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Abstract

The Tongshan deposit is a large copper deposit located in the Duobaoshan orefield within the northern Da
Hinggan Mountains. This paper reports LA-MC-ICP-MS zircon U-Pb age, major and trace elements, and iso-
topic geochemistry of the ore-related tonalite in the Tongshan deposit. LA-MC-ICP-MS zircon U-Pb dating
yielded the crystallization age of (461 £ 1) Ma for the tonalite. The tonalite shows characteristics of adakitic
affinity, i.e., high Si0,(62.5% ~ 64.53%), ALO;(14.77% —17.7%) and Sr (39410 %~ 804 <10 °),
low Y (7.78xX10 °~10.3x10 °®) and Yb (0.8 x10 ®~ 1.04x10 %), slight Eu anomalies, rich light rare-
earth elements and depleted heavy rare-earth elements. The zircon Hf isotope analysis shows ey () values of

11.6 to 13.5. 8*S values of sulfides are between —1.3%0 and —0.4%o, similar to data associated with mag-
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matic-hydrothermal systems. 2*°Pb/?%Pb, 27Pb/?*™Pb and 2 Pb/*™Pb ratios vary from 17.591 to 18.453,
15.449 to 15.551, and 37.280 to 37.999, respectively. The tonalite was formed in a continental marginal arc

setting, and originated from partial melting of the thickened lower crust. The ore-forming materials were de-

rived from the volcanic rocks of the Duobaoshan Formation and tonalite.

Key words: geochemistry, zircon U-Pb dating, Hf isotope, S-Pb isotope, tonalite, Tongshan deposit
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Fig. 1 Sketch regional geological map of the Tongshan deposit in northwest Heilongjiang, showing geotectonic units
(a» modified after Ge et al. » 2007) and locations of major deposits (b, modified after Han et al.» 2004)
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Fig. 4 Hand specimens or microscope photographs of rock/ores from the Tongshan deposit
a. Tonalite; subhedral granular texture; b. Tonalite, subhedral granular texture: c¢. Chalcopyrite, disseminated texture:

d. Quartz-chalcopyrite vein; e. Anhedral granular chalcopyrite; f. Subhedral -anhedral granular chalcopyrite
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Fig. 5 Representative cathodoluminescence (CL) images of zircons from the tonalite in the Tongshan deposit
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Table 1 LA-MC-ICP-MS zircon U-Pb data of the Tongshan deposit
wp/107° 206751, /238 B M
FE S B 207p/206p}y lo 07pp/2BY 1o 200pp /238y lo Th/U Pmb/ U s A
AES / Ma /%
Th U
HT1-15.1  67.9 119.8 0.0592 0.0004  0.6035  0.0040  0.0740  0.0003 0.6 460 2 95
HT1-15.2  63.9  86.5 0.0562 0.0004  0.5731  0.0047  0.0740  0.0003 0.7 460 2 99
HT1-15.3  63.1  96.1 0.0581 0.0007  0.5938  0.0078  0.0741  0.0006 0.7 461 3 97
HT1-15.4  62.1  100.0 0.0598 0.0014  0.6736  0.0177  0.0817  0.0008 0.6 506 5 96
HT1-15.5 84.5 100.1 0.0603 0.0004  0.6472  0.0055  0.0778  0.0004 0.8 483 2 95
HT1-15.6 75.1 126.1 0.0592 0.0003  0.6355  0.0031  0.0779  0.0003 0.6 483 2 96
HT1-15.7 87.6 124.6 0.0579 0.0004  0.5911  0.0046  0.0741  0.0004 0.7 461 2 97
HT1-15.8 100.6 118.3 0.0598 0.0007  0.6134  0.0070  0.0743  0.0004 0.8 462 3 95
HT1-15.9  73.5 117.0 0.0590 0.0017  0.6032  0.0210  0.0741  0.0005 0.6 461 3 96
HT1-15.10 112.3 170.7 0.0597 0.0004  0.6125  0.0050  0.0744  0.0003 0.7 463 2 95
HT1-15.11 93.3  127.4 0.0585 0.0007  0.5959  0.0081  0.0739  0.0005 0.7 460 3 96
HT1-15.12 49.3  85.3 0.0565 0.0008  0.5771  0.0098  0.0740  0.0005 0.6 460 3 99
HT1-15.13  66.2  104.0 0.0595 0.0008  0.6061  0.0090  0.0739  0.0005 0.6 460 3 95
HT1-15.14 116.2  152.1 0.0570 0.0017  0.5821  0.0190  0.0741  0.0003 " 0.8 461 2 98
HT1-15.15 57.7  89.3 0.0594 0.0006  0.6092  0.0104  0.0743  0.0008 | 0.6 462 5 95
HT1-15.16 43.2  79.3 0.0595 0.0005  0.6367  0.0095  0.0776 _0.0011 0.5 482 6 96
0.077 CIRYSEE IR GRill = (VAR S (WA R avE X c Sl A D A ]
: aaf TEE TR O/ TTHIHLAE CRAEICRE, 2007) 0 AT IN e E
o - 4 a
0.076 (n=12, MSWD=0.2) M6~ 13.5F¥MEHR 12.7CE 8« fL N
- T —0.98 ~ —0.96 2 [0), B 2 /T 882k it b 52 11
2 0,075 Ll — 0.34, Amelin et al.» 2000 ) F1 45 5T 3B 52 1
: Lw/HI
~
;ﬁ i FrwmC —0.72, Vervoort et al.» 1996), i — i Bt #12X
T0.074 e o - N
A WS T8 S YR DX A 5T A 7 5 b 2 A ek 174 B ]
CETLAR2R5E, 2007), B A HI R 28 By BB 4f
0.073 . .
W tovp N 577 ~ 707 Mas “F3MH K 635 Ma(3K 3).
DM2
7 4.4 T BEAE
00?2 i 1 1 1 1 1 1 1 L 1 1 1 1 1
0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66

:r-TPb/:JsU
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Fig. 6 Zircon U-Pb concordia diagram of the tonalite
from the Tongshan deposit

FEEA/CNK 4 1.00 — 1.23(K 2). SREE /T
51.63x 10 %~ 67.17 X 10 S Z [f], (La/Yb)y N
8.62 — 9.19, RILEM LU F W A MA R, SEu
fHR 0.96 ~ 1.09, F & & 7= 5 59 19 Hi 1E 7 5 (&
7a). Al & £ Bas U K. LasSr-Sm 0%, 51
Th-Ta-Nb-Ce-Nd-Ti 6% (K 7b)
4.3 %A Lu-Hf FfIZ

12 FEs A1 170y b/ HE A6 Lu/YTHE L AR VS
il 23 50 A 0.017 128 ~ 0.034 905+ 0.000 652 ~
0.001 282 '7SLu/VHI WAL /N T 0.002, K B X 48
B AR TE B A A B IR T8O s HE B R DRIk

6 FE AR AES ) ¥ ST — 1.3% —~
—0.4%0, “FYIME N — 0.8%0, Bt [ A7 25 43 A7 X 4] Bk
AN BE IR . Y A AL 2 B AR N 2 Ph/2% Ph =
17.591 ~ 18.453, 7 Pp/*™ Ph = 15.449 —~
15.551, 2%Ph/2%Ph=237.280~37.999(F% 4).

5 W

it
5.1 MES=s

TR ZITE 1000 Ma 1 I 46 7K TT, K RIAR
P 9KAE 700 ~ 600 Ma, £E4 JJ7 1 45 T fl AR e 2 1]
O B 5 g b KBk 2 M R fE 2 ), A S el i
KA (R4 55,1997 Wu et al., 1998; EK L4,
2003 PMEASE, 20045 Li, 20065 2= Hit 4% %, 2007; Cao
et al.» 2013). UTHEA, XF K2 U4 Hh XA [A] R AL 42
N 2 KL B A U-PhEAREE T 5T 45 SRR W, X
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Fig. 7 Chondrite-normalized REE patterns and primitive mantle normalized trace elements spider diagram of the tonalites
from the Tongshan deposit (normalization values after Boynton, 1984; Taylor et al., 1985)
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Table 2 Analyzed data of major elements (wp/% ), trace and rare earth elements (wp/10 %) of the Tongshan deposit

255 HT1-16  HT1-17  HTI1-18 HT1-20  HTI1-21 41455 HT1-16  HT1-17  HT1-18  HT1-20  HT1-21
SiO, 64.53 63.92 63.61 62.50 62.64 Ba 465 415 297 624 520
ALO; 14.77 15.15 17.68 17.36 17.70 La 10.9 13.4 12.7 13.3 12.8
FeO" 5.18 4.61 4.54 5.69 4.72 Ce 20.6 25.2 24.4 27.2 24.4
CaO 3.36 4.05 4.62 3.18 4.00 Pr 2.53 2.93 3.02 3.23 3.09
MgO 1.35 1.29 1.32 2.18 2.08 Nd 9.91 11.9 12.1 12.9 12.4
KO 2.84 3.47 1.5 3.76 321 Sm 1.82 2.26 2.37 2.62 2.46
Na,O 2.99 2.47 4.18 2.58 2.93 Eu 0.63 0.68 0.76 0.83 0.83
MnO 0.06 0.07 0.08 0.09 0.10 Gd 1.64 2.01 2.13 2.33 2.21
TiO, 0.31 0.35 0.39 0.42 0.38 Tb 0.23 0.27 0.29 0.31 0.3
P,0s 0.12 0.13 0.14 0.15 0.15 Dy 1.31 1.56 1.66 1.76 1.73
LOI 4.28 4.25 2.08 1.91 2.10 Ho 0.25 0.3 0.33 0.35 0.34
pEwil 99.79 99.76 100. 14 99.82 100.01 Er 0.78 0.93 0.97 1.01 1.03
Na,O/K,0  1.05 0.71 2.79 0.69 0.91 Tm 0.11 0.14 0.14 0.14 0.15
K, O+Na,O  5.83 5.94 5.68 6.34 6.14 Yb 0.8 0.99 0.97 1.04 1
A/CNK 1.05 1.00 1.05 1.23 1.14 Lu 0.12 0.15 0.15 0.15 0.15
Mg*® 34 36 37 43 47 Hf 1.77 2.07 1.89 1.91 2.03
Li 3.93 5.92 4.33 7.39 4.83 Ta 0.33 0.48 0.36 0.43 0.39
Be 0.91 1.27 1.03 1.07 1.05 4 3.28 4.79 7.9 5.95 3.8
Sc 8.4 8.79 11.2 10.5 10.7 Tl 0.15 0.2 0.09 0.23 0.2
v 93.7 90 112 112 105 Pb 8.02 21.4 9.54 7.85 8.88
Cr 16.3 21.3 20.6 16.3 23.2 Bi 0.719 0.701 0.369 0.652 0.387
Co 23.9 8.78 7.54 13.6 9.15 Th 1.81 2.55 2.96 2.07 2.16
Ni 8.39 8.58 10.10 8.55 12.4 U 1.98 2.72 2.52 1.8 1.87
Ga 14.6 15.4 17.0 18.0 17.0 Cd 0.191 0.342 0.181 0.277 0.176
Ge 1.13 1.25 1.33 1.24 1.16 > REE 51.63 62.72 61.99 67.17 62.89
As 3.23 2.07 1.92 1.64 1.88 oEu 1.09 0.96 1.01 1.01 1.07
Rb 45.3 63.0 22.5 66.8 53.7 La/Yb 13.63 13.54 13.09 12.79 12.8
Sr 394 543 804 546 682 (La/Yb)y 9.19 9.13 8.83 8.62 8.63
Y 7.78 9.08 9.81 10.30 10.30 Sr/Y 50.64 59.8 81.96 53.01 66.21
Zr 62.5 75 69.8 70.4 77.8 La/Nb 2.53 1.92 2.71 2.87 2.91
Nb 4.30 6.99 4.69 4.63 4.40 Ba/Nb 108. 14 59.37 63.33 134.77 118.18
In 0.054 0.065 0.038 0.076 0.036 Ba/La 42.66 30.97 23.39 46.92 40.63
Sn 1.75 2.26 2.39 1.80 2.00 Ba/Th 256.91 162.75 100. 34 301.45 240.74
Sbh 1.14 1.53 1.14 0.33 0.41 Zr/Nb 14.53 10.73 14.88 15.21 17.68
Cs 1.32 2.32 0.46 1.40 1.05 Th/Yb 2.26 2.58 3.05 1.99 2.16

e HAERALN 1.
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Table 4 Sulfur and lead isotopic compositions of the Tongshan deposit
5 BN 5*S/ %o 208pp,/204p}, 26 207pp/204pp 26 206pp,/204p}, 26 "
HT-3 BT -0.4 37.999 0.005 15.551 0.002 18.067 0.003 9.41
HT-9 HRAT -0.6 37.682 0.008 15.513 0.003 18.340 0.004 9.30
HT-10 HORRAT -0.8 37.638 0.01 15.525 0.004 18.453 0.005 9.31
HT-18 TR -1.1 37.866 0.003 15.521 0.001 17.951 0.002 9.36
HT-19 BT -1.3 37.280 0.005 15.449 0.002 17.591 0.002 9.27
HT-19-1 ERN -0.7 37.500 0.008 15.485 0.003 17.691 0.004 9.32
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Pk PRI R AL I A D S o 28 BT IR, MR 98 i
55 B 3T 10, oty S 90 A K 2% 22 I 3 [X A7 A
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Fig. 8 Plot of (2 versus U-Pb ages for the

tonalite from the Tongshan deposit

S AFAE R IR (1 0 AEARCA AR 3 (Guo et
al.» 200900 K 2%22 06 R0 e H AR08 b o H BR
T ZERFAE ) A B K B AR B 2 R e M e 22
#+(SHRIMP #i47 U-Pb 464 428 ~ 467 Ma, X2
—48,2003) F1 A K48 XK 77 28 (SHRIMP #5 4 U-Pb
SRR N 464 ~ 490 Ma, A1 EA7 55, 2004), 1% X A7 4E
T AR AR S AR A0 e AE T (Jian et al. s
2008). Ge %5 (20055 2007) 75 K 26 22 W AL AR I T
o AR A (LA-ICP-MS %5 £1 U-Pb #4480
~ 494 Ma)FI1E X IN K 75 (SHRIMP #5 4 U-Pb 6%
h (485 +8)Ma), Ay dr A AR DX 3 & A= T A i
T 9 B L I B v Ak e R T e A5 (2003)
Pei %5(2007)F1 Miao 55(2007 )7F —LE iR A8 i 224
MR T H AR KA. REAEQOIIXK
MW AL BUR A B U-Ph SR AT T 4k,

S 2 ) 5 I A AR DR B R B

B LA PR 0% 25 N A AR A T K 2% 22 18 A6, B
BT B, A AR RS R A J0 % (W RbBa
FTSe), M+ o6 3 B IA R B RY, A 5 B R )
G E (W Tis Nb A Ta), &7~ B8 5 1 La/Nb
(1.92 ~ 2.91).Ba/Nb(59.37 ~ 134.77)-Ba/La
(23.39 ~ 46.92).Ba/Th(100.34 ~ 301.45).Zr/
Nb(10.73 ~ 17.68) LA AL Th/Yb EEAE(1.99
~ 3.0 KM w(TION(< 1% ), HA M IREE R 47
I 1 BR AL 2% FF AE (Kelemen et al., 1990;
Hawkesworth et al.» 1991; Woodhead et al.» 1993;
Pearce et al.» 1999; Stern,» 2002; Zhou et al.s
2004, Ti~Nb~Ta 51 53 % & HREE 77 #iW 7= # 4
IR RN &0 WA AT A4S0 W)
588 (Green et al.» 1986). #E Yb-Ta K& (& 9a)
H B 23 DR i T N KL SIAE B 2 DI 7R Y-
Nb EH#ECE ob) i, F: i & N K LRI Rl 4 A2 1) 7
X3k, 75 R1-R2 B 9e) 1, B i ¥ AR B Al fiit
HUPX I, 75 Nb/Yb-Th/ Yb Elf# CE 9d) 1, #F 5l & A
KBEORR . ZfA DX IR 35 25 R AL TR, AR A
A AT IR 25 N KA T T KBt i 2R B
5.2 EARMRERX

Bk w4 & Defant 45 (1990) WFFURT ¥ H1HE 1
B A AR R S8 I Rl 2R 0 KL IR SR R
T, T MEHS Btk Ak 22 e i — & g vk
KA FUZ N A A G2 L 2 A
APENKE LR IN K S A K T K
IR AE B2 4, JLHERAb 2% 47 & 2 w0 (SI0) =
56% » w(ALO;)=15% » w(MgO) <3% > Na,O/K,O
>2.4,Y MIEFH 0% (HREE) & K (o (Yh) <<
1.9%10 %2 w(Y)=<C18x 10 ), i SrCR 2 4 >400 x
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Fig. 9  Tectonic discrimination diagrams of the Tongshan deposit
(a). Yb-Ta diagram Cafter Pearce et al. » 1984); (b). Y-Nb diagram Cafter Pearce et al. » 1984); (¢). R1-R2 diagram Cafter De La
Roche et al.» 1980); (d). Nb/Yb-Th/Yb diagram Cafter Pearce et al. » 1995)

1079, — M B A EH 0 D3R A s 5704
W SR, HAT R M ER AL 2 R AE L 5 0 e e
RlIC 5 FR) o A T A R A 32 9 B it Cadakitic) 7
(Castillo, 20065 2012) . HILA KK N KA ERT
5350k v 7 A S, ) #h BR AR 22 R AE, 0 (SI0) N
62.50% ~ 64.53%, w(ALOy) K 14.77% ~
17.70% > w(MgO) A 1.29% ~ 2.18%, w(Sr) A
394x 10 %~ 804 X 10 %, w(Y) N 7.78 X 10 ° ~
10.3%107%, w(Yb)H 0.8 X107 %~ 1.04 <105,
B tooRE A, B 0R TR, BRI Eu
5 (SEu=10.96 — 1.09). £ Sr/Y-Y Kl fi# (K

10a)#1 (La/Yb)n-Yby EIf#CIE 100, 9t = K
FE SR THRIE T Xk

1 Si0,-MgO P g CEL 1), 4 L™ IR 95 2= [
KR Bl V& N JEL T Hb 7 Jo Rl R BT 3520 v BT
DX, 8 3 A oot I 30 O e 2 Rl T ol PR 15 0K o 2 [X
K& B 5¢ ( Smithiess 2000; Defant et al.,» 2001;
2002; Xu et al. » 20027 BH , I i 52065 Bl i 1 35
IR T PRUT T M7 I UYL R0k v U S B
BRI MgO & &, & B T v 52 MR L T Mot
P8 Rl AT 05 A 2k T R S R v s A B b g A
MiE RAET RN, FEUR R MgO FIAHZ 70 % (Crs
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Fig. 10 Sr/Y-Y (a, after Defant et al.» 1990) and (La/Yb)n-Yby(bs after Martin, 1999) diagrams discriminating

between adakitic and classical arc calc-alkaline compositions for tonalites from the Tongshan deposit
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Fig. 11 MgO-SiO; diagram for the tonalites from

the Tongshan deposit
Fields of subducted oceanic crust-derived adakites after Defant et al. »
19905 2002; Martin, 1999; Delaminated lower crust-derived adakitic
rocks after Xu et al.» 2002; Field of thick lower crust-derived
adakitic rocks after Atherton et al. » 1993; Muir et al. » 1995; Johnson
et al.» 1997; Xiong et al. » 2003; Wang et al. » 2006
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iKY Mg™ (34 ~ 47, ¥{H A 39O A K LK & &
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HBR AL 2F AR IR 05 25 I 5 R 1 T3 J5E T b 5 1
Sy — RN, g s Rl AR SiO, T
A5 T H 2 o IR R AT BR 1), AT IE ey (oM
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A PRI b 53 ) IR S 23 44 R (M AT 45, 20055 BE
PR BEEE, 200700 i LT IR 98 2= N KA 1 HE R4 3%
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BEL ) T e 0 AL P 556 1 s i R ASE R I A i tH (Kay et
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Fig. 12
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1997; Sajona et al., 1998; Bellon et al., 2001; O-
yarzun et al., 2001; Defant et al., 2002; Mungall,
2002; £ #4955, 2005 P 5% B AR, 20065 X1 & KA,
2012; MR BH 55, 20125 B 45, 2014)« Thiéblemont
99D G T 48K 43 > AusAg~ Cu~ Mo Kl A
IR FIBEA IR, RILIL P 38 NSk Tis
O, S K 5 6 Cu-Au-Mo B 44 FLR 7 1]
W YE . Sajona (1998 WL T HEAE = (M BE A
A RN AT il R IR, R 14 NIRRT 12
ANEIRIE W E A O ATk, [ 2 A R
TIRZ 5 Cu-Au-Mo-Ag-Fe I 3% U] JL AR [ 3218 v
Jig IR AR, 20045 T3 55, 20035 2008 W 8 A5,
2012; 42855, 2013; MR 1755, 2014). RIS w
AR SO 1) D%l DR 3% 5 350K o T I A I A AR
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