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Abstract: With special genetic mechanisms, adakitic rock is one of the important rock probes for exploring the deep

magmatic dynamic process and regional tectonic evolution. In this paper, zircon U-Pb age, major and trace elements
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and zircon in-situ Hf isotopes of the Shiwali granite from the eastern part of the North Qilian orogenic belt were sys-
tematically analyzed to explore its petrogenesis and geodynamics significance. LA-ICP-MS zircon U-Pb dating yields
an emplacement age of 452 + 4 Ma for the Shiwali granite, indicating a product of Late Ordovician magmatic activi-
ty. Bulk-rock analyses show that these rocks contain high SiO,(68. 60% ~71. 42%), Al,0,(14.95% ~15.75%)
and Na,O (5.06% ~5.79%) contents, with low K,0 (2.23% ~3.10%) and MgO (0.91% ~1.73%) contents,
and resultant high Mg” value (55~59), belonging to the weak peraluminous and calc-alkaline series of rocks.
These rocks have high concentrations of Ba (1 025x107°~1 250x107°), Sr (324x10°°~577x10"°) and low Y
(6.99x107°~7.69x107°), Yb (0.65x107°~0.71x107°) contents, with high Sr/Y (45~79) and (La/Yb) (17~
31) values, and no significant negative Eu anomalies. The £Hf(z) values of zircons are relatively high, with a
range of +0.5 to +15.5. The geochemical and zircon Hf isotopic compositions of the Shiwali granites are similar to
that of high-Mg adakites, which may be the product of partial melting of the basic lower crust of the island arc at a
depth of 30~40 km, and there may be Early Paleozoic juvenile crust in the source area. Combined with the re-
search results of ophiolites, high-pressure metamorphic rocks and arc magmatic rocks in the study area, we suggest
that the Shiwali high-Mg adakitic granites might be generated during the southward subduction of the oceanic crust
in the Laohushan back-arc basin in the Late Ordovician, which affected by the northward subduction of the North
Qilian Proto-Tethys ocean.

Key words: high-Mg adakite; Late Ordovician; oceanic crust subduction; Proto-Tethys ocean; Nanhuashan;
Shiwali granite; North Qilian
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Fig. 1 Simplified geological map of the North Qilian orogenic belt showing distributions of the main tectonic units

(a, modified after Chen et al. , 2018) and regional geological map of the Nanhuashan area (b)
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Fig. 2 Field photograph and microphotograph of the Shiwali granites
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a—field photograph of Shiwali granite showing medium-coarse grained texture; b—Shiwali granite is mainly composed of quratz, plagioclase,

K-feldspar and biotite, with sericitization of plagioclase ( crossed polarizer) ; Pl—plagioclase; Kfs—K-feldspar; Q—quartz
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Fig. 3  Cathodoluminescence (CL) images (a) and U-Pb concordia diagrams (b, ¢) of zircons in Shiwali granites
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The solid and dashed circles in a are the analyses spots of U-Pb dating and Hf isotope, respectively
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1990; Rapp et al. , 1999 ; Dokuz et al. , 2013) ; @ il
JEE 8 PF UL R Hb 52 58 43 Bl ( Atherton and Petford,
1993; Chung et al. , 2003 ; Gao et al. , 2004; Wang et
al., 2006) ; @ M % R FA Y R AR S -7 8
25 (AFC) (Castillo et al. , 1999; Macpherson et al.



472 A oA OB W o & K 42 %

®2 AEBENEIERR (vy/ %) HBERBLITER(w,/10°) SHER

Table 2 Major (w,/ %) and trace element (w,/10™°) compositions of the Shiwali granites

B SWL-1 SWL-2 SWL-3 SWL-4 SWL-5 SWL-6 SWL-7
Sio, 70. 55 69.53 69.25 68. 66 68. 60 69. 58 71.42
Tio, 0.26 0.26 0.31 0.29 0.30 0.26 0.18
AL O, 14.95 15.52 15. 49 15.63 15.75 15.37 15.28
Fe,0," 2.04 2.19 2.40 2.46 2.46 2.18 1.40
MnO 0. 04 0.05 0.05 0.05 0.05 0. 04 0.02
MgO 1.51 1.36 1.73 1.59 1.67 1.40 0.91
Ca0 0.98 1.38 1. 11 1.71 1.30 1.93 1.07
Na, O 5.40 5.06 5.50 5.31 5.67 5.18 5.79
K,0 2.63 3.10 2.56 2.61 2.40 2.38 2.23
P,0; 0.12 0.12 0.14 0.14 0.14 0.12 0.07
LOI 1.34 1.13 1.47 1.429 1.51 1.22 0.94
Total 99. 80 99. 68 100. 02 99. 88 99. 86 99. 66 99.29
Mg* 59 55 59 56 57 56 56
A/CNK 1. 11 1.09 1.12 1.07 1.10 1.05 1.10
Na, 0+K,0 8.02 8.16 8.05 7.92 8.07 7.55 8.03
K,0/Na,0 0.49 0. 61 0. 46 0.49 0.42 0. 46 0.39
Sc 3.95 4.51 4.58 4.68 4.93 4.29 2.95
v 32.8 37.2 40. 4 43.4 39.5 35.6 22.1
Cr 22.31 20. 65 26. 90 27.05 30.48 23.39 20.13
Co 5.21 5.52 6.58 5.69 6.42 5.44 3.31
Ni 11.38 10.73 14.55 12.83 14.12 11.14 10. 46
Cu 14.76 10.37 17.01 4.31 5.86 3.87 33.97
Zn 39.7 37.0 42.7 38.3 40.9 39.3 26.9
Rb 77.0 109. 6 92.9 89.5 87.5 66. 6 74.0
Sr 361 494 324 477 395 577 439
Y 7.69 6.99 7.12 7.21 7.61 7.33 7.33
Zr 115.5 104.3 123.3 124.0 127. 1 115.6 118.3
Nb 9.03 8.70 8.46 8.04 8.37 9.46 8.68
Ba 1068 1109 1220 1250 1159 1070 1025
La 24,52 15.99 27.90 23.22 30. 39 27.03 24. 84
Ce 42.48 32.32 48.47 50. 68 57.42 49.33 46.76
Pr 4.73 3.42 5.31 5.10 5.82 5.11 4.91
Nd 15.08 11.81 16.98 16. 69 18. 89 16. 60 16.01
Sm 2.73 2.23 2.99 2.93 3.27 2.63 2.80
Eu 0.73 0.68 0.75 0.85 0. 81 0.71 0.76
Gd 1.86 1.72 1.98 2.10 2.10 1.78 1.92
Th 0.27 0.25 0.26 0.29 0.26 0.26 0.27
Dy 1.36 1.24 1.39 1.37 1.40 1.24 1.33
Ho 0.27 0.21 0.27 0.27 0.28 0.24 0.26
Er 0.78 0. 64 0.75 0.73 0. 80 0.75 0.74
Tm 0.11 0.10 0.10 0.09 0.10 0.10 0.10
Yb 0.69 0.68 0.65 0.65 0.71 0.70 0.68
Lu 0.11 0.11 0.10 0.11 0.11 0.11 0.10
Hf 2.90 2.93 3.01 3.01 3.14 3.14 2.18
Ta 0. 64 0.65 0.56 0.55 0.55 0.76 0.62
Ph 19.37 16.97 11.68 12. 16 11.33 21.12 15. 44
Th 15.68 14.33 16.21 13.75 15.07 18. 86 15.65
U 1.89 2.76 2.05 2.43 2.37 2.43 1.43
REE 95.71 71.40 107.92 105. 10 122.36 106. 60 101.48
Euw/Eu” 0.94 1.02 0.89 1.00 0.89 0.95 0.95
St/Y 46.98 70.71 45.48 66.13 51.91 78. 68 59. 86
(La/Yb) y 25.45 16.93 30.70 25.69 30. 68 27. 84 26.20
LOI—H84 4, Mg"= 100 x Mg™ /(Mg?* +0.9 xFe,0,") ; A/CNK = Al,04/(Ca0+Na,0+K,0) (FEE/RLL) ,
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B PR . ALARIE T Mo i Rl 523K 58 4 ( Tseng et al. , 20095 Yu et al. , 2015; Zhang et al. , 2017; Yang et al. , 2019; Li et al. , 2020) ; 4R

BT N BIR TS ( F A4, 20065 PRE RS, 2012; Chen et al. , 2016) ; FFARESE M HBRIE TS (Yang et al. , 2015)

Data source: lower crust-derived adakites of the North Qilian (Tseng et al. , 2009; Yu e al. , 2015; Zhang et al. , 2017; Yang et al. , 2019;
Li et al. , 2020) ; slab-derived adakites of the North Qilian ( Wang Jinrong et al. , 2006; Chen Yuxiao et al. , 2012; Chen et al. , 2016) ;

slab-derived adakites of the Central Qilian ( Yang et al. , 2015)
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Table 3 Zircon Hf isotopic compositions of the Shiwali granites

MEA = i/ Ma OYb/TTHE CLu/HE OHETHE lo eHf(0) &Hf(¢) Tpy/Ma  TDy /Ma Srwne
SWL-6(Zr)-01 484 0.038982  0.000 868  0.282514  0.000 034  -9.1 1.2 1040 1263 -0.97
SWL-6( Zr)-02 450 0.019762  0.000366  0.282509  0.000 040  -9.3 0.5 1034 1278 -0.99
SWL-6( Zr)-03 703 0.027 733 0.000 914  0.282360  0.000 018 ~-14.6 0.5 1257 1477 -0.97
SWL-6( Zr) -05 564 0.035009  0.001 221  0.282495  0.000 019  -9.8 2.2 1077 1275 -0.96
SWL-6(Zr)-06 423 0.074 875  0.002 558  0.282553  0.000 051  -7.7 0.9 1031 1236 -0.92
SWL-6( Zr)-07 421 0.041 642 0.001 123  0.282862  0.000 073 3.2 12.2 554 606 -0.97
SWL-6( Zr) -08 474 0.048 761  0.001 471  0.282547  0.000 030  -8.0 2.0 1011 1213 -0.96
SWL-6(Zr)-09 452 0.033222  0.001 174  0.282568  0.000 024  -7.2 2.4 972 1174 -0.96
SWL-6(Zr)-11 454 0.034 855  0.000970  0.282935 0.000135 5.8 15.5 449 446 -0.97
SWL-6(Zr)-12 456 0.041 659  0.001 657  0.282544  0.000020 -8.1 1.5 1019 1228 -0.95
SWL-6(Zr)-14 449 0.044 865  0.001 621  0.282582  0.000 015 6.7 2.7 965 1156 -0.95
SWL-6(Zr)-15 454 0.036 628  0.001219  0.282572  0.000 079  -7.1 2.6 968 1167 -0.96
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Fig. 6 Hf isotopic compositions of zircons from the Shiwali granites
BUEACTR : ALARIE 1-S S WERIE R #45 Chen 46 (2014) 5 B IRINFEFERIEASEIN K EHE Fu 4F(2018) 5 JLARIE T Hbse A 4035 5
Bk i e Bt R P 4
Date source; I-S transitional granites of North Qilian ( Chen et al. , 2014) ; accreted oceanic crust-related quartz diorites of Laohushan

(Fu et al. , 2018) ; see Fig. 4 for other data sources

2006) ; @ 5e—MEAMIRAVE (Streck et al. , 2007;  ‘HERZER L ICRBIF HHE T #H PR+
Mitss , 2013) JLE, AV EM L e KR AE (K 5a), H
TR R b e 5B/ e BB R E FE LA AR ANETE Ze-HE TS5 (B Sb) |, X B 7R HJE X 5= 4
HAF Si0, fik MgO &M Mg (B (—Bt<40) WAk 20AREAHT Y, ok, A B A K A Nb/Ta (55
B9 Cr FINi & B4R ME @ W R B AR A8 T i Sio, SR MMHEER (F 8c¢), HAE Nb/Ta~Zr/Sm
FeLIR (Chung et al. , 2003) . AHEERIK AR B (K 8d) Hr, FF 5T A TN 25 FH G fl DX 3k, i e
HARRER SO, §7, WERFAMREA(F3) B B&SaamEarmiR, 20 a1 RK A8 IR X
AN I AR B R S AR s AR TR AR IR B 72 IR LA N A AR B A R 3 X 5358 v i A 1 1) 5
Ak, LR A 2EE R R, IR T e i ml BB IR X O 10% A48T f IR A Ao —
TR Sr/Y 164 258 5 R AR S MR 1 &0 B (| 7) BRI A B Se/Y AE A T BE S
T (Rapp and Watson, 1995; Qian and Hermann,  JAEJEALT @I ( >40 km) FREE 9 1R T M52 05 il
2013) , ik 7R FLUR DX 5% B A — O M S (AT PRUCT Hoe i ml 5 S N H e s 2l o 75 28—
AL A, ORHE ) (BRI, 2015) , AHERER A E RSB, Bizad BRI IR 25 i
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2002; see Fig. 4 for the data sources
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MgO Mg" . Cr Ni %5 ( Gao et al. , 2004) , AR A1 EHL
%ﬁ%ﬁﬁﬁ%% Mg* i (& 8b) , (HH: & Si & Al
PRI EHR U0 T Moo A O DU R Y, e, R 00
T Hb 5 b i LR X RS Al LIl s e o 35, A
A1 eHf(¢) E N A FUE (= o5, 2007 ), 1A 5L
WA BAIE eHf () fH(+0.5~+15.5) , 548
I FHSE R IE R S/ Y R AN, Z e
SERE L 1-S S PR E T B AR (Bl 6) i —
A T AR F A s Y i, (HARE R
2, AR % & Ll 2R Be s R U0 T Hb 52 16 filoe
BT St/Y 6B A2 IR AE 430 Ma Z2 45 (Yu et
al. , 2015; Zhang et al. , 2017) , T f1 34 HLAE 5 A )
FRAEIFAR A 452 Ma, PR 0 Db AR 34 7R B 7 B B2 B
T ( Z= /D 7E 452 Ma LART) 7] fiE Huﬁ/\mﬁm:ﬂ’ﬂﬁﬁ
JEBY B, R A B v B 3k v ST AE B A mT RE TR
PrOUT HSTIERLR) ) .
IR I B2y B A5 (FC) B R TR Y — 7 B 4%
i (AFC) 7] LAY B35 358 v it 2 A1, 38 8 oA N 2 b
b TR 2% 11 T WA B A SR e R 25 o T LY
=¥ (Rapp et al. , 1999; Macpherson et al. , 2006) ,
SRR W R85 T A — R N T e
B2 L/ N G (RIS, 2015) , HLIX B BT
P Bt R T RR 0 3k — R e R T AR R
B 05 Si &5 AR I I 7 L O R R R T g U5 5 K
5, FLBIFSE DX oA H 28 1R AR AR 170 i 1 — R S

A1 Dy/Yb {H, [ i} 5 Si0, 58 & 1 1E A 26 56 &
(Castillo et al. , 1999; Yu et al. , 2015) , A1 H A
T TAL X “iﬁkﬂﬁ B Si/Y M Dy/Yb {8, (HE
115 Sio, I LM WALtk R (K 9a.9b), 7F
La/Sm—-La Fl La/Yb-La &l ([ 10) 7, A3 3E BRI o0
SRR AT Rl R T RS IR A B A
A2, AR BERAL R R 7S A0 LR GK
TETAR R AN S B R R TR IR R A TR e -4
B MERTE R, seAh, A AL A R AR &
AR RCRL LA, BE Tt R AR IR SF Al A K 25
R GSTEAT IRAR N Y/ TR E ey S A g VR A D Eh
i, (RIS 5 IX ke =[] ep A e 5 S e sk, HoA e
BALKANE TR Sl B eAaR(F2) 1
IR IR A AE WA REAR I M i R B
XFFARF b e da Al =X e BLIR K v i AL K
IS H B ARRLZ AL, e B A
A7 Na,O (5. 06% ~ 5. 79%) FIik K,0 (2. 23% ~
3.109% ) FfE, 5 A0 AR % 38 1L AR Be i i 52 Ll ( F 4

ZR4E 20065 Chen et al., 2016) . Z FE 1 ( Chen et
al. , 2018; Fu et al. , 2018) . PU Bt MBI (R 5

&, 2012) AR LKL ( Yang et al. , 2015) 45
B g Lty A AR TR 58 R 3523 S S AE 1 25 EL A A
L F R CRERE (1A 4) ; HAE Si0,-MgO E i,
A HUAE b4 25 R T SRS Vi AN B SE A AR 3
HVEE P (B 8a) , X A RE S B3I phiE e S ROT 1

Ho mETZRESRAT AR FARMNARSS R FEEIU(Liu et al. , 2010; Deng et al. , 2016)
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Fig. 9 Sr/Y-SiO,(a) and Dy/Yb-SiO,(b) discrimination diagrams of the Shiwali granites (after Castillo et al. , 1999)
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See Fig. 4 for the legends and data sources
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See Fig. 4 for the legends and data sources

SRIME A5 35 19 /2, Rapp %5 (1999) 1 52 56 45 R %
B, 76 1~4 GPa 5508 F, RF by 523 43 il = A 1Y
PRIR T O ARAE b B vp 2 0 s R ) 25 5 M g
LG =g s ' AV A VAN = S L = b S v A NG
IMgO | Cr Ni 55 75 & b, 1 A 3 B PR 3K Vo o 46 i
AR MgO (0. 91% ~1.73%) (Cr(20. 13x10°° ~
30. 48x10™°) A1 Ni( 10. 46x 107 ~ 14. 55x107°) & &,
7RISR 7 & — 3 (Rapp and Watson, 1995;
Springer and Seck, 1997; Qian and Hermann, 2013) ,
AL, BAR A IR v A A B S eHI (1) 5
(+0.5~+15.5) , SAUABZEE 1Lk R BCE I BRI
FEVER AT YEIN KA (Fu et al. , 2018) FHAREM oK
11 ( Yang et al. , 2015) 752 B R B3k v A RECH L
(E 6) fHIL eHf(¢) i EHEAETLE+0.5~+2.7, 5
R AR RS 1 477 ~ 446 Ma, LIrb - 108 &,
IS A HLAE i A T RESR Bl % 5 9K |l 1 3 4
Fes il R X AT BB AEAE R A AR B AR T
IRV R, A BLR IR S AL A A K
R X F AT 8 R 5 NI PE T 5T TR A T LA vh 5
SCUURRYI A F W A e o, SEIR A A 2R R
FVEF HIFEAE 30~40 km JREJE (IEW S HIFE T &B)
BB 4 Fl B AT R B3R K B BT JK (Qian and Her-
mann, 2013) , IREH T 40 km WFE B Y H A # A
TR (>20%) 8 RS AR ER TR R R
(U Gd/Yb>8) | 1fi A1 H HLAE B A 1) Gd/Yb {H AT
2.5~3.2,5 30~40 km %R E T #5554 —5,

e, A BRI TR AR B I R B IO T
HuFEFR A AT
4.2 EKBAFELEE

JeAREE i LA 227 T R AR S N vh B 2 5
49 i — el AR, e — > LR (g 18 A T LAy, R SRR
PEHTVER A, X R R RE kA | R -
JEAS 5 R I 2 B M S o8 2 B, AL AR 34 1 1L Ay
AT A 38 AR 3 L - - R &R (TR
4 2015; Xia et al. , 2016; KRS 2019; Yu et
al. , 2021) AHACARZE JEARF B2 e e On s 1 i e 2%
PG AN R K i i s, wir AWFIE 3R, dE
A3 FE BRI LR I b 2 A= T 24 520 Ma, 7E 520 ~490 Ma
0] % B — 25 50 R B IR e 2 5 A 5 90 3K 7 ( Zhang
et al. , 2007 Song et al. , 2013; Chen et al. , 2014) ,
A AR i v . BE 52 A AL IR ol 7 BT
S M B B 2] P A SRR RAAT T TS 7 b, & B 490
~445 Ma FIILA SR - R IS IE a2y (R 5%,
2001; Song et al. , 2013; Fu et al. , 2022) ., JbLARE
I R B R Wl AR B A 2 TR AR A T
516~383 Ma Z[H], i 5% 1 JUAR % [ AR B Hir 3 0 o |
S — et 0 i — o A 48 % 48 e e 1 i Ak 4 ok A AR
SR B ETXT AR 3% VR A A B B A7 e A TR) AR (7 B,
MRBA 25, (HE# AR 2 /DTE 440 Ma £ 4]
B (BB RS, 2012; AB TR %%, 2012; Song et al.
2013; Chen et al., 2015, 2016, 2018; Yu et al.
2015; Yang et al. , 2019) ,
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ASCWEFE A LA 32 3 1L 7 AR BT 2 R AR Ll
DX H B 1) L R IR A B R L T I SR B i (452
Ma) , AR RS 5B o0 J Fl 1 7= 10 , W5 s G AR 34 J
PRI AL p AR LU DXRF 1 U AR b, SR T A4S 1Y
PSSR, A B AR T e S iy (TR
WG 7o) UL (& 1a) |, 5 Fg B4R 3% K EEdb i
5 op A 5 1 1R 5 90 AH BE 4 ( Wang et al.
2005) , H AL 7 A SR MR AR ip i S ™ Tk Ll 4 7Y
BERG A 0 Ll A R T AR R 477 Ma (5 A4k 55,
2010; Wu et al., 2011), B B B F 4 3 B A2k
(452 Ma) , BRIt FHAG AR 2 v 52 1 AL 1) R >k e B A1
HEHRA R AN A S, Fu s (2022) HHil
S O % 2 Ll AR B 5 1 Ml DX 3 22 T R
AL R A (492 ~ 488 Ma) ic st T ¥ N AR wh 4] 4
A ISR A SR AREVE 0 A6 IR o =4, ELALAR
HEYUG A K B — 28T I LA bty | JE R T S AR
B2y SSZ MU L35 (454 ~ 448 Ma) FIE A3 A (Fu
et al. , 2018,2020) , A SCHFFE I A3 L R B IR 08 v
F5E R SSZ Al 4 A T — 32K, vl RE W] R %
LIS T 2 T A 740

25 TR W R B 0, A2 b i SRR B
B AL SRULS A I W ARE 8 SV bl i Ars ey ) A e AR 1 |
HEARBEE R I A Rg ) I o B, B FR1L

—F AR - e R L Y[R R B IR IR TR A (2 440
Ma, Chen et «l., 2015, 2016, 2018; Fu et al.

b

2018)%ﬂﬁ%%ﬂ@ﬁa}ﬁﬁﬁ%ﬁE/JJLEJUIH%U\
JCAR 3 7 7 7F LR 28 AR W A A, 0 B8 0 il i 5
BB

(1) dCABIZE i LA A< B e 48 L ki DX A7 3 FLAE
8 47 LA-ICP-MS U-Pb 4E &N 452+4 Ma, A1k
240 - LB i

(2) EE%%M&W&%M%%@% A1 vE BLAE B

HA W Si0, &H Mg" St/Y 1 La/Yb {8, HiEk 1k

fF fiE ‘ﬁm%ﬁﬁ}%iﬂu Al ESEAE 30 ~40 km ¥
JE B 5 SBT3 43 s il 1) 7 4, L IX b e
RBAEAE R A AR A e

(3) AR B BERIA rO BIUA I ek fh 2
FRIE B 7R SZ AU AR RS i A AL 1) A ps i, 22 5%
LIS ¥ 52 76 W B8 P A 15k 300 1) R & 2 OFF e 3 ik
YEM .

References

Atherton M P and Petford N. 1993. Generation of sodium-rich magmas
from newly underplated basaltic crust[ J]. Nature, 362(6 416) ; 144
~146.

Bu Tao, Wang Guogiang, Tang Zhuo, et al. 2019. Petrogenesis of the
middle Ordovician granite in the Yaodonggou area of the North Qilian
orogenic belt: Constraints from zircon U-Pb geochronology and geo-
chemistry[ J|. Acta Petrologica et Mineralogica, 38(2): 145~159
(in Chinese with English abstract).

Castillo P R. 2012. Adakite petrogenesis[ J]. Lithos, 134~135; 304 ~
316.

Castillo P R, Janney P E and Solidum R U. 1999. Petrology and geo-
chemistry of Camiguin Island, Southern Philippines: Insights to the
source of adakites and other lavas in a complex arc setting[ J]. Con-
tributions to Mineralogy and Petrology, 134(1) : 33~51.

Chappell B W and White A J R. 1974. Two contrasting granite types[ J].
Pacific Geology, 8: 173~174.

Chen Bin, Chen Changjian, He Jingbo, et al. 2013. Origin of Mesozoic
high-Mg adakitic rocks from northeastern China; Petrological and Nd-
Sr-Os isotopic constraints[ J]. Chinese Science Bulletin, 58 (20) :
1 941~1 953(in Chinese with English abstract) .

Chen S, Niu Y L, LiJ Y, et al. 2016. Syn-collisional adakitic granodior-
ites formed by fractional crystallization: Insights from their enclosed
mafic magmatic enclaves ( MMEs) in the Qumushan pluton, North
Qilian Orogen at the northern margin of the Tibetan Plateau [ ] ].
Lithos, 248~251; 455~468.

Chen S, Niu Y L, Sun W L, et al. 2015. On the origin of mafic magmat-
ic enclaves (MMEs) in syn-collisional granitoids; Evidence from the
Baojishan pluton in the North Qilian Orogen, China[J]. Mineralogy
and Petrology, 109(5) : 577~596.

Chen S, Niu Y L and Xue Q Q. 2018. Syn-collisional felsic magmatism
and continental crust growth: A case study from the North Qilian Oro-
genic Belt at the northern margin of the Tibetan Plateau[ J]. Lithos,
308~309: 53~64.

Chen Y X, Song S G, Niu Y L, et al. 2014. Melting of continental crust
during subduction initiation: A case study from the Chaidanuo peralu-
minous granite in the North Qilian suture zone[ J]. Geochimica et
Cosmochimica Acta, 132 311~336.

Chen Yuxiao, Xia Xiaohong and Song Shuguang. 2012. Petrogenesis of

Aoyougou high-silica adakite in the North Qilian orogen, NW China:



55 4 1

B IAE . U AR BER AR ARSI A T C s ——k A I BB i o BRI 1 e e O UESG 479

Evidence for decompression melting of oceanic slab[ J]. Chinese Sci-
ence Bulletin, 57(22): 2 072~2 085 (in Chinese with English ab-
stract ) .

Chung SL, Liu DY, Ji J Q, et al. 2003. Adakites from continental col-
lision zones: Melting of thickened lower crust beneath southern Tibet
[J]. Geology, 31(11): 1 021.

Defant M J and Drummond M S. 1990. Derivation of some modern arc
magmas by melting of young subducted lithosphere[ J]. Nature, 347
(6294) : 662~665.

Deng ] H, Yang X Y, Li S, et al. 2016. Partial melting of subducted
paleo-Pacific plate during the early Cretaceous: Constraint from ada-
kitic rocks in the Shaxi porphyry Cu-Au deposit, Lower Yangtze River
Belt[ J]. Lithos, 262: 651 ~667.

Dokuz A, Uysal I, Siebel W, et al. 2013. Post-collisional adakitic volca-
nism in the eastern part of the Sakarya Zone, Turkey: Evidence for
slab and crustal melting[ J]. Contributions to Mineralogy and Petrolo-
gy, 166(5): 1443~1 468.

Feng Yimin and He Shiping. 1996. Geotectonics and Orogeny of the
Qilian Mountains, China [ M ]. Beijing: Geological Publishing
House, 1~135(in Chinese).

Foley S, Tiepolo M and Vannucci R. 2002. Growth of early continental
crust controlled by melting of amphibolite in subduction zones|[ J].
Nature, 417(6 891) : 837~840.

Foley S F, Venturelli G, Green D H, et al. 1987. The ultrapotassic
rocks: Characteristics, classification and constraints for petrogenetic
models[ J]. Earth-Sciences Reviews, 24 (2): 81~134.

Fu D, Huang B, Johnson T E, et al. 2022. Boninitic blueschists record
subduction initiation and subsequent accretion of an arc-forearc in the
northeast Proto-Tethys Ocean[ J]. Geology, 50(1): 10~15.

Fu D, Kusky T, Wilde S A, et al. 2018. Early Paleozoic collision-related
magmatism in the eastern North Qilian orogen, northern Tibet: A
linkage between accretionary and collisional orogenesis[ J]. GSA Bul-
letin, 131(5~6): 1 031~1 056.

Fu D, Kusky T M, Wilde S A, et al. 2020. Structural anatomy of the
early Paleozoic Laohushan ophiolite and subduction complex: Impli-
cations for accretionary tectonics of the Proto-Tethyan North Qilian
orogenic belt, northeastern Tibet[ J]. GSA Bulletin, 132(9~10):
2 175~2 201.

Gao S, Rudnick R L, Yuan H L, et al. 2004. Recycling lower continen-
tal crust in the North China Craton[ J]. Nature, 432 892~897.

Griffin W L, Belousova E A, Shee S R, et al. 2004. Archean crustal

evolution in the northern Yilgarn Craton: U-Pb and Hf-isotope evi-

dence from detrital zircons[ J]. Precambrian Research, 131(3~4)
231~282.

Hai Lianfu, Tao Rui, Zhang Xiaojun, et al. 2023. Prospecting modeland
metallogenic predictionofJinchangzi gold deposit in Weiningbeishan
area, Ningxia[ J]. Bulletin of Geological Science and Technology, 42
(2): 1~14(in Chinese with English abstract).

Hoskin P W O and Schaltegger U. 2003. The composition of zircon and
igneous and metamorphic petrogenesis [ J ]. Reviews in Mineralogy
and Geochemistry, 53(1): 27~62.

HuZ C, Liu Y S, Gao S, et al. 2012. Improved in situ Hf isotope ratio
analysis of zircon using newly designed X skimmer cone and Jet sam-
ple cone in combination with the addition of nitrogen by laser ablation
multiple collector ICP-MS[ J]. Journal of Analytical Atomic Spec-
trometry, 27: 1 391~1 399.

Hu Z C, Zhang W, Liu Y S, et al. 2015. “Wave” signal-smoothing and
mercury-removing device for laser ablation quadrupole and multiple
collector ICPMS analysis: Application to lead isotope analysis[ J].
Analytical Chemistry, 87(2): 1 152~1 157.

Kelemen P B, Hanghgj K and Greene A R. 2003. One view of the geo-
chemistry of subduction-related magmatic arcs, with an emphasis on
primitive andesite and lower crust[ J]. Treatise on Geochemistry,
3: 593~659.

LiYS,XuLJ, YuSY, et al. 2020. Partial melting of thickened lower
crust in post-collisional setting: Evidence from high silicon adakitic
granites in the North Qilian orogen[ J]. Geological Journal, 55(5) :
3990~4 007.

LiuSA, LiSG, He Y S, et al. 2010. Geochemical contrasts between
early Cretaceous ore-bearing and ore-barren high-Mg adakites in cen-
tral-eastern China: Implications for petrogenesis and Cu-Au minerali-
zation[ J]. Geochimica et Cosmochimica Acta, 74 (24): 7 160 ~
7 178.

LiuY S, Gao S, HuZ C, et al. 2010. Continental and oceanic crust re-
cycling-induced melt-peridotite interactions in the trans-North China
Orogen: U-Pb dating, Hf isotopes and trace elements in zircons of
mantle xenoliths[ J]. Journal of Petrology, 51: 537~571.

Ludwig K R. 2003. User’s Manual for Isoplot 3. 0—A Geochronological
Toolkit for Microsoft Excel[ M]. Berkeley Geochronology Center Spe-
cial Publication, Berkeley, 1~70.

Macpherson C G, Dreher S T and Thirlwall M F. 2006. Adakites without
slab melting: High pressure differentiation of island arc magma, Min-
danao, the Philippines[ J]. Earth and Planetary Science Letters, 243

(3~4) . 581~593.



480 F=

PR N 7/ B /S

42 4%

Maniar P D and Piccoli P M. 1989. Tectonic discrimination of granitoids
[J]. Geological Society of America Bulletin, 101(5) ; 635~643.

Martin H, Smithies R H, Rapp R, et al. 2005. An overview of adakite,
tonalite-trondhjemite-granodiorite ( TTG ), and sanukitoid: relation-
ships and some implications for crustal evolution[ J]. Lithos, 79( 1~
2): 1~24.

Qian Q and Hermann J. 2013. Partial melting of lower crust at 10 ~ 15
kbar: Constraints on adakite and TTG formation[ J]. Contributions to
Mineralogy and Petrology, 165: 1 195~1 224.

Qian Qing, Zhang Qi, Sun Xiaomeng, et al. 2001. Geochemical features
and tectonic setting for basalts and cherts from Laohushan, North
Qilian[ J]. Scientia Geologica Sinica, 36(4) ; 444~453(in Chinese
with English abstract) .

Qin Haipeng, Wu Cailai, Wang Cisong, et al. 2014. LA-ICP-MS zircon
U-Pb dating and geochemical characteristics of high Sr/Y-type granite
from Xigela, eastern Qilian area[ J]. Acta Petrologica Sinica, 30
(12): 3759~3 771(in Chinese with English abstract) .

Rapp R P, Shimizu N, Norman M D, et al. 1999. Reaction between
slab-derived melts and peridotite in the mantle wedge: Experimental
constraints at 3.8 GPa[ J]. Chemical Geology, 160(4): 335~356.

Rapp R P and Watson E B. 1995. Dehydration melting of metabasalt at 8
~32 kbar; Implications for continental growth and crust-mantle recy-
cling[ J]. Journal of Petrology, 36: 891~931.

Rollinson H R. 1993. Using Geochemical Data: Evaluation, Presenta-
tion, Interpretation[ M]. New York: Longman Group UK Ltd: 1~
352.

Song S G, NiuY L, SuL, et al. 2013. Tectonics of the North Qilian oro-
gen, NW China[ J]. Gondwana Research, 23(4) . 1 378~1 401.

Song S G, Niu Y L, Zhang L ', et al. 2009. Tectonic evolution of early
Paleozoic HP metamorphic rocks in the North Qilian Mountains, NW
China: New perspectives[ J]. Journal of Asian Earth Sciences, 35(3
~4): 334~353.

Song Shuguang, Wu Zhenzhu, Yang Liming, et al. 2019. Ophiolite belts
and evolution of the Proto-Tethys Ocean in the Qilian Orogen[]].
Acta Petrologica Sinica, 35(10): 2 948 ~2 970 (in Chinese with
English abstract) .

Springer W and Seck H A, 1997. Partial fusion of basic granulites at 5 to
15 kbar; Implications for the ori-gin of TTG magmas[ J]. Contribu-
tions to Mineralogy and Petrology, 127 30~45.

Streck M J, Leeman W P and Chesley J. 2007. High-magnesian andesite
from Mount Shasta: A product of magma mixing and contamination,

not a primitive mantle melt[ J]. Geology, 35; 351 ~354.

Sun S S and McDonough W F. 1989. Chemical and isotopic systematics of
oceanic basalt; Implications for mantle composition and processes
[J]. Geological Society Special Publications, London, 42. 313 ~
345.

Tseng C Y, Yang H ], Yang H Y, et al. 2009. Continuity of the North
Qilian and North Qinling orogenic belts, Central Orogenic System of
China; Evidence from newly discovered Paleozoic adakitic rocks[J].
Gondwana Research, 16(2) : 285~293.

Wang C Y, Zhang Q, Qian Q, et al. 2005. Geochemistry of the Early
Paleozoic Baiyin volcanic rocks (NW China ) ; Implications for the
tectonic evolution of the North Qilian Orogenic Belt[ J]. Journal of
Geology, 113 83~94.

Wang Jinrong, Wu Chunjun, Cai Zhenghong, et al. 2006. Early Paleozo-
ic high-Mg adakite from Yindongliang in the eastern section of the
North Qilian: Implications for geodynamics and Cu-Au mineralization
[J]. Acta Petrologica Sinica, 22(11): 2 655~2 664 (in Chinese
with English absiract).

Wang Q, Xu J F, Jian P, et al. 2006. Petrogenesis of adakitic porphyries
in an extensional tectonic setting, Dexing, South China; Implications
for the genesis of porphyry copper mineralization[ J]. Journal of Pe-
trology, 47(1): 119~144.

Wilson M. 1989. Igneous Petrogenesis[ M|. London; Unwim Hyman, 1
~366.

Wu C L, Gao Y H, Frost B R, et al. 2011. An early Palaeozoic double-
subduction model for the North Qilian oceanic plate: Evidence from
zircon SHRIMP dating of granites[ J]. International Geology Review,
53(2): 157~181.

Wu Cailai, Xu Xueyi, Gao Qianming, es al. 2010. Early Palaezoic gran-
itoid magmatism and tectonic evolution in North Qilian, NW China
[J]. Acta Petrologica Sinica, 26(4) : 1 027~1 044(in Chinese with
English abstract ).

Wu Cailai, Yang Jingsui, Yang Hongyi, et al. 2004. Dating of two types
of granite from north Qilian, China[ J]. Acta Petrologica Sinica, 20
(3): 425~432(in Chinese with English abstract).

Wu Fuyuan, Li Xianhua, Zheng Yongfei, et al. 2007. Lu-Hf isotopic
systematics and their applications in Petrology[ J]. Acta Petrologica
Sinica, 23(2): 185~220(in Chinese with English abstract).

XiaLQ, LiXM, YuJ] Y, et al. 2016. Mid-late neoproterozoic to early
paleozoic volcanism and tectonic evolution of the Qilianshan, NW
China[ J]. Geo. Res. J., 9~12.: 1~41.

Xia Lingi, Li Xiangmin, Yu Jiyuan, et al. 2016. Mid-Late Neoproterozo-

ic to Early Paleozoic volcanism and tectonic evolution of the Qilian



55 4 1] XA IIAE: ;A AR B AR ARSI A IC s ———k I BB T s B B v e A TE B 481
Mountain[ J]. Geology in China, 43(4): 1 087~1 138(in Chinese tem[ J]. Acta Petrologica Sinica, 31(12) : 3 531~3 554(in Chinese

with English abstract).

Xia Lingi, Xia Zuchun and Xu Xueyi. 1996. Petrogenesis of Marine Vol-
canic Rocks in the North Qilian Mountains[ M]. Beijing: Geological
Publishing House, 1~153(in Chinese).

Xiong Ziliang, Zhang Hongfei and Zhang Jie. 2012. Petrogenesis and tec-
tonic implications of the Maozangsi and Huangyanghe granitic intru-
sions in Lenglongling area, the eastern part of North Qilian
Mountains, NW China[ J]. Earth Sciences Frontiers, 19(3) . 214~
227(in Chinese with English abstract).

Xu Zhigin, Xu Huifen, Zhang Jianxin, et al. 1994. The Zhoulangnan-
shan Caledonian subductive complex in the Northern Qilian Mountains
and its dynamics[J]. Acta Geologica Sinica, 68(1): 1~15(in Chi-
nese with English abstract ).

Yang H, Zhang H F, Luo B J, et al. 2015. Early Paleozoic intrusive
rocks from the eastern Qilian orogen, NE Tibetan Plateau: Petrogene-
sis and tectonic significance[ J]. Lithos, 224~225. 13~31.

Yang H, Zhang H F, Xiao W J, et al. 2019. Petrogenesis of Early Paleo-
zoic high Sr/Y intrusive rocks from the North Qilian orogen: Implica-
tion for diachronous continental collision[ J]. Lithosphere, 12( 1) :
53~73.

YuS Y, Peng Y B, Zhang | X, et al. 2021. Tectono-thermal evolution of
the Qilian orogenic system: Tracing the subduction, accretion and
closure of the Proto-Tethys Ocean[ J]. Earth-Science Reviews, 215
103547.

Yu SY, Zhang J X, Qin H P, et al. 2015. Petrogenesis of the early Pa-
leozoic low-Mg and high-Mg adakitic rocks in the North Qilian orogen-
ic belt, NW China: Implications for transition from crustal thickening
to extension thinning[ J]. Journal of Asian Earth Sciences, 107, 122
~139.

Zhang ] X, Meng F C and Wan Y S. 2007. A cold Early Paleozoic sub-
duction zone in the North Qilian Mountains, NW China: Petrological
and U-Pb geochronological constraints [ J]. Journal of Metamorphic
Geology, 25 285~304.

Zhang Jianxin, Xu Zhiqin, Chen Wen, et al. 1997. A tentative discus-
sion on the ages of the subduction-accretionary complex /volcanic arcs
in the middle sector of North Qilian Mountain[ J]. Acta Petrologica et
Mineralogica, 16 (2): 112 ~ 119 (in Chinese with English ab-
stract) .

Zhang Jianxin, Yu Shengyao, Li Yunshuai, et al. 2015. Subduction, ac-
cretion and closure of Proto-Tethyan Ocean: Early Paleozoic accre-

tion/collision orogeny in the Altun-Qilian-North Qaidam orogenic sys-

with English abstract) .

Zhang L Q, Zhang H F, Zhang S S, et al. 2017. Lithospheric delamina-
tion in post-collisional setting: Evidence from intrusive magmatism
from the North Qilian orogen to southern margin of the Alxa block,
NW China[ J]. Lithos, 288~289. 20~34.

Zhang Qi. 2015. A tentative discussion on the experimental study of ada-
kite[ J]. Acta Petrologica et Mineralogica, 34 (2); 257 ~270 (in
Chinese with English abstract) .

Zhang W, Hu Z C and Spectroscopy A. 2020. Estimation of isotopic ref-
erence values for pure materials and geological reference materials
[J]. Atomic Spectroscopy, 41(3): 93~102.

Zhang Zhaochong, Mao Jingwen, Yang Jianmin, et al. 1997. Geology
and geochemistry of volcanic rock of the early Ordovician Yingou
group in the western part of North Qilian mountain and their tectonic
setting[ J |. Acta Petrologica et Mineralogica, 16(3): 193~201 (in
Chinese with English abstract) .

Zhao Shaoqing, ['u Lebing, Wei Junhao, et al. 2015. Petrogenesis and
geodynamic setting of Late Triassic quartz diorites in Zhiduo Area,
Qinghai Province[ J|. Earth Science, 23(2); 185~220(in Chinese
with English abstract).

Zong K Q, Klemd R, Yuan Y, et al. 2017. The assembly of Rodinia:
The correlation of early Neoproterozoic (ca. 900 Ma) high-grade met-
amorphism and continental arc formation in the southern Beishan Oro-
gen, southern Central Asian Orogenic Belt (CAOB)[J]. Precambri-

an Research, 290, 32~48.

Bt e 32 2% STk

NV, FHESE, Bosl) AF 2019, UK LA 7 A v H X R
W TH: 4 i) B I ——45 40 U-Ph A A 2 Rl £ MR £k 2 il 24
[J]. BATYF4RE, 38(2): 145~159.

M, BRICHE, BUaCi, 25 2013, AEJLZRTR R A AR B IR IA T
AR . 5 AR Nd-Sr-Os [RIAZFIFHE[T]. RlaEif, 58
(20): 1941~1 953.

BRI, E/NE, RIROG. 2012, JbARE 0 BE A 9 40 6 Ak IR ik 0
e VEFCIUE R B TESE [T]. RhE R, 57(22): 2 072~
2 085.

g R, AT, 1996, AR% L R E 5iE IERI I M. Jbat.
B AL, 1~135.

WEEERT, B i, TRIRZE, 45 2023, THTTILLMK &S T 40
DR B R e B [ ). s AHEGE R, 42(2) : 1~14.




482 A" oA T W ¥ & E CERvE
B,k BE, PMNBESE, 4. 2001 dUAREEEFRINERAMEEAR MY, B, R X 1996, d6ARE LA kO A A R A

IR AARE SOE UABE (], MBS, 36(4) . 444~453.
ZUEMS, AR, TUHS, . 2014, A0 PR BIES St/ Y BUAE

# LA-ICP-MS #5475 U-Pb & 4 S H b R Ak 2= R AR [T ]

i, 30(12) : 3 759~3 771.

W, RBER, BB, 45, 2019, AR5E e G A AR T

HAE

HALLT]. A%, 35(10) « 2 948~2 970.

T4k, RAER, SIRL, H. 2006, JbARE LA BEARAR 3R AR
PEEBRGR T IR N E R R[], AA¥ER, 22
(11); 2 655~2 664.

RAK, B X, BRI, £ 2010, JLAHSEER AL K BE AR
KABIEHALT]. AR, 26(4) : 1027~1 044,

RAT, Az, MEAL, . 2004, JLASEAFEPIZE 1 RIAE R A E
AERHHBRE ()], AAFR, 20(3) : 425~432.

ZelikAE, AR K, . 2007, Lu-Hf [ %4k 2 f
BT AR, 23(2)

EMYT, MR, AT, 4. 2016, AR LFTC AR - & Rl
AR S ML) ]. TR, 43(4)

RARTL,

185~220.

1087~1 138.

[M]. dtxt. s AR, 1~153.

RET R, KK, ik 78 2012, JUARE AR B el b X 6 ST 24 1A
B AP o AR B HAR e = L))
214~227.

VPRRSE, I, SRESET, 5. 1994, AU AR RS Lo B AR e Ay
G AR R T34 (0] HBUAAR, 68(1): 1~15

SRHEHT, VRAREE, B S0, 4E. 1997, JUARE H BER b 2 2
WA T]. A AT W¥IGE, 16(2) .

SREEHT, THESE, b, %, 2015, SRR R A0 OF w5 A KA
Ao PR G —AR3% -5t Gt 1L 2R Bty 2R AR08 2R/ il i i 1L
[J]. A, 31(12) ; 3 531~3 554.

ik HE 2015, A OGHRKTEA ST A TTILA RIS (1], A A
WPk, 34(2) . 257~270.

TKRs:, BEROC, BEE, 4 1997, dbARIHE )L FE B A K
HWEE R[], AAT PGk, 16(3) : 193~201.

BRI, ATORES BRIRNY, 25 2015, FFHRAZHUX I = B AP KA
HERAL R T DA S 1 E 5 () . HBRRL, 40(1) ¢ 61~76.

RS, 19(3)

112~119.



