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Abstract The petrogenesis and geodynamic setting of magmatic rocks in eastern Tianshan are attracting increasing attention. This
study explores these issues by providing SIMS zircon U-Pb dating whole-rock geochemical and Lu-Hf isotope data of the Tuwu
porphyry copper deposit of eastern Tianshan Xinjiang. The Tuwu porphyry copper deposit is located in the middle of the Late Paleozoic
Dananhu-Tousuquan arc belt in the eastern Tianshan tectonic belt. The Carboniferous Qieshan Group is the main ore-hosting stratum.
The andesite and dioritic porphyrite are the ore-hosting rocks while the tonalitic rocks are the ore-bearing rocks. SIMS zircon U-Pb
dating data indicate that the ore-bearing rocks occurred around 335Ma and that mineralization of the Tuwu porphyry copper deposit
occurred during the same period as that of the rock formation in the region or slightly later. The andesite and dioritic porphyrite are
island arc volcanic rocks and formed by the same magmatism. However the mineralized tonalitic rocks have adakitic characteristics. In
situ Hf isotopic analyses of zircons yielded positive initial &,,( #) values ranging from +6.3 to +16.1 indicating the ore-bearing rocks
were most likely derived from partial melting of a subducted oceanic slab. Therefore we suppose that the North Tianshan oceanic crust
subducted northward beneath the Dananhu-Tousuquan arc belt during the Early Carboniferous and the Tuwu adakitic magmas were
derived from partial melting of the subducted oceanic slab hybridized subsequently by peridotite in the mantle wedge. During the
adakitic magmas ascent large amounts of metallogenetic elements were released and accumulated further on the top of the rock
bodies.
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Fig.1 Tectonic map of the eastern Tianshan and geological sketch map

( a) tectonic map of the eastern Tianshan ( modified after Wang et al. 2006) ; ( b) —geological map of the Tuwu-Yandong ore field ( modified after
Shen et al. 2012); ( c) —geological sketch map of the Tuwu porphyry copper deposit ( modified after Pan et al. 2013)
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2 7 (a) (b) ( 2013 )
Fig.2 Cross section along No. 7 exploration line with ore body ( a) and lithologies ( b) in the Tuwu porphyry copper deposit

( modified after Pan et al. 2013)
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Fig.3 Representive field photos hand specimen photo and microphotographs from the Tuwu porphyry copper deposit
( a) —diorite porphyrite and andesite in Tuwu area; ( b) -tonalitic rocks in Tuwu area; ( c) -malachitization; ( d) -the hand specimen of tonalitic rock;
( €) -microphotograph of tonalitic rock the phenocrysts are quartz and plagioclase showing sericitization and carbonatation CPL; ( f) -disseminated

chalcopyrite with xenomorphic granular CPL. Abbreviations: Pl-plagioclase; Ser-sericite; Q-quartz; Ccp-chalcopyrite
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4 (CL) (a) U-Pb (b)
Fig.4 Cathodoluminescence ( CL) image of representative zircons ( a) and concordia diagram ( b) for zircons from Tuwu tonalitic
rocks
1 SIMS U-Pb
Table 1 SIMS zircon U-Pb analysis data of magmatic rocks in the Tuwug area of eastern Tianshan
wepp,, U Th 206p,* 2P
O » e Th/U C o B 207p},* 207pp* 206y, * WYy +lo
(%) ( x107°) ( x107°) ( x1079) o tlo o +lo GE tlo mRy lo ( Ma)
TW-005: 11 3.4.6.9 ) :334.7 £3. 0Ma( MSWD =0. 18)
TW-005@01 0.91 74 38 0.51 4.69 18.9374 1.5283 0.0522 4.0276 0.3799 4.3078 0.0528 1.5283 331.7 4.9
TW-005@ 02 0.58 125 58 0. 46 7.82 18.8015 1.5070 0.0509 2.6977 0.3730 3.0901 0.0532 1.5070 334.1 4.9
TW-005@ 03 1.43 143 86 0. 60 9.03 19.3224 1.5008 0.0525 3.2602 0.3749 3.5890 0.0518 1.5008 325.3 4.8
TW-005@ 04 3.81 54 21 0.40 3.24 18.6594 1.5312  0.0396 12.0447 0.2924 12.1416 0.0536 1.5312 336.5 5.0
TW-005@ 05 1.04 71 35 0.50 4.57 18.6471 1.5276 0.0516 4.1034 0.3812 4.3785 0.0536 1.5276 336.8 5.0
TW-005@ 06 1.09 65 29 0.44 4.36 17.8705 1.8491 0.0509 3.6180 0.3929 4.0631 0.0560 1.8491 351.0 6.3
TW-005@ 07 0.59 113 80 0.70 7.55 18.9456 1.5038 0.0526 3.2636 0.3826 3.5934 0.0528 1.5038 331.6 4.9
TW-005@ 08 0.13 208 134 0.65 14.14 18.4694 1.5001 0.0541 1.5891 0.4037 2.1853 0.0541 1.5001 339.9 5.0
TW-005@ 09 0.14 75 30 0.39 4.24  20.6769 1.5074 0.0533 1.6189 0.3555 2.2121 0.0484 1.5074 304.5 4.5
TW-005@ 10 0.38 102 55 0.54 6.62 18.7474 1.5074 0.0519 2.1821 0.3820 2.6522 0.0533 1.5074 335.0 4.9
TW-005@ 11 0.28 91 33 0.36 5.64 18.9238 1.5083 0.0529 3.0403 0.3854 3.3939 0.0528 1.5083 332.0 4.9
TW-005@ 12 0.20 116 75 0. 65 7.79 18.7514 1.5094 0.0535 1.6873 0.3932 2.2639 0.0533 1.5094 334.9 4.9
TW-005@ 13 0.23 76 40 0.53 4.93 18.7592 1.5167 0.0535 2.2037 0.3935 2.6752 0.0533 1.5167 334.8 5.0
TW-005@ 14 0.28 71 46 0. 64 4.79 18.5787 1.5053 0.0544 2.2168 0.4036 2.6796 0.0538 1.5053 338.0 5.0
TW-005@ 15 0.21 103 57 0.55 6.71 18.7718 1.5392 0.0523 1.7823 0.3843 2.3550 0.0533 1.5392 334.6 5.0
L 200pp (%) 206 py, 206 py, 206 py. * ; 204 pp,
K, 0-Si0, 3.37~9.34 5.40.
( 5b), (A/ TW4803-6 TW32
CNK) 0.90~2.84 ( 5¢)- Eu (6Eu=1.00~1.14) .
Si0,  P,0,.MnO.Fe,0,".MgO.CaO. Al,O, .
( R K. Rb. Sr. Ba
88.97 x10°° ( LILE) Nb.Ta.Ti.Th ( HFSE)
58.43 x107° U  Ph( 7h)s
51.87x107°.
(Yb=0.75x10"% ~ 3.3 Hf
2.49 x107°%) ( 7a) Hf U-Pb
° TW-005 15
(LREE/HREE) 6.15~12.48 8.26; (La/YDb) 3 346 9 11 176 g/
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2 ( wi% ; x107%)
Table 2 Major ( wt%) and trace ( x 10 ™°) element chemistry of magmatic rocks in the Tuwu area of eastern Tianshan
TW4803-5 TW4803-6 TW-8 W4 TWSF02  TW4803-14 TW32 Btw38% TW33" TW208"  TW-=289
Si0, 53.90 54.04 56.28 56.98 67.35 65.71 64.58 64.34 69. 76 68. 21 53.21
TiO, 0.89 0.95 0.92 0.94 0. 44 0. 30 1.02 0.47 0.40 0.37 1. 05
Al, 04 17. 42 17.72 16.70 16. 41 14.42 15.24 19. 03 17.71 15. 89 17. 08 17.46
Fe, 03T 7.70 7.80 9.07 7.18 2.50 5.99 2.43 4.397 2.27 1.84 8.57
MnO 0.09 0.09 0.03 0.07 0.03 0.04 0.03 0.04 0.03 0.03 0.10
MgO 5.57 4.52 5.18 4.53 1.50 1.33 3.90 2.20 1.28 1.35 5.10
CaO 5.32 7.53 3.58 5.79 3.14 1. 80 0. 69 2.30 1.22 1. 56 5.37
Na, O 3.90 2.92 2.60 4.15 4.33 1. 67 2.75 4.60 4.93 4.89 3.90
K,0 0.71 1. 14 0.58 0.83 1. 89 3.09 0.87 1.93 1. 56 2.00 1.31
P, 04 0.24 0. 30 0.23 0. 30 0.15 0.15 0.29 0.2 0.30 0.12 0.39
LOI 3.92 2.74 4. 64 2.77 4.05 4.33 4.25 1.56 2.30 2.52 3.43
Total 99. 65 99.74 99. 81 99. 95 99. 80 99. 65 99. 84 99.75 99. 94 99.97 99.90
A/CNK 1.03 0.90 1.46 0.90 0.97 1. 62 2.83 1.28 1.32 1.31 0.99
A/NK 2.43 2.93 3.40 2.12 1.57 2.50 3.48 1.83 1. 62 1.67 2.23
Mg* 59 54 53 56 55 31 76 50 53 59 54
FeO" 4.79 4.52 6.71 3.65 1.00 0.98 1. 88 1.97 1.05 1.31 5.19
Li 13. 50 11.10 9. 66 7.41 4.39 7.49 16. 30 17.20
Be 0.89 1.17 0.75 0. 84 0.53 1.35 0.99 1.19
Sc 19.90 24. 60 19. 50 24.30 7.18 5.19 19.30 21.30
AY 183 200 194 186 60.3 31.8 165 199
Cr 114 80. 6 115 64.6 4.59 6. 60 132 17.9 15.7 79.5
Co 32.70 25. 80 28.30 18. 60 5.92 23.00 5.33 12. 80 6. 06 26.20
Ni 1220 80. 1 98.6 52.8 17.1 6.97 64.7 2.70 64.3
Cu 1240 540 384 13.6 7437 116 659 16.8
Zn 61.5 41.1 42.4 55.2 35.2 35.7 37.3 64.0
Ga 16. 30 18.90 18. 90 16. 20 11.70 14. 40 14. 40 15. 10
Rb 17.6 33.0 13.3 21.4 33.2 69. 8 19.4 28. 1 11.5 46.6 24.7
Sr 562 898 339 965 290 416 381 405 421 619 691
Y 15.90 24.40 12.70 18.40 7.73 8.70 13.40 7.90 6. 30 6.17 20. 10
Zr 81.7 156 102 157 33.4 44.9 88.7 100 86.7 41.9 200
Nb 2.91 4.67 2.60 3.70 1.98 2.30 3.27 2.70 2.18 3.15 4.34
Cs 2.84 3.88 1.72 3.32 2.03 4.25 1.31 0.46 3.57 4.26
Ba 108 180 74.0 96.0 82.8 553 55.1 394 458 1483 250
La 8. 66 19.40 7.58 8.74 7.83 11. 80 7.19 10. 30 7.33 11.40 18.70
Ce 19. 60 44.00 16. 50 21. 60 16.90 23.30 17.20 18. 60 15.20 23.50 40. 30
Pr 2.75 5.97 2.39 3.24 2.26 2.86 2.59 1.77 2.78 5.74
Nd 12. 50 26. 10 11. 80 15.30 9. 66 11. 80 11.70 10. 10 6. 86 11. 00 25.90
Sm 2.97 5.27 2.76 3.63 2.02 2.15 2.68 2.30 1.39 1.93 5.14
Eu 0.95 1.55 0.85 1.32 0.70 0.71 0.74 0.75 0.54 0. 81 1.61
Gd 2.86 4.91 2.34 3.60 1.77 1.85 2. 60 1.96 1.25 1. 60 4.26
Th 0.51 0. 82 0.43 0. 65 0.30 0.30 0. 46 0.28 0.19 0.20 0.75
Dy 3.11 4.74 2.25 3.85 1.61 1. 66 2.57 1. 06 1.11 3.76
Ho 0. 60 0.91 0. 46 0.70 0.29 0.29 0.51 0.22 0.21 0.72
Er 1.75 2. 66 1.18 1.90 0.79 0.93 1. 41 0. 65 0.59 2.00
Tm 0.26 0.38 0.20 0.29 0.12 0.13 0.23 0.11 0. 08 0.32
Yb 1.63 2.49 1.18 1.72 0.75 0.91 1.53 0. 84 0.70 0.59 2.03
Lu 0.24 0.36 0.17 0.24 0.12 0.14 0.23 0.14 0.12 0. 08 0.28
Hf 2.23 4.01 2.48 4.21 0.94 1.59 2.48 1.75 2.29 1.23 5.11
Ta 0.20 0.32 0.19 0.51 0.23 0.21 0.24 0.19 0.21 0.32 0.27
Pb 8.95 1. 88 5.77 3.74 4.59 14.20 3.87 6.29
Th 0.87 2.00 0. 56 1.50 0. 68 1.28 0.99 0.75 1. 60 1.24
U 1.29 1.75 0.77 0. 81 0.21 0.75 11.50 0.41 0. 49
: LOI i Fe, 0,7 FeO" =0.9 x Fe,0,"; Mg" =100 x Mg?* /( Mg®* + Fe®*) ; A/CNK = Al,05/( CaO + Na, 0 +K,0) A/

NK = AL 0, /( Na,0 +K,0) ; “a) 2002 b) 2004 c) 2014
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3 Hf
Table 3 Hf isotopic data for zircons from magmatic rocks in the Tuwu area of eastern Tianshan
176y} 76 Hf 2 76 Ly 76 Hf :: Hf, (0) (1) Ipy Ipm ¢ /,
( Ma) 77 4r 77t tio 77t TTHE (1) CHUlifT) Enf Ent (Ma)  (Ma) Lu/Hf
TW-005: 334.7 £3.0Ma ( MSWD =0. 18) (11 3.4.6.9 ) eu(?) =6.3~16.1

TW-00501 331.7 0.083310 0.282792  0.000063 0.002515 0.282776 0. 282566 0.7 7.4 680 865 -0.92
TW-005-02 334.1 0.081412 0.282981 0.000037 0.002188 0.282967 0.282564 7.4 14.3 396 431 -0.93
TW-005-03 325.3 0.107147 0.282902 0.000052 0.002411 0.282887 0.282570 4.6 11.2 516 619 -0.93
TW-005-064 336.5 0.090940 0.283222 0.000122 0.003311  0.283201 0.282563 15.9 22.6 42 104 -0.90
TW-00505 336.8 0.066610  0.282853 0.000035 0.002157 0.282839 0.282563 2.9 9.8 584 719 -0.94
TW-00506 351.0 0.130745 0.283020 0.000042  0.004249  0.282992 0.282554 8.8 15.5 360 364 -0.87
TW-005-07 331.6 0.073937 0.282922 0.000045 0.002257 0.282908 0. 282566 5.3 12.1 484 566 -0.93
TW-005608 339.9 0.072102  0.282865 0.000036 0.002110 0.282852 0.282561 3.3 10.3 565 689 -0.94
TW-00509 304.5 0.073916  0.282815 0.000046 0.001963  0.282804 0.282583 1.5 7.8 636 820 -0.94
TW-00540 335.0 0.062855 0.282822 0.000032 0.001921 0.282810 0.282564 1.8 8.7 624 786 -0.94
TW-00541 332.0 0.077830 0.283035 0.000035 0.002167 0.283022 0.282566 9.3 16. 1 317 308 -0.93
TW-00542 334.9 0.062525 0.282757 0.000057 0.002177 0.282743 0. 282564 -0.5 6.3 725 938 -0.93
TW-00543 334.8 0.066622  0.283017 0.000040 0.002029 0.283004 0.282564 8.7 15.6 342 346 -0.94
TW-00544 338.0 0.068293  0.283022 0.000038 0.002090 0.283009 0.282562 8.8 15.8 336 334 -0.94
TW-00545 334.6 0.045253  0.282876  0.000037 0.001534 0.282866 0.282564 3.7 10.7 541 660 -0.95

Cepe(1) =10000 x ({ (CHE/TTHE) ¢ - (7OLu/THE) ¢ x (&M =1) 7 (7OHE/THE) g o = (70 Lu/THE quur x ((eM =1) =1}, gy =1/
AxIn{ 1+ (7CHE/TTHE) g - (TOHE/TTHE py / (7CHE/TTHD g = (7CHEZTTHE py Yo ton = tow = (tow —8) X (fue =£) 1 (fee =S Srarm

=("SLu/"THE) o /(" Lu/"TH) cur - 1- *A=1.867 x10 """ /a ( Soderlund et al. 2004) ; (OLu/'"HE) ¢ (CHI/THE) 4 ;
(" Lu/"THI) gur =0.0332 ((OHI/TTHI) cyur o =0. 282772 ( Blichert-Toft and Albarede 1997) ; ('"®Lu/'" HI) ,,, =0. 0384 ('°Hf/'HI) ,, =
0.28325 ( Griffin et al.  2000) ; ("7 Lu/'"" Hf) =0.015; £, = (" Lu/"" Hf) mean crust/( " Lu/"" Hf) cuor  — L fo = fromes fou =

O Lu/ TTHE) /(T La/TTHE g~ 15t

"THf 0. 282757 ~0.283035 ey 1) : -
6.3~16.1 — - —
( Chung et al. : — —
2003; 2005; Wen et al. 2008; 2010; o 4
He et al. 2011; Guan et al. 2011, 2013) . — .
Hf 498Ma — . () — _
U-Pb (335Ma)
o ( 2010; Wang et al. 2014a) .
4 ( 4a)
4.1 o SIMS U-
386 ~ Pb 334.7 +3.0Ma

230Ma (386 ~369Ma) ( Zhou °
et al. 2008; Wang et al. 2009) . (349 ~330Ma) (2003) . (2005) . (2010)
( 2006; 2006; Zhou et al. Wang et al. (2014b) -
2008) . - (320 ~252Ma) ( 340 ~330Ma o
2006; 2006; 2007) (2002) -
(246 ~230Ma) ( Sylvester 1998; 2000; 323Ma Re-Os ; (2002) -
2006; Zhou et al. 2008) 4 o 3 K-Ar 341Ma;

N (2004) Re-Os

. 343Ma; (2010) Re-Os
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5
(a) -TAS ( Le Maitre 2002) ; ( b) K,0-8i0, ( Rollinson 1993) ; ( ¢) -A/NK-A/CNK ( Maniar and Piccoli 1989) .
(2014) ; (2002) (2004). 6. 8
Fig.5 Classification and series diagrams of the Tuwu main rocks
(a) ~otal alkalis vs. silica diagram ( Le Maitre 2002); (b) K, 0 vs. SiO, diagram ( Rollinson 1993); () A/NK vs. A/CNK plot diagram

( Maniar and Piccoli 1989) ; Data source of andesite from Zhao et al. (2014) ; Data sources of tonalitic rocks from Li et al. (2002) Zhang et al.

(2004) . Data sources of andesite and tonalitic rocks in Fig. 6 and Fig. 8 are same as in this figure

326Ma. -
340 ~320Ma ( Defant and Drummond 1990) .
o (1)
( Defant and Drummond 1990; Rapp et al. 1999; Defant et
4.2 al. 2002; Martin et al. 2005; 2005;
2006; Zhang et al. 2006; Escuder et al. 2007; Wang et al.
2008 2013; Zhu et al. 2009b; Tang et al. 2010; Jiang et
R Sr. Y al. 2012);(2) ( Atherton and
( Kay 1978) Petford 1993; Chung et al. 2003; Hou et al. 2004;
Defant and Drummond( 1900) 2005; Wen et al. 2008; Huang et al. 2009; He et al.
1 Si0, > 56% Al1,0, > 15% MgO < 3% Sr( > 400 x 2011; Guan et al. 2011, 2013) ; (3)
10°°) Y Yb(Y<18x10™® Yb<1.9x10°°) HREE ( Macpherson et al. 2006; Richards and
o Kerrich 2007; Richards 2009 2011); (4)
Si. Al Sr Y Yb o Sr/Y-Y ( Guo et al. 2007 2009; Streck et al.
(La/Yb) \-Yby ( 8o 2007; Qin et al. 2010; Zhang et al. 2013) &

o (1) MgO
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Fig. 6 Harker diagram of the Tuwu volcanic rocks and tonalitic rocks

7 (a
(b Sun and McDonough 1989)

Boynton 1984)
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Fig.7  Chondrite-normalized REE pattern ( a normalization values after Boynton 1984) and primitive mantle-normalized trace

element abundance spider diagram (b normalization values after Sun and McDonough 1989) for the Tuwu tonalitic rocks
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8 Sr/Y-Y (a) (La/Yb) y—Yb, (b) (

Defant and Drummond 1990)

Fig.8 Plots of Sr/Y vs. Y (a) and ( La/Yb) y vs. Yby(b) for the Tuwu volcanic rocks and tonalitic rocks ( modified after Defant

and Drummond 1990)

9 Ce/Yb-Ce
Zhang et al. (2006) Shen et al. (2014)
(2014) ; 5

Fig.9  Diagram of La/Yb vs. La for the Tuwu volcanic
rocks and tonalitic rocks

Data sources of andesite from Zhang et al. ( 2006)  Shen et al.
(2014) Zhao et al. (2014) . Data sources of tonalitic rocks are

same as in Fig. 5
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(a) Hf/3-Th-Ta ( Wood 1980) ; ( b) Hf/3-Th-Nb/16 ( Wood 1980) ; ( ¢) Rb-Y + Nb ( Pearce et al. 1984) ; ( d) Rb/30-Hf3 x Ta
( Harris et al. 1986). IAT- ; CAB- - ; WPT- ; WPAB- ; Syn-COLG—

; VAG- ; WPG—- ; ORG- ; Post-COLG- . 5
Fig. 10 Tectonic discrimination diagrams for the Tuwu volcanic rocks and tonalitic rocks
(a) Hf/3-Th-Ta diagram ( Wood 1980); (b) Hf/3-Th-Nb/16 diagram ( Wood 1980); (c¢) RbH Y + Nb) diagram ( Pearce er al. 1984); ( d)
Rb/30-Hf3 x Ta diagram ( Harris et al. 1986) . N-MORB-normal type mid-ocean ridge basalt; E-MORB-enriched MORB; [AT-sland arc tholeliite;
CAB-calc-alkaline basalts; WPT-within plate tholeliite; WPAB-within plate alkaline tholeliite; Syn-COLG-syn—collision granites; VAG-volcanic arc
granites; WPG-within—plate granites; ORG-ocean ridge granites; Post-COLG-post-collision granites. Data sources of tonalitic rocks are same as

in Fig. 5
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