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Abstract

The Yinan skarn-type Au-Cu-Fe deposit occurs at the contact zone between the Yanshanian intrusives and the Neo-Archean-
Cambrian sedimentary rocks. Hydrogen and oxygen isotopic geochemistry shows that the early ore-forming fluids of the anhydrous
skarn stage ( I ) and the hydrous skarn-magnetite stage (Il ) were mainly derived from magmatic water, whereas the late fluids of
the quartz-sulfide stage (Il ) and the carbonate stage (IV) came mainly from magmatic water mixed with small amounts of meteoric

water. Various types of fluid inclusions, which include mainly vapor-or liquid-rich two-phase aqueous inclusions, daughter minerals-
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bearing multiphase inclusions and CO,-H,O inclusions, subordinately liquid inclusions and vapor inclusions, and minor melt inclusions,
are present in minerals of different stages. The homogenization temperature of the aqueous fluid inclusions decreases from stage I
(520~4307T), through stage I (430~340C) and Il (250~190T ), to stage IV (190~130C ). The coexistence of melt inclu-
sions with simultaneously trapped vapor- or liquid-rich two-phase aqueous inclusions and daughter minerals-bearing multiphase inclu-
sions in garnet and epidote of stages I and Il suggests an immiscibility between silicate melt and hydrothermal fluid. In the quartz of
stage [, the aqueous fluid inclusions with various vapor/liquid ratios (< 10% or >65% ) commonly coexist with simultaneously
trapped liquid inclusions, vapor inclusions, daughter minerals-bearing multiphase inclusions and CO,-H,O inclusions, and different
kinds of fluid inclusions have similar homogenization temperatures. This indicates that boiling extensively took place at stage . It is
thus suggested that two kinds of immiscibility occurred in the process from magmatic crystallization and differentiation to hydrothermal miner-
alization in the Yinan ore deposit. The earlier immiscibility between silicate melt and hydrothermal fluid caused the escape of ore-bearing fluids

from the magma, whereas the later immiscibility between gaseous and liquid phases (boiling) resulted in Au-Cu-Fe mineralization.
Key words: geochemistry, immiscibility, boiling, fluid inclusions, hydrogen and oxygen isotopes, Yinan Au-Cu-Fe deposit,
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Fig. 1 Simplified geological-tectonic map of western Shandong Province (modified from Li et al. , 2007)

Depressions and fault zones: PY—Pingyi depression; SS—Sishui depression; DX—Dawenkou-Xintai depression; TL—Tailai depression; HM—

Huimin depression; DY—Dongying depression; ZH—Zhanhua depression; CZ—Chezhen depression; F1—Fengpei fault; F2—Liaocheng-Lankao

fault zone; F3—Qihe-Guangrao fault zone; F4—Mengshan fault; F5—Wensi fault; F6—Xintai-Duozhuang fault; F7—Taishan-Tongyedian fault;
F8—Chennan fault; F9—Enan fault
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Fig. 2 Simplified geological map of the Tongjing (a) and Jinchang (b) ore districts in the Yinan Au-Cu-Fe
ore deposit (after Gu et al. , 2008b)
1— Quaternary; 2—Gushan Formation of Cambrian Jiulong Group; 3—Zhangxia Formation of Cambrian Jiulong Group; 4—Mantou Formation
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of Cambrian Changqing Group; 5—Zhushadong Formation of Cambrian Changging Group; 6—Dioritic porphyrite; 7—Quartz dioritic porphyrite;
8—Monzonitic granite; 9—Granitic porphyry; 10—Hornblende granitic porphyry; 11—Geological boundary; 12—Fault and its serial number
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Fig. 3 Sketch geological map showing the relationship between strata and ore bodies in the Yinan Au-Cu-Fe ore deposit
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Fig. 4 Typical ores and mineral associations in the Yinan Au-Cu-Fe ore deposit
A. Banded garnet-epidote-magnetite ore, tunnel face; B. Au-bearing magnetite-chalcopyrite ore; C. Fractured garnet-magnetite ore cemented by

chalcopyrite and penetrated by later calcite veins; D. Magnetite fractured and cemented by quartz and calcite, which were both penetrated by later

calcite veinlets; E. Brecciated quartz-chalcopyrite ore; F. Anhedral native gold at the edge of pyrite or between pyrite and quartz, reflected light,
plainlight. Gr—Garmet, Ep—Epidote, Mt—Magnetite, Cpy—Chalcopyrite, Py—Pyrite, Au—Native gold, Qz—Quartz, Cal—Calcite
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Fig. 5 Typical fluid inclusions in the Yinan Au-Cu-Fe deposit
A. Coexistence of vapor-liquid two-phase inclusions with liquid inclusions and vapor inclusions in quartz; B. NaCl crystal-bearing three-phase inclu-
sions in quartz; C. Multiphasc inclusions with different daughter minerals in quartz; D. Multiphase inclusions with two kinds of daughter minerals
in epidote; E. CO,-H,O inclusions and liquid inclusions in quartz; F. CO,-H,O inclusions, two-phase inclusions with various vapor/liquid ratios,
and liquid inclusions in quartz; G. CO,-H,O inclusions, vapor-liquid two-phase inclusions and liquid inclusions in quartz; H. Coexistence of melt in-
clusions with NaCl crystal-bearing multiphase inclusions in quartz, two-phase inclusions with various vapor/liquid ratios, and vapor inclusions.
VHZ()~Vapor H,O, LHz()—Liquid HZ(),VmZ*Vapor COy, LUOZ—Liquid CO, ,H—NaCl crystal, H—Hematite crystal, Cpy—Chalcopyrite crystal
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Fig. 6 Histogram showing homogenization temperatures(A), melt temperatures of daughter mineral halite(C) and
salinities(B.D) of fluid inclusions from the Yinan Au-Cu-Fe ore deposit

AR R EE B w (NaCl,) M 42.6% ~57.1% (717 48.0% ;

NaCl T fREAGIR B (2,,) B8 T34 M ABOK BB AR —

R, ERERRNE, & NaCl FRNZHEERAENRE  BE (R D, XRUXEE T ROLZHOEERRNE—
BTN THGH K, R)E NaCl T REKBRH—, T H AT NaCl 30 K97 B (NaCl T8 + $h7k % ; Cala-
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gari, 2004) , FCHIFRERE A Y LA A ROK B R Y
_‘ﬁg(th)o

Besh , A CO,-H0 Z B ERAERH T - 58.2
~=57.1CHHB I CO, =M &, BAL T2 CO, =M AR E
(-56.6C), RILEEPRE CO, b, THIEA CH, 1LS
SEEVEH Sy, MEZFHTIE, K8 CO, BAYHIMILRE
H4.7~6.9C ;REMLEAE, CO, KWMMMHM Y —AK
HH, B — R 25.4~29.3C (£ 1), #Hi8 O, &YW
FEALIR E FIER S B % 2R (Collins, 1979) , 3545 5 f0 38 PR Eh AF
w(NaCly,) M 5.9% ~9.4% , P85 8.1% , SRFAE DS
BOKOEARK SR BT R ARG MR E KRB G D,
3.4 S EFEMAEAN

T RPRRAF BT B AW Y & RO R A A
UK E R BRI RE R NE 2, BET Y5 KH
AR R VEME S BN UERY —BE T EREERT R
R E R R R B TR 2 HBHRRANFRAN.O 8
257K : 1000lna = 0.75 X 10T 2 — 8.0 (0O’ Neil et al.,
1966) ;@ AR T 41-7K: 1000 Ina=1.14 X 106 T2 = 3.70 (s
BK%,1982); @ BEZRH-/K: 1000 Ina=2.88 X 106T "2 —
11.36 (B K R 5, 2000); @ J5ffA-7K: 1000 Ina =2.78 X
105772 -2.89(0’ Neil et al. ,1969), # 2 FAETH LK,
T iRA TG BUR B R R — R i Y SBUK B B R —
ROV BME, B VRERT MTE BIR BB & th 5 HALAE
MEF A BUKOEEY —ERENEHE

4 ¥ #
4.1 B FEEE

TR KA F G BT IR AR RYE

PHEM T R MAREAHEANEEER. ARTHES
BB 1Ry 1AL 1 TR B 8% Ou ofH (6.8%0) 1 3Dk 0
BH(— 73%) A FIEW A K (580 5.5% ~ 9.0%, 3D
— 80%0~ — 40%o0; Taylor, 1974)TLE W (& 7). BH F5-RE
By BRI M-SR MGy 4 AR RHRELEK,
80 oft B — A FE i R 11.6% 51, HoA 3 A FER B T

7.9%0~ 8. 3% , B L IRKFFAE ; 8D, ofE R FLAS F 2
KA~ 112%0 ~ ~ 82%0, 5 T BN (1985 ) & S 44 F1 k-
HRFNERERNBREE XK AKNEE R EHER (D
= 110%0~ — 65%0, 80 6.0%0 ~ 9.0%0 ) AL, 72 HH It 9 BE 1%,
T WD EBRATK, BREERAE LB RKBAR T 88,
FRIE T BN (1985) HIE X, BITHIR A 5 KK &2 HFRAK (K
SRR K ) IEFRE PR i R M SR, AR Bl R
BRIBE AR ARk, WHREGER KBTS E
VBEE L I SO ER S I 5 A R A 7RV BT (PR A R A
REZBAERD ST BT ER 6 5 KK A (R BN,
1985), SHIHIBAER KL, HFEEREAERKERE
D, N MMM EF VR G EX MR P IRENEET 55
BT HY 8Dy of A K MZELTE . Z A F-FAYBrB (1)
TR ER R B BE (IV) , A AR 3D off ( — 87%0 ~ — 67%v)
PREHRAKFRAE, 1B 8O off (—2.9%0 ~ — 0.4%) 1 B4R
fi%, Bas B B30 BB MRS REK T BIRFHE, KU
B BB B TR N A K 5 KR RBEK IR G B

VIR R SR A R RN R AR RS, —
AT B YR AT KR SRR, HS E A S
BB R AR &R RRT AR LUE KK £, A X
SREKIBARSERE-B(E2,B 7). £E Elkhorn &5
RSB F 4 By BURA WK 8 O o AT 7.6% ~
12..9%o , 3Dy, ofEZEA T — 63%0 ~ — 54%0 (Bowman et al. , 1985);

x® 2 AEEFET KPRETINS . ERAFAR (SMOW)
Table 2 Hydrogen and oxygen isotopic compositions (SMOW) of hydrothermal minerals from the Yinan Au-Cu-Fe ore deposit
VTR TN T/ BB 3%0p5/%0 Dyy,0/ %0 80,0/ %o t/C BAEEB
KG16-9 aTA1 5.4 -73 6.8 430 A3
KS10-12 Wyl 4.6 -107 8.3 340
MW280-Bl w1l 4.6 —112 8.0 330 .
KG16-9 || 2.2 -82 7.9 300
KS10-2 gy /N 6.0 -84 11.6 290
5 HEE/M 8.1 -87 -0.4 260 RS, 199%
KS10-10 JFifea /N 10.55 -7 -2.9 140 .
$10-8 Hga/N 12.70 -67 -2.4 120
FREFRDILEHY R HE/M -69~ —62 6.9~10.7 380 B4, 2007
AETAET Y/ 7.0~15.4 -5~ —-108  5.1~10.7  260~720
g 6.6~8.4 13.5~15.9  350—400 .
B M E LY K aEJiRA /N 14.6~17.4 —54~ —63 2.0~5.1 150~247 L, 2005
Frfga /N 13.4~13.5 -77 0.8~0.9 150
% Ekbom £F K WA/ 1 —63~ —54 7.6~12.9 525 Bowrman et al. ,1985
2 Copper Canyon &8 IR A%/ 11.3~15.1 —102~ -76 2.7~9.2 280~395 Batchelder, 1977

T 8 A R i R A% T AL S R ST Bt ST BB AT 0 WS , AR o o (3t SR B0 7 BT UGB A BT 2 5 ¢ o 0B 38 —R E HY

F31H,
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7 ITRESREET KRR RS AR R AR
TEH A %K A R K i R 7 B 41 R 3% Taylor (1974), Fi KR4
Craig (1961) ; /MR 4G5 PR3 M HE 645 (2005) ; i 51L&
B PRHE H i 25 (2007) ; Copper Canyon 4148 K3 Batchelder

(1977) ; Elkhorn & #" IK#% Bowman 55 (1985)
Fig. 7 Plot of 8D versus 8'®0 for ore-forming fluids in
the Yinan Au-Cu-Fe ore deposit
Isotopic compositions of magmatic and metamorphic waters after Tay-
lor (1974), meteoric water line after Craig (1961), the Xiaotong-
guanshan Cu-Au ore deposit after Tian et al. (2005), the Mashan Au
ore deposit in Tongling after Tian et al. (2007), the Copper Canyon
Cu-Au ore deposit after Batchelder (1977), and the Elkhorn Au ore
deposit after Bowman et al. (1985)

B Tl S RERR - BAL B BB ok ) 31 Op ofE N
6.9%0~ 10.7%0, 8D o fH K — 69%0 ~ — 62% (H ik Bt 4,
2007) , &8 FR B AF KLY B & A R RS B O 32
BEREFK BENSROBHRI MK, /T L
S8 IRBY R 8 Onoff B R WY R B RIS 5. 1%
~10. 7% P& 5 W1 7 JE-BR AL W) FIBRBR EL UL 3E B A9 0. 8% ~
5. 1%0, U FLHT LA SR N 32, Mot KRR 7K 4 151328 37 8
RO HE%%E | 2005), 2 E Copper Canyon 848 K A3
BEEKME.EFRMLEHAR (0 2.7% ~ 9.2%, 3D
—~102%0~ — 76% ) , Wi B/R SH UM ] RER S5 KK &
KFHR A BA 3 7K (Batchelder, 1977),
4.2 BEFRBBIERSHET
BRUEARESLERET PELA KPEHERY
AR (RERRER S R, S &F T % 8, eI1838 A
B LR, U — 20 4 R T L RE R EL T Wy A A (1
RS . ENRESRGT KW FARERNEGRTFa
gEat(ERTFATS), WA B B KK RASAHE R
IERVELER, 7ZENNR Z 600C Yk AR AL, FH EITR
EERNERERA PR . BB, XEEmaRk
FH5AARSHTRHSBKEEREETROSHUE
R — 5 Y1 SR Y, B 5 76 R — 5/ i R8s 36 R (I

5H) , il BB A AR R 3 B R B TR A A R 3K,
XL R — R R S WAL AN AR RS, £
REBE ALY B BRI BRI B B AR WA SR
BB, ULEELH—SERT B 5ERERKRE
BRA, TR B T AR WK, 8By &5
THAEERAEE + BB RN EATR. EFA
AR AR, B REBREE 5 A R L RIR R R
BIRRAR , ¥ K 4 /R R AR M 3K Y L ST 0, IR M K
RS EAE RSP RE, RN E 5ER
Sy RO R JE AT LA R R A I RERR SR v R 4, LI 45 A iy
7Y R R AR R R . FREY, XMRET
HEMPBERL ENBRARENRERERNESHE
SRR AR , A 1R85 2 JB A B8 J1 (Davidson et
al., 2001), EATRERME KM REME) AT
RGP RBAEE N EERTIRE (Candela, 1989; Bodnar,
1995; Hedenquist et al., 1999 ; Kamenetsky et al., 1999;
Meinert et al. , 1997; 2003),

FEREERSGT KPR EHAELE D - FHBRESAERE
YERT. WORGETIR, 72 1| B B/ 45 40 I I B0 7 3 TP I
ARBaER ARRPRAIERET. £ PHE—E
G WA SHTEE AR K (A<10%E] >65%) M=
BOKERESEBMHKEEE QKO EEK TR0
ZHEEELU K CO,-H0 HEERSEARFRR M B AL,
EHEME R TR R KA A Wk, m H A4
AR RS BEUK ERES 00,-H0 BBk —HE
AR, B BKEEASRAENS T REMOERNEEE
BIFR(GRA T w(NaCly) 43 ML T 22.2% ~23.1% F
52.0%~53.5% , £1 K w (NaClyg) 7+ H AL T 6.5% ~
17.3%H0142.6% ~57.1% ), W & {1 2 76 w9 R i BOAS R Y
WA HRIR N, B0 —Fh AR ER B AR BE WA, o5 — Ry
EEREE EE AR, R CRIRYE ) W B B (5
T ,2004) . HE, FE—ESAHSETE (0% ~60%) 1
SRFARRERT , YR E IS 400C DL ER S ARE
A B ARk, BB B TR TE B B R A T PR X 57 W Aol (WA
+SHM) PRI, A R A B AR R, kB e
KA FRE X MR R, LT 430~ 130C B = EEPEL
ALY KR TIER 280~ 190TC X A,

EAXRARENRBEERNEEFRZ—, R Bk
BRI BHA N B 2PN K& B UTIE B E M HEHLH (Rod-
der, 1984; Reed et al. , 1985; Logan, 1999; Yao, 2001; Zhou
et al., 2005; WEZF, 200052001 ; Ruano et al., 2002; Gu et
al., 2003; Calagari, 2004), HF#ESTRHSHE HO DK
H,S.CO, JHCl FMMEA 7 M F R S 8 R A A Rk
JEPARW pH EF R EEREE REYE, HENAS
MRENREREFESBESYIH, SRS BEALY (R
F) ALY (RET BRI A BRE TR (Reed et
al., 1985):
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3Fe" +4H,0~>Fe;Oumay) + 6H™ + H,

Fe?* +Cd** +2HS™ —>CuFeSyggy) +2H"

Fe2' +2HS —>FeSysup) + 2H"

Au(HS); +H" +0.5H,~>Augme) + 2H,S

FEAH PRERTT 41 AT S W6 I (L ik i o, S A BH T
T Y (BRI 55 ) Z A AR KB B, R b
RIHES BRI YUIIERN FENM . EE AR, WK EE
B TS SRR (B e e Ak b 8K FE 1) R
F, TR s g g PR RO B 2 ST B E A G, Ak
TR E R T BB S A B BT s R R B S B K
FEZ44E H (hydrofracturing) i 512 . BRI, B 1 B0 K Bk I 49,
EARTEAO RO BTRR &350, B8 R 1 75 0 b S A i R, B
APEERT KBRMATR S, ENET RORY RS-
B B AR AT SE-BiAe BB (1) , 3 WA HTE LY
WRAET YRR S BB BT N 5 B A e B
R FBE , T 5 & 5 AL BOE M A 3 T
R WSS (B 4C.4D.4E 4F) , [FB 6 A i i 3 R &
WEE R B A RBRATRERG A, X 2 i iy
RIE,

VWS K X AFRREET AR ET UK
P P VR B IX (R 98, W R T B A T T RE B K R A (Cala-
gari, 2004), TERRKIRHEIE 200, 979 D AR W iR 2
{AER FE AR SR (NaCl AR ) , (B B8 & B 18 1 R 1
11, AR WAL R &, 0 RN E R E S A
TREZHEEE, T YRHRBIOE, BiRSKIER
B B 6 25 ) B T A DU UE I A SE AR AL W 6 B 8, IR 2
A EBOE 2, WA BRI ) B Wi L A R
71, VB VE R k. W BEE AR N R SRR, R —
SRR E R A LR I, DR A R T RE RO A

SAUESITAR ETESRSY Kdake BoR
PRI BB R, T B R A DT T A AR R
BSTNREER, RYERERES BAARANANRE S
BT SUKPIR BT, W SON 5 O A 0 B AN TR T (s

B80T SR 4
S 4 ®

WS FRE KA TH L PRI R A S
F—RERAHEEMT LR AR K, S ARMRE
RER, BHATHRAHE(D) MBS RA-#Ey i)
MR A B B TAEHK, Bl A 5-mi BB (D A
BRERER Y BE(IV ) B B SR U B /R A KUK IR A YA 2K
KR WARERERRY, YW a5 YIB R A —
FHEERREL ISR S BRI AR BORAS , XA IR
HESFUET KRB ATARR AT, 5 )5 3 AR
T BE T YR W HBORAT B B, R MR R A T LA
AIBARST B EEARE WA IR (B8 1R A, X sk B

BETHRSKELRE, AT T SHAKO KBRS
%,

W OBEERANSGEBORREEL, ST
FARE TREMASENT LB ST, LB LS
BRTAE 60 4R 58 80 A J% Z Br , 18 LA I SCHR 45 85 800 B Sk
FLRER S 2 AR5 1 S B D4R 38, 30 L IE L R
K& EREMR!
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