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Abstract

Jiaodong Peninsula is the largest gold Province in China. How the huge amounts of gold were accumulated
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in such an area is still controversial. Pyrite is the most important Au-carrier mineral, the elemental and isotopic
compositions of which, coupled with its microtexture, can well record the specific ore-forming processes and the
origin of Au. In this study, SEM, EPMA and LA -(MC)-ICP-MS analyses were conducted on microtextures as
well as As contents and S isotopic compositions of pyrite from the giant Sanshandong gold deposit. The results
show that at least three types of pyrite occur: (D Low-As pyrite (Py-1) in the Au-bearing quartz-pyrite vein, which
shows metasomatic relict texture. Under the BSE imaging, a dark relict core (Py-1a) is surrounded by a grey rim
(Py-1b). The Py-1la has As contents of 48x10°~524x107° and 'S values of 10.4%0~10.8%o while the Py-1b has
As contents of 183x10°~1134x10° and §S values of 11.6%0~11.9%o0; (2) High-As pyrite (Py-2) in the Au-bear-
ing quartz-pyrite vein, which shows rhythmic zoning texture. Under the BSE imaging, the pyrite has a dark po-
rous core containing abundant mineral inclusions (Py-2a) and a bright clean rim (Py-2b). The Py-2a and Py-2b
have As contents of 0.14%~0.31% and 0.47%~0.97%, respectively; (3 Pyrite in the Au-bearing quartz-polymetal-
lic sulfide vein (Py-3). This pyrite is characterized by core-rim texture, showing a dark As-poor core (Py-3a) and
a grey As-rich rim (Py-3b). The Py-3a and Py-3b have As contents of 1x107°~10x10°and 8877x10°~17839x10°°,
5*S values of 4.2%0~5.8%o and 7.7%o0~10.1%o, respectively. The slight increase of As and ™S from Py-1a and Py-
1b was most likely induced by fluid-rock interaction. The rhythmic zoning texture of Py-2, coupled with its mine-
ral inclusion-bearing and porous core, likely suggests a fluid boiling. The contrasted As and 6**S values between
the Py-3a and Py-3b indicate the injection of another As-rich fluid. The above processes facilitate the As and Au
to be further enriched, implying that complex ore-forming processes and multiple origins of ore-forming metals
contributed to the giant gold mineralization. Especially, the fluids extracting ore-forming metals from wall rocks
cannot be ignored.

Key words: geochemistry, In situ analysis of pyrite, microtexture, enrichment mechanisms of As, sulfur

isotope, Sanshandao gold deposit, Jiaodong Peninsula
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Fig.1 Simplified regional geological map of the Jiaodong Peninsula(modified after Fan et al., 2003 and Wen et al., 2016)

1—Quaternary sediment; 2—Early Cretaceous granodiorite; 3—Early Cretaceous granite; 4—Early Cretaceous volcanics; 5S—Late Jurassic granite;

6—Late Triassic intrusion; 7—Paleoproterozoic Fenzishan/Jingshan Groups; 8—Late Archean Jiaodong Group; 9—Late Triassic UHP

metamorphic rock; 10—Major fault; 11—Jiaojia-type gold deposit; 12—Linglong-type gold deposit
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Fig.2 Simplified geological map of the Sanshandao gold deposit (a) and geological profile along the No. 96 prospecting line in the
Sanshandao gold deposit (b) (a, b modified after Wen et al., 2016)

1—Quaternary; 2—Early Cretaceous granodiorite; 3—Late Jurassic granite; 4—Late Archean Jiaodong Group; 5S—Metagabbro;

6—K-feldspar alteration zone; 7—Sericitization zone; 8—Orebody; 9—Fault and its number; 10—Geological boundary; 11—Inferred geologic

boundary; 12—Borehole; 13—Borehole number/elevation/m;14—Depth of borehole; 15—Sampling location
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Fig. 3 Hydrothermal alteration and mineralization characteristics and microphotographs of ores from the Sanshandao gold deposit

a. Smoky Au-bearing quartz-pyrite vein crosscuts sericitic alteration zone; b. Au-bearing beresite; ¢. Quartz-polymetallic sulfide vein crosscuts Au-

bearing quartz-pyrite vein; d. Quartz-polymetallic sulfides crosscut the altered wall rock; e. Pyrite, gold and electrum is located at the fractures of the

pyrite from the quartz-gold-pyrite vein; f. Electrum occurs as mineral inclusions in the pyrite from the quartz-polymetallic sulfide vein. It coexists

with arsenopyrite. Pyrite also contains polymetallic sulfides inclusions, including chalcopyrite, galena, pyrrhotite and arsenopyrite

Abbreviations: Ank—Ankerite; Apy—Arsenopyrite; Ccp—Chalcopyrite; El—Electrum; Gn—Galena; Py—Pyrite; Qtz—Quartz
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Table 1 EPMA major and trace element contents of pyrite(Py-2) from the Sanshandao gold deposit (w(B)/%)

e JsHl Fe Ni Co Cu As S Au Ag Pb Bi ¥l
796-3-73-1 Py-2a  46.39 0.10 0.05 0.14 51.75 98.43
796-3-73-4 Py-2a  46.12 0.07 0.1 53.01 99.30
796-3-73-11  Py-2a  46.20 0.07 0.06 0.16 52.51 99.00
796-3-73-5 Py-2a 4538 0.26 0.1 0.28 52.47 98.49
796-3-73-7 Py-2a  46.56 0.06 0.31 52.39 99.32
796-3-73-2 Py-2b  46.05 0.38 0.04 0.84 51.69 99.00
796-3-73-3 Py-2b  45.69 0.04 0.06 0.47 5221 98.47
796-3-73-6 Py-2b  46.02 0.35 0.08 0.76 51.87 99.73
796-3-73-8 Py-2b  45.84 0.11 0.06 0.97 51.75 98.88
796-3-73-9 Py-2b  46.12 0.13 0.06 0.48 52.09 98.88
796-3-73-10  Py-2b  46.38 0.20 0.05 0.58 52.17 99.38

TE AR TR IR, R AR ) - 1871m,
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Fig.4 BSE images of pyrites having different As contents and microtextures from the Sanshandao gold deposit

a. Low-As pyrite (Py-1) from the Au-bearing quartz-pyrite vein, in which Py-1a is metasomatized by Py-1b; b. High-As pyrite (Py-2) from the

Au-bearing quartz-pyrite vein, which shows rhythmic zoning. The Py-2a is porous and contains more mineral inclusions than the Py-2b;

c. Pyrite containing widely varied As contents (Py-3) from the Au-bearing quartz-polymetallic sulfide vein, in which Py-3a contains

numerous sulfide inclusions while the Py-3b is much more clean. Abbreviations are the same as those in Fig. 3
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Table 2 LA-ICP-MS trace element (w(B)/10™°) and sulfur isotopic compositions of pyrite from the Sanshandao

gold deposit
J=853 KEEHEE/m KR Co Ni Cu As Ag Au Pb Bi 83Sy.cpr/%o
796-3-82-1 Py-la 524 0.05 0.04 10.3
796-3-82-2 Py-la 125 523 7.39 0.12 31.5 34.9 10.8
796-3-82-3 1005 1 Py-la 0.05 48.5 0.13 10.4
796-3-82-4 Py-1b 1.76 0.5 5.41 1134 7.64 0.17 73.1 427 11.6
796-3-82-5 Py-1b 0.21 2.76 183 1.93 0.14 6.91 7.47 11.9
796-3-82-6 Py-1b 0.86 10.7 185 2.02 0.04 48.6 10.2 11.6
17SSD01-3 Py-3a 1.64 0.39 1.11 0.74 0.02 5.8
17SSD01-4 Py-3a 0.51 0.56 123 9.54 0.84 2.51 42
17SSDO1-1 -120m Py-3b 5.04 0.94 8877 0.48 1.10 8.8
17SSDO01-2 Py-3b 0.40 0.54 0.82 12238 0.75 1.18 7.7
17SSDO01-5 Py-3b 12.6 125 0.80 17839 1.16 0.06 10.1

T ORI TR IR

L4 B ikt , 76 BSE B4 b iR A% h 454, H
1 Py-3a ARG (Bl , & 3 2 a Ak ) B 2 AR (i
R NFERT A ) s Py-3b I FRAT AR ECSE
iR — AR YA 2 A (18 4c.d) . LA-ICP-
MS J3 7 , Py-3a 9% As, w(As) N 1x1076~10x10°°,
Ifii Py-3b & As, w(As) N 8877x107°~17 839x1076
(%£2).
32 EHTWEXSREAMEHE

(K Py-2 FURi /N, KR BE AT LA-MC-ICP-MS fiit
[W . 24387, Py-laff) 84S {H N 10.4%0~10.8%o, Py-
1b 4 11.6%0~11.9%o , Ji 77 W = , AEL VA Wi 355 22 031) (3%
1), Py-3alt 84S N 4.2%0~5.8%o0, Py-3b 14 534S {H
H7.7%0~10.1%0 , —F FHZEER(FK2) 6

4 T B

41 HEHHRV BRENEAsEENE

B WA ZE T 2ME R B TRR
I DA R 2 i 2544 (Reich et al., 2005 ; Large et al.,
2007 ; Cook et al.,2009; Deditius et al., 2014 ; Peterson
etal.,2014;Roman et al.,2019; Hu et al.,2020b) . il
As.Co Ni Hl Cu %5 JC R 7E 8 B Hh (19 7 ik i 45
157, A3 2R 7E BSE MR P R AN [RI B A /45
(Reich et al.,2013) o AN[A] By 4% b S50 IR AT LA
B A AN ) R G 4, ot b AR e b g s ke
W5 R TER MR E AR ST, ™ i e
WHNHIE-E AR RV LT Z LS5 MY ) 60 2
A& FHXF B Co Ni, 3% As.Au.Ag.Cu Fl Pb, i 7E i 15

MR R HIR-AE , A Z L4 Y
fIZEA B As.Au.Ag.Cu 1 Pb, %% Co FINi, ix T [
T IV P05 T A B - A2 254 R 210 2% Ak (Romén et
al.,2019).

AWEFE R, Py-1a Fl Py-1b 43847 B 5k /) R4 45
Ty B A AR D SR 4 R A B A AR E L TE
BSE BUZ R K 1Y) 52 FE 22 5 1T B2 i A ) oy 5 ke
(), XA 5 As it F0 S R R ALK ) 2 FF. M Py-1a
F| Py-1b,w(As) M 48x106~524x 10625 fk, 55 183x10°~
1134 %107, 3348 {H M 10.4%0~10.8%o0 72 1t ZE 11.6%0~
11.9%o0 , H A Rt i) T+ 5 (Bl Sa~c) o Bt iy I w48
7~ T AIX R E L 7R, 455 Py-1a Fil Py-1b Z [H] 4 28
REBR KR, — Dl RER i FE 2, Py-1 FEDLTE T 2
e, AT IE A9 Py-1a 85 J5 1R I Ak i S 52 4R
JE W Py-1b, 1 T J5 WK 22 7 T 58 2 (07K E A BAR
FH BOR Y As & R 8MS (EIZE W T 5, S5 Py-1b
FA XA = i As FI8¥S{H .. L b, &5 HRsE
HAREMEEA SR AsEE AvE LR T RS
[F) 37 28 20 B T v ZE BB G T L R R A R
KL 4 5 7 (Tichik et al., 1997; Emsbo et al., 2003;
2006; Cline et al., 2005; Kesler et al., 2005; Large et
al.,2011) ., WL, Py-1 7 As &R Akl e 21T
BONFES HARE K S AH EAEA

Py-2 K& WA, R 2 Y Py-2a /R £
LA K w Y2k (& 4b) , 5 ML AL %
Sl T UTTE MY BB B AR R A ARALPE | g 7 L mT
RETE BT 1 25 F T B DO E , DTTE S R v 4 28
2= 2 CAn e ) AR 5 28 Ak ] S 8O Bk B A%
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Fig.5 The covariations among microtextures, As contents and 6**S values of different types of pyrite from the Sanshandao
gold deposit
a. Optical microphotograph of Py-1 from quartz-Au-pyrite vein; b. BSE image and analytical positions of As contents and &**S values of Py-1 in
Fig.5a; c. Plot of As contents and sulfur isotopic compositions of Py-1 in Fig.5b; d. Optical microphotograph of Py-2 from quartz-Au-pyrite vein;

e. BSE image and analytical positions of As contents of Py-2 in Fig.5d; f. Plot of EPMA As contents of Py-2 in Fig.5e; g. Optical microphotograph
of Py-3 from quartz-Au-polymetallic sulfide vein; h. BSE image and analytical positions of As contents and 5**S values of Py-3 in Fig.5g; i. Plot of
As contents and 5*S values of Py-3 in Fig.5h. In Fig. 5b, e and h, the small circles represent the analytical spots of trace elements,

and the big circles represent the analytical spots of sulfur isotopic analysis. The abbreviations are the same as those in Fig. 3

i I IE B (Velasquez et al.,2014) . 55 48, il i 4 THE R (& 5d~F) , ZIAPIIRE As AR H-BE & 1)
A W FPoC ZAE U TE (Romén et al., 2019), [ As BN & 4. WFIE R, B0 P As &
Bt B ) Y AL PGB SR T A OBE R BT SRR YA OC IR EE R As % i B IK (Dedi-
FR AR TR B ol T 1 Py-2b (&1 4b) . tius et al., 2014; Xing et al.,2019) . 2 Z , B iR ¥
Py-2a fll Py-2b ) As & it Y480, 0 Bl oM 0.14%~  BIRRAK, H 209 As E A BERT S A% , AT BOE &
0.31% f10.47%~0.97% (% 1) , N Py-2a | Py-2b B Ff  AsHYEERT . [HIL, M Py-2a 3| Py-2b, As & i i 7
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15 A 5 AT A R v TR A G, B A
Xof ELAS e TR AR e A W T 2 AL 20 I
BRI Py-2a, Bl 5 RE 5 19 T AE QIS R RBAIG ) S i 1
YERIBYZE R, As T Z 3 A JEE & As H T
1) Py-2b, Wb AR FH AR I AT FE e R IO= AA
WAL R R A IS, IR AR oAb 4
WA R, MLIFQOTELET & EMEL AL
FLEEH, R As BIRIEE (0(As) N 0.4%~3.9%) , $5
N i R R AR R U AN TR L R, R T ARk
SER IR A B . L, Py-2 LS F As
(R7AE Ak T REIR 1 T s A RN B2 R iy b Il 42 1

Py-3 ELAZ 454 , 00 Py-3a & 0 £ 0 W)t 244K
MR Py-3b 8 R “ 117 (K 4c.d) , [A] 5 Py-3a Fl
Py-3b 7F As 7 i Fl1 6MS i 7 1 B A7 i % 2 & (A
5g~i),Py-3a %% As(w(As) N 1x1076~10x107¢) Ik 638
{H (4.2%0~5.8%0) , Py-3b & As (w(As) A 8877 x 107~
17 839x107) . 5 8**S 1 (7.7%0~10.1%0) , B W48 /8 T
PR R B A . 23 As AR 83S A A AR RF-AIE 15 8
PUAC 2B I B IR AARAR AL, T a As 5 84S {H
DI AR 25 /0 AH S A 7R I AR — 6 4 rh g U3
H . N Feng %5 (2018;2020) & IR i 45 5 5 74 . K
T4 PR E As(w(As) N 0.4%~2.5%) | = %S
1H (>8%o0) BLERH™ , $2 Hh i AR AE E R i FE b 5 5
As R TURUE & A T KA EAE ] 20T H A )
SHIAs A5 B w48 . KUK, Py-3b 1 As 145 4 A
AR REZ I TN & As AR mA

PLEZERFW], =10 B0 ke h 2077 3
Tt As & BEML , — e o 22 0 2K AR B AR A8 3
RS20 5 4 As, N DLTE I B0 BR T R T2 T & Ass,
X5 = A TR B AR R A ) Hl SRR A A
AF 5 R A TR EE T A A ARG PR o R
f87 As ' SEAEAIXT I ITOE R Bk v, a9
SR, AR AR S RS DU AR A R L H
Jriis b 5t R A AR A SR AL A (A&l i R &0
B 5K |, 3 AT B 5 AN Rl 1 A2 9 0y ) A8 A A
oK, FEAFD SR 5 B A v] & AR AR S VE T —
AR E AsTRARIITEA o HLEI—F87% B it (4 mT g 4%
SRl v A B T 2R A B A X AT AR DA e A
ferom & A ALH AR T A RIZL R L R T A
TEA KA A T 28 5 e A= L) = e s 5 e
YEKAN A AT A O T AR AR A P
42 XNEFWIEAMIETR

W 7R 4 0 AT U AR A P AR R (32 B 250~

350 °C) KERE (w(NaCl,)<10 %) . & CO, ifi {4 (Qiu
et al.,2002;Fan et al.,2007; Goldfarb et al.,2014) , Au
Al fig 3 2 DL Au(HS), % & ¥ JE LiE % (Benning et
al., 1996; Stefansson et al., 2004; Williams-Jones et
al.,2009; Yang et al., 2016) . Py-la Fl Py-1b 2 52X
BRAR G  IEAR KAR B EAR/R T — AR KA A
HAEME R, X S A s B AL — 2, KA A A
YERI SR Yy BAL 7 25 122 4L, S 2L Au(HS), 25 5 W)
KFa, WITUTHE Aus Py-2a Fil Py-2b /s B 3R
Py-2a & Z LA FIF H s &0 P e 20K, T RETR /R
TSI AR A R B T A 19 AR TR
U AL 2 SRR AL X MR A S B Au(HS), 4%
BY PR AR T TN, X 7E A S kAL L3R
B A5 Kk, Py-3a5 Py-3b 03 T 2 Bl [H] )
WA 878 AR 1 B ) A S B — R I, 7] e
AT — G — M RER IR ) B AR i e v [
HYRA TR . (IR R As HA PR AR,
Ass 5 AuF YA (E 6) , As 195 42 T 8 A Au 1Y &
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Fig. 6 Correlation between As and Au in pyrite from the

Shanshandao gold deposit
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