T
Js VAR 55 i 8 A 2 7 5 — o

N

ﬁ;



%11 RN 78 56 < 2% B T 1L b DX G S8 g 4 1 PR 4 S b R Pl 2 AR AT i JHG o T A 418 307 v s A 1) 1 24 1873
(@) T T T T I IS e HERIER K E

10°

10°
T I 5 AL A A bl
= 10° E
o =10
% ik
\ ~
e I N s
P Ei
10'
77777777777 10°

10° fili 7e 5 T AE 1
T — S —— T T T T T T T T S R
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Rb Th K Nb Ce Pr P Zr Sm Ti Y Yb
Ba U Ta La Pb Sr Nd Hf Eu Dy Ho Lu
&7 B XA AE B A B T 0 3R E 43 18T Ca) it T 3R DL 4 el 8 s o 1 ek 1 1 ()

Fig.7 Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace elements spider diagram (b) for Aow-

ade granodiorite from Gouli area

BI04 S U5 I 1] 5 5 3RORE 5L A 0 D5 4y b e A 0 K BSCHE 4% Sun and McDonough(1989)

F4 HEMRHAESERARKELE S-NAEEESWER
Table 4 Sr-Nd isotopic compositions of Aowade granodiorite from Gouli area
S 87Rb/86 Sr 87Sr/86 Sr +2¢ (87Sr/86Sr); 147 Sm/ 144 Nd 143 Nd/ 144 Nd + 20 ena (1) T2pmNd(Ma)
B1042-1 1.1888 0.713960  0.000 006 0.706 264 0.108 1 0.512 166 0.000003  —4.07 1518
B1043-1 0.817 8 0.711 533 0.000 007 0.706 239 0.111 6 0.512 243 0.000 002 —2.77 1412
B1045-1 0.2356 0.707 565 0.000 006 0.706 040 0.101 4 0.512 259 0.000 004 —1.86 1339
B1046-1 0.379 2 0.708 343 0.000 006 0.705 889 0.101 8 0.512 239 0.000 003 —2.28 1373

e ng (O ME TR (147 Sm/ 144 Nd) ciur = 0.196 7 (143 Nd/ 144 Nd) cHur = 0.512 63852 AR BUAE - #8 (454 Ma) ; [F] 4 2 75 1t b 8 45 AR % (T 2pvo) 31550 R H

(M7Sm/M4Nd) pm =0.213 7; (143 Nd/ 1M Nd) pm =0.513 15.

RS HEFSERANKE(BLO45-1)550 Hf AL ESTER

Table 5 Hf isotopic data for zircon of sample B1045-1 from Aowade granodiorite
M5 6 Lu/V7THf  V6YL/1TTHE 176 H{/177T Hf 1o AF Iy (Ma) e (0) e (1) Tom T2pm HI S Lo/t
01 0.000 808 0.018 803 0.282 720 0.000 011 458 —1.8 8.0 750 867 —0.98
02 0.000 583 0.013 502 0.282 706 0.000 012 455 —2.3 7.5 765 892 —0.98
03 0.000 797 0.018 284 0.282 735 0.000 014 456 —1.3 8.5 728 838 —0.98
04 0.000 976 0.022 795 0.282 749 0.000 014 455 —0.8 8.9 712 814 —0.97
05 0.000 836 0.019 386 0.282 734 0.000 012 455 —1.3 8.4 730 841 —0.97
06 0.000 855 0.019 291 0.282 692 0.000 016 456 —2.8 6.9 791 925 —0.97
07 0.000 859 0.019 370 0.282 724 0.000 017 455 1.7 8.1 746 862 0.97
08 0.000 844 0.019 281 0.282 755 0.000 011 455 —0.6 9.2 701 800 —0.97
09 0.000 843 0.019 255 0.282 723 0.000 014 455 —1.7 8.0 747 863 —0.97
10 0.000 818 0.018 019 0.282 697 0.000 011 455 —2.6 7.1 782 913 —0.98
11 0.001 055 0.024 713 0.282 703 0.000 016 447 —2.4 7.1 779 909 —0.97
12 0.000 531 0.012 156 0.282 645 0.000 021 456 —4.5 5.4 849 1010 —0.98
13 0.000 827 0.018 996 0.282 725 0.000 015 456 —1.7 8.1 743 858 —0.98
14 0.000 687 0.015 422 0.282 710 0.000 015 449 —2.2 7.5 761 888 —0.98
15 0.000 805 0.018 406 0.282 728 0.000 015 458 —1.6 8.3 739 852 —0.98
16 0.000 975 0.022 486 0.282 739 0.000 016 455 —1.2 8.6 726 834 —0.97

e (0)=10000X [ (178 Hf/17THE) s/ (176 HE/1TTHE) cur.0 — 15 f Lo/ur = (176 Lu/177HED s /(176 Lu/177 H) cHur — 1se g (1) =10 000 X {[ (178 Hf/17T Hf) s —
(176 Lu/17TH) g X (At — 1) /L (176 HE/177 HE) cyur,o — (176 Lu/Y77 HE) cpur X (ed — 1)1 — 1} Tpm = 1/A X In {1+ (176 Hf/177 Hf)s — (176 Hf/177 Hf) pm ]/
LA Lu/1TTTHD s — (176 Lu/Y7"HD pm s Topm = Tom HI— (Tpm HE— O X [(fee — fs)/Cfee — fpm) s (176 Lu/177 HD) cur = 0.033 2, (176 HI/177 HD) cHur.o =
0.282 772(Blichert-Toft et al.,1997) , (176 Lu/177 HD ppm =0.033 2, (176 H{/177 H) pm = 0.282 772 (Griffin et al.,2000), fcec =0.015, fpy = —0.548,A =1.867 X
10 Myr—1(Soderlund et al.,2004).

4+ =
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