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Early Paleozoic subduction of the ocean in Beishan region: Zircon U-Pb
geochronological and geochemical evidence from the high-Mg diorite
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Abstract: The high-Mg diorites occur in the Shibanjing area of central Beishan orogenic belt and are dated at 456
+2 Ma by the LA-ICP-MS zircon U-Pb method, which indicates that they were generated in the Late Ordovician.
According to geochemical data, the high-Mg diorites belong to the sodic calc-alkaline series, the content of SiO, is
51.94% ~ 55.30%. They are geochemically characterized by high MgO (4.12% ~6.19%, avg. 5.17%), Mg"
(0.45 ~0.69, avg. 0.53), Cr (35.82x107°~985.50 x10~°, avg. 284.84 x107°), and Ni (20.93 x10~° ~
148.59 x10 °, avg. 70.23 x10°), and also exhibit nearly flat right-declined REE patterns with slight enrich-
ment of LREE. The high-Mg diorites are strongly enriched in large-on-lithophile elements such as Rb, Ba, Th, U
and K, and are characterized by depletion of high-field-strength elements such as Nb, Ta, P and Ti. These geo-

chemical features are analogous to those of Cenozoic Setouchi volcanic belt in southwestern Japan. Petrogenesis
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analysis shows that the rock mass was probably formed by the interaction between the aqueous fluid produced by

partial melting of subducted oceanic crust and sediments and the mantle peridotite, suggesting that it was formed in

an island arc environment. It is thus concluded that the Hongliuhe-Niuquanzi-Xichangjing ancient ocean plate was

presumably in the process of subduction during the late Ordovician, and the collision between Kazakhstan plate and

the Tarim plate might have occurred after Ordovician.
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Fig. 1 Schematic geological map of the Shibanjing area, Beishan (a modified after Chen Chao et al. , 2016® and Pan Zhilong
et al. , 20162, b modified after Yang Hequn et al. , 2010)
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Quaternary; 2—Jurassic; 3—Silurian ;4—Ordovician ;5—Meso-Neoproterozoic ; 6—Paleoproterozoic Beishan Group;7—Mesozoic granite;
8—Late Paleozoic granite; 9—FEarly Paleozoic granite; 10—ophiolite mélange; 11—Cambrian bojite; 12—Middle Ordovician diorite; 13—unconformity;

14—fault; 15—Shibanjing-Xiaohuangshan structural belt; 16—Niujuanzi-Xichangjing ophiolite belt; 17—sampling site
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Fig.2  Field and microscopic photos of the diorite in the Shibanjing area( + )
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Pl—plagioclase; Hb—hornblende; Bt—biotite; Q—quartz
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Table 1 Analytical results of major elements (w,/ %), trace elements and REE (w,/10®) concentrations of the

diorite in Shibanjing area

e RS SBJ9 SBJ10 SBJ11 SBJ12 SBJ13 S R SBJ9 SBJ10 SBJ11 SBJ12 SBJ13
bk WEs WS WA WS WK ik WS WA WA WA WK
Si0, 55.30 52.93 52.14 51.94 54.39 Ni 148.59 20.93 31.42 41.52 108. 69
Tio, 1.09 1.92 1.13 1.08 0.74 Cr 985.50 35.82 137.28 167.11 98.52
Al 0, 17.04 16.37 15.50 16.39 17.12 Ga 21.93 27.14 16. 80 18.58 14.76
Fe,0, 2.80 2.30 3.62 4.06 1.62 Cs 6.86 2.04 3.24 0.90 1.89
FeO 5.65 6.94 6.30 6.20 3.54 Pb 7.07 15.56 9.99 7.78 3.83
MnO 0.14 0.16 0.15 0.20 0.12 Y 37.81 45.02 17.94 22.97 13.84
MgO 4.13 4.12 6.18 5.26 6.19 La 33.01 34.90 16.40 11.67 17.34
Ca0 6.75 7.09 8.46 8.65 8.80 Ce 77.71 80. 80 36.10 23.37 33.25
Na, 0 3.41 3.62 2.19 3.13 3.92 Pr 10.46 10.40 4.82 3.19 4.62
K,0 1.33 1.93 1.61 0.96 1.50 Nd 43.67 43.20 19. 60 13.53 17.79
P, 05 0.24 0.37 0.23 0.13 0.14 Sm 8.99 8.76 3.72 3.45 3.60
LOI 1.99 1.46 2.31 1.81 1.75 Eu 1.88 2.10 1.14 1.07 1.10
Total 99.86 99.21 99.81 99.82 99.82 Gd 7.22 7.51 3.21 2.69 2.82
Mg* 0.47 0.45 0.54 0.49 0.69 Th 1.30 1.47 0.59 0.61 0.51
FeO" 8.17 9.00 9.56 9.86 4.99 Dy 7.20 8.06 3.18 4.39 2.90

FeO'/MgO  1.98 2.19 1.55 1.88 0.81 Ho 1.39 1.58 0. 60 0.88 0.53

Rb 92.40 86.37 59.08 15.87 26.23 Er 3.62 4.41 1.72 2.35 1.43
Ba 374.10  700.27  457.56  327.74  249.08 Tm 0.59 0.71 0.26 0.37 0.20
Th 6.83 3.31 5.15 4.18 4.50 Yh 3.36 4.57 1.81 2.48 1.31
U 1.79 1.56 1.34 0.73 1.39 Lu 0.45 0.62 0.27 0.39 0.24
Ta 1.79 1.40 0.64 0.54 0.67 S REE 200.85  209.09 93.42 70. 44 87.62
Nb 13.58 25.29 9.08 6.92 7.74 5Eu 0.69 0.77 0.98 1.03 1.02
Sr 325.44  441.00  354.10  454.58  565.35 | (La/Yb)y  7.04 5.48 6.50 3.37 9.46
Zr 237,78  287.66  129.62 90. 66 136.58 || (La/Sm)y  2.37 2.57 2.85 2.18 3.11
Hf 10.24 8.97 7.39 4.30 5.16 || (Gd/Yb)y  1.78 1.36 1.47 0.90 1.78
% 153.60  184.18  212.49  246.81 79.98 Si/Y 8.61 9.79 19.74 19.79 40.85
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(b, after Rickwood, 1989) of diorite in Shibanjing area
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Fig. 5 Chondrite-normalized REE patterns (a) and primitive-mantle normalized spider diagram (b) of diorite in Shibanjing area
(normalization values after Sun and McDonough, 1989; Setouchi volcanic belt sanukite values after Tatsumi et al. ,1981; Tatsumi

and lshizaka, 1982; Shimoda et al. , 1998; Tatsumi et al. , 2003, 2006)
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BRRE XS H s (A M EAT S0 . PR AL BR ] ICP- ATE-HE, K/h M 30 wm x50 pum ~80 wm x 150
MSDataCal 237 ( Liu et al. , 2009) , R VHH ERT pm, AR, D3 B2 KAER, KELA R 1.5:1
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Fig. 6 Representative zircon CL images and ages of diorite in Shibanjing area

x2 AWFHXFKE LA-ICP-MS $#4 U-Pb B ESHER
Table 2 LA-ICP-MS zircon U-Th-Pb data for the diorite in Shibanjing area

W w100 R 2 LA R 4/ Ma

/':li Pb U Th J]I/U 206 1)],)/138 U 10_ 207 Pb/235 U 10_ 207 Pb/Z()6 Pb 10_ 206 Pb/238 U 10_ 207 Pb/235 U 10_ 207 Ph/206 Pb 10_

01 59 1389 213 0.15 0.0429 0.0005 0.4287 0.0073 0.0725 0.0010 270.7 2.9 362.2 6.2 999.6 27.3
02 19 218 240 1.10 0.0749 0.0007 0.576 6 0.0092 0.0559 0.000 8 465.4 4.6 462.3 7.3 447.0 32.7
03 14 172 140 0.82 0.0728 0.0007 0.5898 0.0238 0.0587 0.0023 453.2 4.6 470.7 19.0 557.3 86.9
04 36 437 340 0.78 0.0736 0.0008 0.5709 0.0082 0.0563 0.000 7 457.8 5.0 458.6 6.6 462.7 28.2
05 27 317 297 0.94 0.0735 0.0007 0.5679 0.0085 0.0560 0.000 8 457.2 4.6 456.6 6.9 453.7 30.3
06 18 231 102 0.44 0.0737 0.0007 0.5717 0.0105 0.0563 0.0010 458.2 4.5 459.1 8.5 463.3 37.9
07 21 255 178 0.70 0.0732 0.0008 0.5653 0.0086 0.0560 0.000 8 455.2 4.8 455.0 6.9 453.8 32.2
08 35 473 109 0.23 0.0729 0.0012 0.5659 0.0108 0.0563 0.000 7 453.6 7.4 455.4 8.7 464.5 27.8
09 31 328 309 0.94 0.0772 0.0007 0.6704 0.0102 0.0630 0.0009 479.2 4.6 520.9 7.9 708.1 29.8
10 14 185 66 0.36 0.0741 0.0007 0.5744 0.0124 0.0562 0.0012 460.7 4.6 460.8 9.9 461.4 45.7
11 30 345 272 0.79 0.0731 0.0008 0.5672 0.0084 0.0563 0.000 8 454.6 4.9 456.2 6.7 464.0 29.6
12 25 331 115 0.35 0.0730 0.0007 0.5661 0.0079 0.0563 0.000 7 454.1 4.5 455.5 6.3 462.5 28.4
13 18 236 106 0.45 0.0732 0.0008 0.5697 0.0094 0.0564 0.000 8 455.5 4.9 457.8 7.6 469.5 32.6
14 11 148 56 0.37 0.0730 0.0008 0.5702 0.0126 0.0567 0.0012 454. 1 4.8 458.1 10.1 478.5 46.9
15 43 574 198 0.34 0.0734 0.0007 0.5656 0.0075 0.0558 0.0007 456.9 4.6 455.1 6.1 446.3 26.3
16 11 139 61 0.44 0.0738 0.0008 0.5733 0.0171 0.0563 0.0016 459.2 4.8 460.1 13.7 464.9 64.2
17 24 284 219 0.77 0.0733 0.0007 0.5701 0.0087 0.0564 0.000 8 456.0 4.5 458. 1 7.0 468.5 30.8
18 29 346 275 0.80 0.0728 0.0008 0.5652 0.0083 0.0563 0.00038 452.9 4.9 454.9 6.7 465.0 29.5
19 19 261 63 0.24 0.0736 0.0008 0.5729 0.0111 0.0564 0.0011 457.9 4.8 459.9 8.9 469.9 41.2
20 27 380 71 0.19 0.0730 0.0007 0.5673 0.0079 0.0563 0.0007 454.3 4.5 456.3 6.4 466.0 28.4
21 18 225 159 0.70 0.0729 0.0007 0.5633 0.0100 0.0560 0.0009 453.8 4.6 453.7 8.0 453.4 35.6
22 39 369 107 0.29 0.0888 0.0009 1.5700 0.0223 0.1282 0.0017 548.7 5.4 958.4 13.6 2073.0 22.9
23 24 300 197 0.66 0.0738 0.0008 0.5688 0.0101 0.0559 0.0009 458.8 4.7 457.3 8.1 449.6 36.7
24 23 329 41 0.13 0.0727 0.0007 0.5692 0.0109 0.0568 0.0010 452.5 4.6 457.5 8.8 482.3 37.9
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Fig. 7 LA-ICP-MS U-Pb concordia diagram of zircon in the

diorite in the Shibanjing area
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B4 il R 7= ) ( Tatsumi, 19815 Wood and Turner,
2009) 5 ) HRIT T H 7 8 53 4 il 10 5 1A S g ARG
HANH N ) P4 ( Kelemen et al. , 1998; Smithies
and Champion, 1999; @) ‘& 4 #1855 73 445 fk (1) 7= 4
(Stern et al. , 1989; Stern and Hanson, 1991; Smithies
and Champion, 2000); @ H1VHIRAR 3734 = A=
() 45 A4 B 38 A4 5 b 0 B2 S R T B ( Yogodzinski et
al. , 1995; Shimoda et al. ,1998; Rapp et al. , 1999;
Kamei et al. , 2004) . SEKA A7 52 45 R ok, & 7K
WERONE S T 0 20 Rl ™ 2 ) v B 22 Ll i R LR

H 1 Si0, (54.35% ~ 60. 26% ) A AEH w5 1) AL 0,
(17.24% ~21.70% ) LA K BAR ) FeO' (4.04% ~4.
65% )Ca0(8.53% ~9.99% ) % & ( Hirose, 1997 ) .
A, A B KA 1 Si0,(51.94% ~55.
30% )« AlL,0,(15.50% ~17.12% )+ Ca0(6.75% ~
8.80% ) S YK, Fe0" (4.99% ~9.86% ) H ks
1o W5 7% HEAN T RE A 5 7K g RO 5 258 43 4 il
(=) wANBEFTR B, IR T b 5 I D Rl A
(1) A 5 b S S8 7= A TR 2 38 AT v S (IR Y S
Yb 5 St/ Y TC/K AR A0 Bk B A SRR IE ( Gao et
al. , 2004, WL PG PU G i b o e SCELAH B 22 1
FH(Sr=620x10 °~1323x10 °,Y=12x10"°~19
x10°,Yb=1.03 x10 °~1.88 x10 °,Sr/Y =32 ~
88, P EWEEESE, 2005) AL Fh w2 b X b A AR i %
LA (Sr=671 x10 °~1499 x10 °, Y =13 x10"°
~24x10 *,Yb=0.9x10 °~2.0x10 °,Sr/Y =34
~155, FEpE AL, 2007) o ASCHE S A WA Sr
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W, $8 7 R AR B K0 E T LR AE 2 BH A Al
FER BN KA IR AR SR ITT M52 3 40 I il 1) 44 44k 5 b
W MY 5 A TS N IR =40

EAFE BRI A, A AR i B DA A b sk AL 22
15 H AT 5 3 A4 Setouchi k1l a7 28 I =, DL
e AR T T DX G S R R 1L A (AR R AR
2007) « H MR HLIX = B 20 mBE N Ko (K 4%,
2010) Fr e g ) L St B KA (T ko AR,
2012) [ BR AL 22 REAE AR AT 7E (La/Yb) —
Yby H Se/Y =Y B, B4 R b X i NI e X
BCE 8, I 7 A1 BRI i B TN A BT T g 5
U5 B AT AR S Sk FE . A, XT38 05 1 %
DRI A P oW A0 s DR 4 2% 3 WA A L8 X2 F b g
MO 5 T e Fe U BRUTAR PR 70 M Rl ) & Si ot
YEAR B A S 1857 [ T i ( Shimoda et al. , 1998
Tatsumi and Hanyu, 2003; Tatsumi, 2006 ) ; i 73 2% 3%
AR YR DX A 8 B B4 @l il ( Stern et al.
1989; Stevenson et al. , 1999) . AW IFEHENK A
55 Stern 25 (1989) Jr & SCI1) 1 & 4 M e 15 12 445 il P
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Fig. 8 The discrimination diagram for high-Mg diorite in the Shibanjing area( after Kamei et al. , 2004 )

100E
E Adakitic HMA
- Bajatic HMA
10 [} -
= f o u]
= r
> | Boninitic o
= L HMA
1E Sanukitic HMA
0_1 1 1 1 1 Ll 11l L L L L | -
1 10 100
Yb_\‘
1000E
- a
i RrEawe
100 E
— = AT LR
S L
E -
= -
~
=
“ 10 =
R
B O fHOF s
B @ [T
1 I 1 1
0 50 100 150 200
w{K)/'w(Ba)

1000

E b
- P K
_100E
z F HRIRE A
L
=
2z L
H ay
IUE
E SR
: O BRI
i ® LT TS
1 1 L L L 1
0 400 %00 1200 1600 2000
w(K)w(Rb)

B9 AR X BRI K Rb/Cs — K/Ba I Rb/Cs — K/Rb [EIfi# (4 27K 445, 2007)
Fig. 9 Rb/Cs —K/Ba and Rb/Cs — K/Rb diagram for high-Mg diorites from Shibanjing area(after Li Chengdong et al. , 2007)

5.2 #HEREX
MR 125 7 DI BT L ST IX N
W BB A A s A A B E DL BN K —

FKE T m N KA e b N A O 3, BAT L
Eaty 5 e AR AR . MR 22 ST 45 R B,
A BN K YRR TS B R A A



LLy

542 o

oW

/]

22

2z Ju

A -+

PN

37 %

(Na,0/K,0 =1.35 ~3.27, >1), &% Rb.Ba.Th.
UK KRB 735 A 6% (LILE), 774t Ta.Nb. Ti 4%
w7t (HFSE ), g9 58 5 2 o 57 8 (SEu
=0.69 ~1.03), W7t By R el 3 3 KR D Son 9
R R 55 T8 AR s B ST R 3 0 055 i BB I X
Rz g —2z s &L by B A Ry 91U s T Bk e
2 VB G /N AR SR B 4 CIBMD 5T & Bk — it X il
i — Ll BB 22 o 2R R M BR 4K 2 R AR AH 4B
(Kay, 1978; Shirey and Hanson, 1984; Tatsumi,
1989; Defant and Drummond, 1990; Yogodainski et
al. , 1994; Shimoda et al. , 1998 ; Martin et al. , 2005;
Hanyu et al. , 20060 . 534k, ¥ i (#1073 th 48
A5 Setouchi K 5 i BEISCA B A — 5, J5 B L
T AR R AR HLAR R A B A b LK DY [ 2
HuF TR TF A G, 7 T By oI I B A M A 45
(Tatsumi, 1982) o JX SR IG 75 A1 AR v B ) Ko
AT BETNIE B A ety A R O A 3 A B A A
I3 M R W, AU B I KA R RE B AR P SR AL
FAWIRR o s Rl = A 1) 5 7K U A 5 0 ORS  AH EAE
FTE B R L 26 X T 1 4 A PR A A5 2 A AR o

Jehiad it 2 17 7 b ARAR 2 IR 2 B B R
PR - -3 5 1) S e BT AL A . b
s X o KB B R B2 A7 2R R (e [ B A,
2003 ) 5 31 % P AL A DAL A R Ry 3 A C OB 55
2017); FEI A0 22 WL A0, o Pl 8 3o i 2 A g I )
P77, VLD 4 el 5= 8 T ) 7 A i
AL, 2005) 3 BB 2R B A, ZEM -t P -k
Wt 4 A5 B ) Ab AR e AR L O A B AR
2012, A A AL R0 6% o 37 AR B Rl 2 1k i 5
Wik, s 2 55 - R e E =gl —AR B —
i T AR 9 ( SE AR, 2002) o A Bk
NRSE =R VRS AR | PR o o Vi 75 6 ek | (i D S|
=R =21 G B AR AR R I R B
BRAC AR AL SR s HB BT By A B, 5 7 3
SOHYE, IF H 5 v 06 2040 3] -2 B =kl
PEARTE SR R V- A R o T P45 (2002 T 1T
S G5 DX 3 5T B R A b X R AR OR S5 R T
WAL T A S 5 20T =24 el =k W I KV daf 1, i
7 e 40 3H AR B R B B B B R A E MG . 5K e e A%
(2008 FELLAA] — 4 FRAFAZ N b AR AL AR i
(AL I A AR RS Ol 404. 8 +5.2 Ma, #5 Ay 20 My
I B R AR e A T T 0 X
Mo S LTI, A SCIA A W B B L 300, e At

M D LA Bl e B i 1 A 0 e 0 T S 1
R AR o, I ELARS bt R vl e e 482 28 Bt AR AUOR M

6 ZEie

(1) N H LA-ICP-MS J7v:045 A6 11 B X A #i
N K2 AR R 85 A7 P/ U 4B 04y 456 £2 Ma(N =
21, MSWD =0.43) , iR 7] AR LB BUE e,
M, L o) 1 L 38

(2) AR A M 1 T 4l o 05 B 1k R 810 1
R ERINA A, MR 25 R 1 5 R 0 25 AR AL, W B F AT
PSRN YTRR AR 2 s Rl = A 1 2 7K It Ak 5 e g
WE 25 AR EAE FTE 1o

(3) AR E BN KA T T B 9O B, &
DR AFAE L A AR I8 S w210 - 2 Bk
JV vt A R Rt 7 g 0] 5 S R Bk
EI RF IR T RE R AR A R A AR A I

Hiff TERAAEHRERFPAET L L
M FEEGEIARTARRB LR, LTT XA
XF; BT TAEF AR AL RBOOR T RS
R PTR T A 3R 58 & AR T AZ )P 649 48 9 LA-ICP-
MS 4% U-Pb Rz & #7472 7 F BRAAF R X
EMESH A FREEZLT KRR RGH B, 32 F

FRGLFRETHEZZAZN, AR—FEATE
NV
References

Benoit M, Aguillon-Robles A, Calmus T, et al. 2002. Geochemical diver-
sity of Late Miocene volcanism in southern Baja California, Mexico:
Implication of mantle and crustal sources during the opening of an as-
thenospheric window[ J1. Journal of Geology, 110(6): 627 ~648.

Calmus T, Aguillon-Robles A, Maury R C, et al. 2003. Spatial and tem-
poral evolution of basalts and magnesian andesites (“ bajaitas”) form
Baja California, Maxico: The rola of slab malts[ J]. Lithos, 66(1 ~
2): 77 ~105.

Chen Chao, Xiu Di, Pan Zhilong, et al. 2017. Early paleozoic crustal exten-
sional tectonic regime in the central part of Beishan orogenic belt: new
evidence from geochronology and Geochemistry of Gabbro in Shibanjing
[T]. Acta Geologica Sinica, 91(8): 1 661 ~1 673(in Chinese).

Dai Wenjun. 2011. The formation backgroung and tectonic significance of



55 4 3]

LA JE X R A ARVE BRI SRR A B R A AR HUER A s 543

the ophiolite mélange in the Niuquanzi area, Beishan, Gansu prov-
ince[ J]. Jmineral Petrol, 31(4): 44 ~51Cin Chinese).

Defant M J and Drummond M S. 1990. Derivation of some modern arc
magmas by melting of young subducted Lithosphere[ J]. Nuture, 347
(6291): 662 ~665.

Deng Jinfu, Liu Cui, Feng Yanfang, et al. 2010. High magnesian ande-
sitic/dioritic rocks ( HMA ) and magnesian andesitic/dioritic rocks
(MA): two igneous rock types related to oceanic subduction[ JJ.
Geology in China, 37(4): 1 112 ~1 118(Cin Chinese).

Fu Changliang, Sun Deyou, Zhang Xingzhou, et al. 2010. Discovery and
geological significance of the Triassic high-Mg diorites in Hunchu
area, Jilin Province[ J]. Acta Petrologica Sinica, 26 (4): 1 089 ~
1 102Cin Chinese).

Gao S, Rudnick R L, Yuan H L, et al. 2004. Recycling lower continental
crust in the North China craton[ J]. Nature, 432(7 019): 892 ~897.

Gong Quansheng, Liu Mingqiang, Li Hailin, et al. 2002. The type and
basic characteristics of Beishan orogenic belt, Gansul J]. Northwest-
ern Geology, 35(3): 28 ~34(in Chinese).

Guivel C, Morata D, Pelleter E, et al. 2006. Miocene to Late Qualernary
Patagonian basalts(46°~ 47°S): Geochronometric and geochemical
evidence for slab tearing due 1o active spreading ridge subduction
[J]. Journal of Volcanology and Geothermal Research, 149(3 ~4):
346 ~370.

Hanyu T, Tatsumi Y, Nakai S, et al. 2006. Contribution of slab melting
and slab dehydration to magmatism in the NE Japanese arc for the last
25 Myr: Constraints from geochemistry[ J]. Geochemistry Geophysics
Geosystems, 7(8): 1 ~29.

Hart and Reid. 1991. Rb/Cs fractionation: a Link between granulite met-
amorphism and the S-process[ J]. Geochim. Cosmochim. Acta, 55:
2379 ~2 383.

He Shiping, Ren Bingchen, Yao Wenguang, et al. 2002. The division of
tectonic units of Beishan area, Gansu-Inner Mongolia[ J]. Northwest-
ern Geology, 35(4): 30 ~40Cin Chinese).

He Shiping, Zhou Huiwu, Ren Bingchen, et al. 2005. Crustal evolution
of Palaeozoic in Beishan area, Gansu and Inner Mongolia, Chinal J].
Northwestern Geology, 38(3): 6 ~15(in Chinese).

Hirose K. 1997. Melting experiments on lherzolite KLB-1 under hydrous
conditions and generation of high-magnesian andesitic melts[ J]. Ge-
ology, 25 (1): 42 ~44.

Huang Hua, Gao Shan, Hu Zhaochu, et al. 2007. Geochemistry of the
high-Mg andesites at Zhangwu, western Liaoning: Implication for de-

lamination of newly formed lower crust[ J]. Science in China ( Series

D), 50 (12): 1773 ~1 786(Cin Chinese).

Irvine T N and Baragar W R. 1971. A guide to the chemical classification
of the common volcanic rocks[ J]. Canad. J. Earth Sci., 8: 523 ~
548.

Kamei A, Owada M, Nagao T, et al. 2004. high-Mg diorites derived from
sanukitic HMA magmas, Kyushu lsland, southwest Japan arc: Evi-
dence from clinopyroxene and whole rock compositions[ J]. Lithos,
75(3 ~4): 359 ~371.

Kawabata H and Shuto K. 2005. Magma mixing recorded in intermediate
rocks associated with high-Mg andesites from the Setouchi volcanic
belt, Japan: implications for Archean TTG formation[ J]. Journal of
Volcanology and Geothermal Research, 140: 241 ~271.

Kay R W. 1978. Aleutian magncsian andesites: melts from subducted Pa-
cific ocean crust[ J]. Journal of Volcariology and Geothermal Resear,
41 ~2): 117 ~132.

Kelemen P B. 1995. Genesis of high Mg-number andesites and the conti-
nental-crust[ J ]. Contrihntions to Mineralogy and Petrology, 120
(1): 1~19.

Kelemen P B, Hart S R and Bernstein S. 1998. Silica enrichment in the
continental upper mantle via melt/rock reaction[ J]. Earth and Plan-
elary Science Letters, 164 (1 ~2): 387 ~406.

Li Chengdong, Zhang Fuqin, Miao Laicheng, et al. 2007. Zircon
SHRIMP geochronology and geochemistry of Late Permian high-Mg
andesites in Seluohe area, Jilin province, China[ J]. Acta Petrologi-
ca Sinica, 23(4): 767 ~776(Cin Chinese).

Li Jinyi, Zhang Jin, Yang Tiannan, et al. 2009. Crustal tectonic division
and evolution of the Southern part of the North Asian orogenic region
and its adjacent areas[ J]. Journal of Jilin University ( Earth Science
Edition), 39(4): 584 ~605Cin Chinese).

Li Wei, Chen Junlu, Dong Yunpeng, et al. 2016. Early Paleozoic sub-
duction of the Paleo-Asian Ocean: Zircon U-Pb geochronological and
geochemical evidence from the Kalatag high-Mg andesites, East Tian-
shan[ J]. Acta Petrologica Sinica, 32(2): 505 ~521Cin Chinese).

Li Xiaobo, Wang Baodi, Liu Han, et al. 2015. The Late Jurassic high-
Mg andesites in the Daru Tso area, Tibet: Evidence for the subduc-
tion of the Bangong Co-Nujiang River oceanic lithosphere[ J1. Geo-
logical Bulletin of China, 34(2/3): 251 ~261(in Chinese).

Liu Xueya and Wang Quan. 1995. Tectonics of orogenic belts in Beishan
Mts. , Western Chinal J]. Dixue Yanjiu, 28(1): 37 ~48(in Chi-
nese).

Liu Y S, Gao S, HuZ C, et al. 2009. Continental and oceanic crust re-

cycling-induced melt-peridotite interactions in the Trans North China



544 = A W

EE N

iz o ;ﬁ 37 %

Orogen: U-Pb dating, Hf isotopes and trace elements in zircons from
mantle xenoliths[ J 1. Journal of Petrology, 51: 537 ~571.

Ludwig K R. 2003. Isoplot/EX version 2.49. A Geochronological Toolkit
for Microsoft Excell M]. Berkeley: Berkeley Geochronology Center
Special Publication No. 1a, 1 ~56.

Martin H, Smithies R H, Rapp R, et al. 2005. An overview of adakite,
tonalite-trondhjemite-tranodiorite( TTG ), and sanukitoid: Relation-
ships and same implications for crustal evolution[ J]. Lithos, 791 ~
2):1~24.

Meng Guixiang, Lii Qingtian, Yan Jiayong, et al. 2009. Iron metallogen-
ic characteristics and prospecting potential of Beishan area, Inner
Mongolia[ J]. Mineral Deposits, 28(6): 815 ~829Cin Chinese).

Middlemost E A K. 1994. Naming materials in the magma/igneous rock
system[]]. Earth Science Research, 37: 215 ~224.

Pallares C, Maury R C, Bellon H, et al. 2007. Slab-tearing following
ridge-trench collision: Evidence from Miocene volcanism in Baja Cal-
ifornia, Mexico[ J]. Journal of Volcanology and Geothermal Re-
search, 161(1 ~2): 95 ~117.

Peccerillo R and Taylor S R. 1976. Geochemistry of Eocene calc-alkaline
volcanic rocks from the Kastamonu area, northern Turkey[ J]. Cont-
rib. Mineral. Petrol. , 58: 63 ~81.

Peng Songbai, Liu Songfeng, Lin Musen, et al. 2016. Early Paleozoic
subduction in cathaysiaC Il ): new evidence from the Dashuang high
magnesian-magnesian andesite[ J ]. Earth Science, 41(6): 931 ~
947(Cin Chinese).

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[ JJ. Chemical Geology, 160(4): 335 ~356.

Rickwood P C. 1989. Boundary lines within petrologic diagrams which use
oxides of major and minor elements[ J]. Lithos, 22(4): 247 ~263.

Rogers G, Saunders A D, Terrell D J, et al. 1985. Geochemistry of Hol-
ocene volcanic rocks associated with ridge subduction in Baja Califor-
nia, Mexicol J]. Nature, 315(6 018): 389 ~392.

Saunders A D, Rogers G, Marriner G F, et al. 1987. Geochemistry of
Cenezoic volcanic rocks, Baja California, Mexico: Implications for
the petrogenesis of post-subduction magmas[ J]. Journal of Volcanol-
ogy and Geothermal Research, 32(1 ~3): 223 ~245.

Shimoda G, Tatsumi Y, Nohda S, et al. 1998. Setouchi high-Mg andes-
ites revisited: Geochemical evidence for melting of subducting sedi-
ments[ J]. Earth and Planetary Science Letters, 160 (3 ~4): 479 ~
492.

Shirey S B and Hanson G N. 1984. Mantle-derived archaean monozodior-

ites and trachyandesites[ J 1. Nuture, 310: 222 ~224.

Smithies R H and Champion D C. 1999. Late Archaean felsic alkaline ig-
neous rocks in the Eastern Goldfields, Yilgarn Craton, Western Aus-
tralia: A result of lower crustal delamination[ J1. Journal of the Geo-
logical Society, 156: 561 ~576.

Smithies R H and Champion D C. 2000. The Archaean high-Mg diorite
suite: Links to tonalite-trondhjemite-granodiorite magmatism and im-
plications for Early Arcliaean crustal growth[ J]. Journal of Petrolo-
gy, 41(12): 1 653 ~1 671.

Stern R A and Hanson G N. 1991. Arcliean high-Mg granodiorite: A de-
rivative of light rare earth element-enriched monzodiorite of mantle or-
igin[ J1. Journal of Petrology, 32(1): 201 ~238.

Stern R A, Hanson G N and Shirey S B. 1989. Petrogenesis of mantle-de-
rived, LILE-enriched Archean monzodiorites and  trachyandesites
(sanukitoids) in southwestern Superior Province[ J]. Canadian Jour-
nal of Earth Sciences, 26(9): 1 688 ~1 712.

Stevenson R, Herry P and Gariepy C. 1999. Assimilation-fractional crys-
tallization origin of Archean sanukitoid suites: Western Superior Prov-
ince, Canadal J]. Precambrian Res., 96: 83 ~89.

Sun Lixin, Zhang Jiahui, Ren Bangfang, et al. 2017. Geochemical char-
acteristics and U-Pb age of Baiyunshan ophiolite melange in the Beis-
han orogenic belt and their geological implications[ J]. Acta Petrolog-
ica et Mineralogica. 36(2):131 ~147(Cin Chinese).

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

Tang Gongjian and Wang Qiang. 2010. High-Mg andesites and their geo-
dynamic implications J]. Acta Petrologica Sinica, 26(8): 2 495 ~
2 512Cin Chinese).

Tatsumi Y. 1981. Melting experiments on a high-magnesian andesite[ J J.
Earth and Planetary Science Letters, 54 (2): 357 ~365.

Tatsumi Y. 1982. Origin of high-magnesian andesites in the Setouchi vol-
canic belt, southwest, Japan, [I. Melting phase relations at high pres-
sures[ J]. Earth and Planetary Science Letters, 60(2): 305 ~317.

Tatsumi Y. 1989. Migration of fluid phascs and genesis of basalt magmas
in subduction zones[ J ]. Journal of Geophysical Research: Solid
Earth, 94(B4): 1697 ~1 707.

Tatsumi Y. 2001. Geochemical modeling of partial melting of subducting
sediments and subsequent melt-mantle interaction: Generation of
high-Mg andesites in the Setouchi volcanic belt, southwest, Japan
[J]. Geology, 29(4): 323 ~326.

Tatsumi Y. 2006. High-Mg andesites in the Setouchi volcanic belt, south-



55 4 3]

LA, JL il B ARV R I SRR A O RS CA AR HUER A s 545

western, Japan: Analogy to Archean magmatism and continental crust
formation[ J]. Annual Review of Earth and Planetary Sciences, 34:
467 ~499.

Tatsumi Y and Hanyu T. 2003. Geochemical modeling of dehydration and
partial melting of subducting lithosphere: Toward a comprehensive
understanding of high-Mg andesite formation in the Setouchi volcanic
belt, SW Japan[ J]. Geochemistry, Geophysics, Geosystems, 4
(9):1~19.

Tatsumi Y and Lshizaka K. 1981. Existence of andesitic primary magma:
An example from southwest Japan[ J]. Earth and Planetary Science
Letters, 53(1): 124 ~130.

Tatsumi Y and Lshizaka K. 1982. Origin of high-magnesian andesites in the
Setouchi volcanic belt, southwest, Japan I: Petrographical and chemi-
cal characteristics[ J 1. Earth Planet Sci. Lett. , 60(2): 293 ~304.

Tatsumi Y, Shukuno H, Sato K, et al. 2003. The petrology and greo-
chemistry of high-magnesium andesites at the western tip of the Setou-
chi Volcanic Belt, SW, Japan[J]. Journal of Pernology. 44(9):
1561 ~1 578.

Tatsumi Y, Suzuki T, Kawabata H, et al. 2006. The petrology and geo-
chemistry of Oto-Zan Composite lava flow on Shodo-Shima Island,
SW Japan: Remelting of a solidified high-Mg andesite magmal J].
Journal of Petrology, 47 (3): 595 ~629.

Wang Q, Wyman D, Xu J, et al. 2008. Triassic Nb-enriched basalts,
magnesian andesites, and adakites of the Qiangtang terrane ( Central
Tibet): Evidence for metasomatism by slab-derived melts in the man-
tle wedge[ J]. Contributions to Mineralogy and Petrology, 155(4):
473 ~490.

Wang Xiaorui, Gao Shan, Liu Xiaoming, et al. 2005. Geochemistry of
the high-magnesium andesite of Early Cretaceous Yixian Formation in
Sihertun, western Liaoning Province: Constraint on the delamination
of lower crust and indication to the variation of St/Y ratio[ J]. Sci-
ence in China (Siries D), 35(8): 700 ~709(in Chinese).

Wood B J and Turner S P. 2009. Origin of primitive high-Mg andesite:
Constraints from natural examples and experiments[ J]. Earth and
Planetary Science Letters, 283 (1 ~4): 59 ~66.

Woodhead J D, Hergt ] M, Davidson, et al. 2001. Hafnium isotope evi-
dence for “ conservative” element mobility during subduction zone
processes[ J]. Earth and Planetary Science Letters, 192: 331 ~346.

Wu Peng, Wang Guogiang, Li Xiangmin, et al. 2012. The age of Niu-
juanzi ophiolite in Beishan area of Gansu Province and its geological
significance J]. Geological Bulletin of China, 31(12): 2 032 ~

2 037Cin Chinese).

Wu Xiangyang, Xu Yigang, Ma Jinlong, et al. 2003. Geochemistry and
petrogenesis of the Mesozoic high-Mg diorites from western Shandong
[J]. Geotectonica et Metallogenia, 27(3): 228 ~236(in Chinese).

Xiao W J, Mao Q G, Windley B F, et al. 2010. Paleozoic multiple accre-
tionary and collisional processes of the Beishan orogenic collage[ J].
American Journal of Science, 310C10): 1 553 ~1 594.

Xu Xueyi, He Shiping, Wang Hongliang, et al. 2008. Outline of the Ge-
ology of NW China-Qinling, Qilian and Tian Shan Areas[ M]. Bei-
jing: Science Press, 1 ~347(in Chinese) .

Yang Hequn, Li Ying, Li Wenming, et al. 2008. General Discussion on
Metallogenitic Tectonic Setting of Beishan Mountain, Northwestern
China[ J]. Northwestern Geology, 41(1): 22 ~28(in Chinese).

Yang Hequn, Li Ying, Zhao Guobin, et al. 2010. Character and struc-
tural attribute of the Beishan ophiolite[ J]. Northwesiern Geology, 43
(1): 26 ~36Cin Chinese).

Yang Hequn, Zhao Guobin, Li Ying, et al. 2012. The relationship be-
tween Paleozoic tectonic setting and mineralization in Xinjiang-Gansu-
Inner Mongolia juncture areal J]. Geological Bulletin of China, 31(2
~3): 413 ~421(in Chinese).

Yin Jiyuan, Yuan Chao, Sun Min, et al. 2012. Age, geochemical fea-
tures and possible petrogenesis mechanism of Early Permian magne-
sian diorite in Hatu, Xinjiang[ J1. Actor Petrologica Sinica, 28
(7)>: 2171 ~2 182(Cin Chinese).

Yogodzinski G M, Volynets O N, Koloskov A V, et al. 1994. Magnesian
andesites and the subduction component in a strongly calc-alkaline se-
ries at Piip Volcano, Far Western Aleutians[ J]. Journal of Petrolo-
gy, 35(1): 163 ~204.

Yogodzinski G M, Kay R W, Volynets O N, et al. 1995. Magnesian an-
desite in the western Aleutian Komandorsky Region: Implications for
slab melting and processes in the mantle wedge[ J 1. Geological Soci-
ety of America Bulletin, 107(5): 505 ~519.

Yogodzinski G M, Lees J] M, Churikova T G, et al. 2001. Geochemical
evidence for the melting of subducting oceanic lithosphere at plate ed-
ges J1. Nature, 409(6 819): 500 ~504.

Zhang H F, Sun M, Zhou X H, et al. 2003. Secular evolution of the lith-
osphere beneath the eastern North China Craton: Evidence from Mes-
ozoic basalts and high-Mg andesites[ J]. Geochimica et Cosmochimi-
ca Acta, 67(22): 4 373 ~4 387.

Zhang Qi, Qian Qing, Zhai Mingguo, et al. 2005. Geochemistry, petro-
genesis and geodynamic implications of sanukite[ J]. Acta Petrologica
et Mineralogica, 24 (2): 117 ~125Cin Chinese).

Zhang Yuanyuan and Guo Shaojie. 2008. Accurate constraint on formation



546 CRN ST A 7 B 537 &
and emplancement age of Hongliuhe ophiolite, boundary region be- Gl —HE A W2V S A v dk O AE A L T ], M S 4R, 34
tween Xinjiang and Gansu Provinces and its tectonic implications (2/3): 251 ~261.

[J]. Acta Petrologica Sinica, 24(4): 803 ~809Cin Chinese). AT, £ 2 1995 v [ PG b 3 it oK e i e Hs Al

Zhao Zhenhua, Wang Qiang, Xiong Xiaolin, et al. 2007. Magnesian ig-
neous rocks in northern Xinjiang[ J]. Acta Petrologica Sinica, 23
(7): 1696 ~1 707Cin Chinese).

Zuo Guochao, Liu Yike and Liu Chunyan. 2003. Framework and evolu-
tion of the tectonic structure in Beishan area across Gansu province,
Xinjaing autonomous region and inner Mongolia autonomous region

[J]. Acta Geologica Gansu, 12(1): 1 ~15Cin Chinese).

Bt o 325 25 3Tk
Wi 5l I S 2007, JBali e A

PG o AR M AR R R AR ). b
JEEAR, 91(8): 1661 ~1 673.

ARSCZE. 2011, Al 4 [ - 00 S Tl 2 o 10 )8 A 358 B hg 3 3 S
LI1. 04, 31(4): 44 ~51.

X, xR, WSS, 4 2010, EEE A/ N E FECHMAD
R L/ N S OMAD = 59 i A F A G 1 5 26 JL 2L
KA HLT]. PR, 37(4): 1112 ~1 118.

FHCEE, IVEA, TRMM, 25 2010, HMIEL =& D rEEIN KA
R )it LY. AT AR, 26(4): 1089 ~1 102.

FEANE, XIWIHR, ARERR, 2. 2002, HAH b L A R K A
FECT]. VEALHbR, 35(3): 28 ~34.

TS, TR, BhSCt, 25, 2002, H A 52 bl M X i T
RI4rLI]. PadbHL, 35(4): 30 ~40.

TP, 825, AT RER, 45, 2005, HH A 28 kb X ol A AR 5%

BWALT]. PEIbHT, 38(3): 6 ~15.

M, o, BIER), 4% 2007, SPGB R b AR s 2 L

BRI RIS AE N ISP A R T ], R

(D), 37(10): 1287 ~1 300.

2RI, SRR, TRk, S5, 2007, ARG S it kgl
4 SHRIMP 8541 4F Q2% S HOb BRAL 2 FFAEL T 1. 5 A0 273, 23
(4): 767 ~776.

Ak, ok B, WIREE, 25 2009, JbE I L IX R K HL I AT X
Mo seA it oy X S RIE AL D ], AR AR CH R B 0D, 39
(4): 584 ~605.

7 B, BRPERE, RN, S5 2016, HLal A AR T T O AT
KA AR LR A Bk 22 1L AR AR Bk A A IE AR L T .
HAFM, 32(2): 505 ~521.

2N, TR, X B, %5 2015, PG S04 b X vk 2 ek

.

B

[J]1. Hb2EWF5T, 28C1): 37 ~48.

EBEE, BPCH, TNk, 2. 2009, dbilpy 52 BT ST R AE
MR SL]. WK, 28(6): 815 ~829.

WM, XIRSE, BRARR, 45 2016, HE B ARMAEM(D: K
PO BB LA BEML T 1. HOBkERE, 41(6): 931 ~947.
AL, SREME, AEHTT, 25 2017, dbili i A 2 i R 2 s
M ER AL 22 R AE AR R R LY. B k&,

(2): 131 ~147.

REThEE , F #2010 mEE s R ERS) 1 LI, A A
4, 26(8): 2495 ~2 512.

TREES, w0 b, BN, S 2005, JCPEPUA R R SO AL
iz 1l R AL 5 3R M 7 47 DA FI A Se/Y AR 4k 4 R
[J1. HERECD ), 35(8): 700 ~709.

s, EEER, ZR I, A8 2012, HR b X AR Tl Sk
TE RN AR B 5 LY. st gl 31C12): 2 032 ~2 037.
ARAFERH, AR SCHI, S, 4. 2003, £GP A AR R BE N K ) L BR
TZEARAE SRR AL )] Kb 5 2, 27(3): 228 ~

236.

RS, ATIESE, Ets, 52008, HE PEAL B R R -2 04 AR
BORINXIM]. bt Bleg i, 1~347.

W, A U8, ZE0W, A 2008, dbL R T R0 T].
JEHb R, 41C1): 22 ~28.

W, 28 9, BEDR, 2 2010 dboldg gt i AT St i s T
[J1. PadbHhm, 43C1): 26 ~36.

Wi, BERK, 25 98, 2% 2012, HEE-HN-AF E AR E
FRMET S S R 1 R LT]. M BB, 31(2 ~3): 413 ~
421.

FkIL, 3OHL N L S 2012, FIEM IR S IR BN K

T AR bR 2% R AE R AT R ¥ B B AL T . & A 4, 28

(7): 2171 ~2 182.

i A, 5. 2005. Sanukite (#FU8 %) i) bR 1k 22

AL B BBk 12 XL ). A0 % 2R,

117 ~125.

36

=
H»

IS
24(2):

TR E SR 2 LD, A A 244, 24(4): 803 ~809.
BIEH, T, BV, 5 2007, FEEILIBE R EIORATT]. A
AR, 23(7): 1696 ~1 707.
e, 0 R, M. 2003, OB S A X 1 A% R S AL
CJ1. HONHBAER, 12C1): 1 ~15.



