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Abstract

The Kangjiawan Pb-Zn-Au-Ag deposit, located in the middle segment of the northern Nanling metallogenic
belt, is a buried large-sized deposit found relatively late in the Shuikoushan orefield. Due to complicated mineral-
ization and diverse mineral assemblages, characteristics of ore-forming fluids and types of ore genesis are still in
debate. In this study, field work and ore microscopic investigation revealed multiple metallogenetic stages in the
deposit. The main stage of galena is between the earlier sphalerite and the later sphalerite, and the stage of gold
and silver mineralization is associated with the earlier sphalerite and galena, respectively. EPMA analysis results
show the higher FeS content (x(FeS)=9.0%~19.1%) in the earlier sphalerite but the lower FeS content (x(FeS)=
0.1%~4.0%) in the later sphalerite. The FeS content of the earlier sphalerite associated with pyrite and pyrrhotite
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indicates that the ore-forming pressure is from 100 MPa to 146 MPa. Homogenization temperatures (190~
370°C) and salinities (w(NaCl,,) 5%~11%) of fluid inclusions in the earlier sphalerite are clearly higher than
those of the later sphalerite. Thermodynamic calculation based on mineral associations shows a lower fO, and
intermediate-acid conditions in the earlier ore-forming fluid that may be favorable for the precipitation of gold.
Therefore, during the evolution of ore-forming fluids, temperature, pressure and content of metal elements of
the fluids might be changed from high to low, whereas fO, and pH might be increased. These results may indi-
cate that the mineralization of the Kangjiawan deposit in the earlier metallogenetic stage is characterized by the
skarn type.

Key words: geochemistry, mineralogy, characteristics of ore-forming fluid, thermodynamic calculation, Pb-

Zn-Au-Ag deposit, Kangjiawan
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Fig. 1 Geotectonic position (a) and geological map (b) of the Shuikoushan orefield (modified after Yin et al., 2021; Yang, 1985)

1—Dongjin Formation; 2—Gaojiatian Formation; 3—Daye Formation; 4— Changxing Formation; 5—Douling Formation; 6—Dangchong

Formation; 7—Qixia Formation; 8—Hutian Formation; 9—Shidengzi Formation;10—Menggongao Formation; 11—Xikuangshan Formation;

12—Dacite; 13— Quartz porphyry; 14—Granodiorite; 15—Granite porphyry; 16—Granodiorite porphyry; 17—Fault;

18—Geological boundary; 19—Unconformity; 20—Location of deposit
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Fig.2 Geological section along No. 119 Line of the Kangjiawan Pb-Zn-Au-Ag deposit (modified after Liu et al., 2020)

1—Cretaceous Dongjin Formation red sandstone; 2— Jurassic Gaojiatian Formation sandstone; 3—Permian Douling Formation carbonaceous argi-

laceous siltstone; 4—Permian Dangchong Formation siliceous shale; 5—Permian Qixia Formation limestone; 6—Carboniferous Hutian

Formation dolomite; 7—Silicified fracture zone; 8—Fault fracture zone; 9—Dacite porphyrite;10—Pb-Zn orebody and numbers;

11—Geological boundary; 12—Predicted boundary; 13—Angular unconformity; 14—Fault; 15—Drill hole; 16—Transverse drift
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Fig. 3 Photos of ores and minerals in the Kangjiawan Pb-Zn-Au-Ag deposit
a. Interbedded breccia in silicified fracture zone(QB); b. Pb-Zn ores in No. | orebody; c. Pb-Zn ores in No. IV orebody; d. Galena veinlet filling mi-
crofractures of earlier pyrite; e. Sphalerite veinlet crosscuting galena and earlier pyrite; f. Droplike chalcopyrite in earlier sphalerite altered by galena;
g. Pyrrhotite and chalcopyrite enclosed by earlier sphalerite and pyrite; h. Earlier sphalerite, galena and chalcopyrite in ore-bearing quartz;
i. Arsenopyrite, chalcopyrite and tetrahedrite in earlier sphalerite; j. Pyrargyrite in galena; k. Tetrahedrite and bournonite in galena;
1. Galena, tetradymite and aikinite in earlier pyrite
Sph-1—Edarlier sphalerite ; Sph-2—Later sphalerite; Qtz—Quartz; Cal—Calcite; Gn—Galena; Py—Pyrite; Po—Pyrrhotite; Ccp—Chalcopyrite;
Asp—Arsenopyrite; Tet—Tetrahedrite; Pyr— Pyrargyrite; Ban—Bournonite; Tem—Tetradymite; Aik—Aikinite
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Table 1 FeS content of sphalerite from the Kangjiawan Pb-Zn-Au-Ag deposit determined by EPMA

PR N ST A B (5 A ET- A G x(FeS)/%
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9 Sph-2 IR VEE Sy (¥a) 0.4
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11 Sph-1 A, D5+ R+ 13.5
11 Sph-1 TRAE @ WA+ AR+ R ke 18.9
12 Sph-2 gl VEE S KN 1.9
12 Sph-2 A A YA T+ R 4.0
12 Sph-1 A, A YT+ 10.3
12 Sph-1 7 RER AT B+ B 12.4
12 Sph-1 TRHE WA R 18.5
12 Sph-1 R FEYHHEL R B RE EE R 19.0
13 Sph-1 T, AP TR 9.3
13 Sph-1 A, iR R 122
13 Sph-1 HiE A YRR 153
13 Sph-1 A FORR + R+ T R 18.5
13 Sph-1 TRAE {1, WO+ U+ B R 18.9
13 Sph-1 TRAE (6 WO+ B+ B R 19.0
13 Sph-1 A BN+ B+ R R 19.1




482 o JZN

Hh 5 2021 4F

4.0%) 457 T RSN BRSO (0 (OR A6 (5) LS A
PEOT A0 (TR B €0 AR (0 Vs () SIS 9 5L A
Horp, 5REE EAR R g AR 0 R N B
W (Kl 3g), Hox(FeS)— Mt &, A T 18.5%~19.1% Z
[E1}8

R AR A PR A4 v 2 B 1) A0 5 R AT
(Schwarcz, 1975; Hutchison et al., 1981; Guilbert et
al., 1986; Balabin et al., 1995; Lusk et al., 2004;
Martin et al., 2005; 5K AR, 2011) , 5 B BRI 85
B A B N AT AVE 5 g3t . AR R
VB IR R I B T Bk B (v(FeS) 18.5%~
19.1%) , ATk A5 2 H ™ 5 g (6 5 24 100~146

2019 18 17 16 15 14 13 12 11 10
T 1T 17T 1T 1 I T I T

% 73/100 MPa

I I I B I | | | | |
2019 18 17 16 15 14 13 12 11 10

x(FeSpy)/ %0

Fl5  FREGEHYVEES IR RN B 1 x(FeS) Tl Fil el 14
25 Pl X I AR b 7 DX R] (G138 YR H Hutchinson et al.,
1981; Lusk et al., 2004; Martin et al., 2005)

Pl R R A DX 38 BE VS B R AR DN 11 2(FeS) (18.5%~19.1 % ) i i
F9 7 DX 1] (100~146 MPa)

Fig. 5 Diagram of x(FeS) in sphalerite versus pressure
showing a range of ore-forming pressures based on x(FeS)
in sphalerite determined in the Kangjiawan Pb-Zn-Au-Ag
deposit (calculation data after Hutchinson et al., 1981;
Lusk et al., 2004; Martin et al., 2005)
the gray area is the pressure range (100~146 MPa) calculated from
x(FeS) (18.5%~19.1%) in sphalerite from the Kangjiawan deposit

MPa([&l5),

FREIET IR A N (B 3e ) & A e (&
3h) TEH 3 5 (] 3a) A5 A7 (18] 3a) DU 4 0] S
ESIM RN 37NN R EENE = 2T N RN TR JYN
) AR 2F R AR B, DA s VAR i A L 22 A (5] 62)
ENEAYES SIS WIIPVNEOE] SYALYa kR 20N
K/ T 5~20 pm Z [1], DELAT 3K 50 um DA L, SAH
O3B AR T TE 15%~25% 22 18], 18 WL & SR A4,
FEIR(E 6a) , KK, SAHECT0% DL b 5748
WA A B e A SRS A Y O B A
TR (& 60) , IR A AT AR FIR IR 2B A B2 AR 3¢
T2 Z R B AR, K /NFE 10~20 pm
Z0a), AT 3K 20 pm DL b S B R AR T
5%~10%. 55 HEIAR R LA 10 T A B R R AR
FEURZE TR Sy 5 A P AR (BT 6d) , IR AE A 2
PRFIB R A A AR 2 L B 2 22 ARG TR0 RS )
AR, K/NFE 5~10 pm Z [8], ZE0T 3K 10 pm DAL, M
IPBUAR, EEETTAE 5%~10%. Sk It
A2 27 Mt A0 R e A R AR SIS B ) Sy e YRR A,
T (1L 6b) I 245 2 i [RE FASRLILR , /e 10~
20 pm Z [0] , ZDEAT 35 20 pm L b, SAHEOAIG,
BLEPTE 5%~10%,

FRGVEW DX AN [y e 2 20 45 v 0 AR 2
A B4 S AR 3R A R i N X SR 0 1) LT 7a AR Tb
SR b 175 AT AL SR Y 2 — TR EE Y A T 70~
370°CZ[8] , WG~ I E 430 i BRAE 130~150°CH1 290~
310°CZ[A] . 80 Y (A SR 1Y 25 BE w (NaCl,, ) Y5
T 0~11% Z (8], P> W 1 53 501 11 B AE 3%~4%
7%~8% Z 1] o LI [N BE B A i M B 1A 1) — 3R
18 [l A T 190~370°C Z [1] , W {H 7F 310~350°C X [i]
A0 w(NaCl ) Y AT T 5%~11% Z 8], EE AL P
7%~9% DX 8] ; e S DA 40 1) AR A S AR 34— fh ek
AT 70~190°CZ [H] , WE{E E 130~150°C X [H] , &5
J# w(NaCl,) LA T 1%~9% Z 8], 56 1 1E 3%~4%
DXJA] o 5 A B A I AR A 2 AR 38— A T B 31 LAy
T 120~330°CZ 1], FZAEPTE270~310°CIX [H] , £h
w(NaCly) I T 1%~8% Z [] , 4 "P 75 3%~5% 1 7%~
8% WA AE IX ] o JCA™ 1 9% 1 I AR f B AR 34— 1k
T BE S5 A T 70~170°C Z 1], I {H 7E 110~150°C X
], #h B2 w (NaCly) JE A T 1%~7% Z 18], W fH 7E
3%~5% X)o7 fiff A 1 O A A S AR 1 — Ak Tk B
Fl T 70~170°CZ 1], F 2 HFE 110~130°CIX [H] ,
Hh E w (NaCl,,) 9 FE A T 2%~7% Z [1], (i 7E 4%~
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K6 FERMEHE SRy IR AU E AR
a. INEER H BRI A BLBE A (oot ) TR AU AR BLZE A (22T ) 5 b, D5 i A0 P B WO AR LA s o 57 (0 38 P BTV IR A L 1
d. TeH AR R A B R A
L— Ui R BRI s V—Ii A e A A
Fig. 6 Microscopic photos of fluid inclusions in the Kangjiawan Pb-Zn-Au-Ag deposit

a. Fluid inclusions in sphalerite; b. Fluid inclusions in calcite; ¢. Fluid inclusions in ore-bearing quartz; d. Fluid inclusions in barren quartz

L—Liquid in fluid inclusion; V—Vapor in fluid inclusion

5% DX o ARXH I 55, 40 DN A R o 5 4 3
HA AL A B B AR 4 3 — i RE A B R, I A TN
0" TR 1 SR 5 i A7 P R AL B AR B 1 — R RE A
IR,

5 9w

510 R EARERYRE

BT R AT LA SR A R A B A P R PR 2
i E 7t p o e (R S W ES IR SR = 8|} R U A S A K
[l 4 100~146 MPa, #5 4% #4571 27 MPa/km 1% H
JEASBE (2K, 2013) 5550, BUA™ VR B2 (B I oy 3.7~5.4

kmo VR BB S T OR AR R (11-13 R B, 3
TR 410~490 m) , B 5 A5 ) TV B PRI 1 35 L
AR BT 3 R T K LT R AT R Y
FHOCHRIA (Li et al., 2014; B2 ,2013) ,1H 5 /iy ASCHR
(FAE 2, 1996; # I EE S, 2010; 28642013, 7
HRAE, 2017) A SRR R A AR PR G BB R 7 (B
L 256 REIED K2R IR AR, iy
3 A O v 2 T LB % o o — T 1, AR T A
R b ORR DG b B2 R 9% FE W (1) 45 75 2k (Tseng et al.,
2003) B A1, JE S {EIEFE 100~146 MPa Xt 107 (1) 355 [X.
(8] 7E 324~360°C . [ iR B2 X 8] 5 B A AF 0 b it
A ZE AR P 3 — I B DA [X 1] (310~350°C ) A 8 2
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Fig. 7 Histograms of homogenization temperatures (a) and salinities (b) of fluid inclusions in different minerals of the

Kangjiawan Pb-Zn-Au-Ag deposit

Sph-1—Earlier sphalerite ; Sph-2—Later sphalerite

VTo S3A0, 4 Lusk 25 (2004) %38 , 5 G & 2™ F g
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Fe? B Fe U, it ARG e 0 il UL Fe, S K,
P xS BT Fe 0 AL R 5, S5 1R T FeS 1Y

JEE R 43 %0 (Barker et al., 1986) . 158 2 2k 5 A

BER A I8 AP 8 S AR B ) — 1, R Ry
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Fig. 8 logf(O,)-pH diagram showing stability fields of different metal sulfides and oxides (a) and isogram of Au and Ag

(my ,, and my,,) solubility (b)
Simulated conditions of ore-forming fluids: 7=360°C; P=100 MPa; 3 CI=1.5 mol/kg; 3. S=0.1 mol/kg; > K=0.1 mol/kg; X is FeS content

(the molar fraction of Fe?*) in pyrrhotite; transparent area is plotted by mineral association in Kangjiawan deposit; Arrow shows possible

changes of ore-forming fluids

Py—Pyrite; Ht—Hematite; Mt—Magnetite; Po—Pyrrhotite; Bn—Bornite; Ccp—Chalcopyrite; Ka—Kaolinite; Se—Sericite; Kf—K-feldspar
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A B ) B BT S W . A SCR ] Liang 45
(2015) W THEEJ7 i | T S IR 45 SR AR A5 1 B It 1A
FEAE SN A3 T 30 1 A v 4 R P 0 e



486 o JZN

Hh 5 2021 4F

(E18b) . MO RIH WALAFRAE, B 5
BAT 3 A 7 A0 T 1 8b rf B X 8k, B 8 4 A - o 2Kk
-G 5 4 = B L R R X, 7R 9% X3
DAL, 4 V1R e T B 2 S0 4 o SRR B R v L 4
RV il RE 3 o PR R U ) TR LT X B TR0 )
5, B T AR SR R, T A T T A
SyFE LB BEUUTE . XS5 5 BER TS B IR 1A 5L
Tk O B A W A ST 45 SR AH AT (Zeng et al., 20005
Y68 ,2008) , B & & i 450 i i 4 32 8 Sy LI B
B Fa Bk e, HAU K BRSP4 X
SR R . S Ak Bk (2013) A
FIBH KRB BRI H TR, BT 1) i o7 b o
i, UE B I B A 19 4 B ZE TR fk
YERHE SR EL R, B e 540 (0 1 2 BH ™ i
AT S0 B A TR N, 5 B0 VS A B 3 v R
S IUTTE o PR, 5T 4% i 4t i 444 v ) 3
AN AL ST BE R BRSO IR 4 S AR A
Y mi P EE RN Z —,

WA TR AL RS — R VO A T 120~
330°C 22 [a] , W B 7E 270~310°C X 1] , 5 T~ 4% 48 oA 4
W E S T I DR, I B R I S 0 3R A7 A 5
H R AT R . R, 7E R D AT A 0T A

B Z R B J7 850, R A RS AR I %A T
SN A I N B 2 18] 351, i T KA 2
ZBFRYRRE AP AE  IEWT AT W AR B pH (AR AT RE 23 B
A UL JEE BT A T W T o, AT 2 s 3k —
FALTEL =B B PR R pH AR XK. b i il i
o BT I A I R A s FA nT B AN 5T 8b HR T Sk
7, AR AV i BEAE LR T AR B/, B LU
J R AR R B B R AR . BRRIEHIR
S R AR ) 3 B AR AR A (P 3k ARG TR AL
AT (18 3) , B 58 MR R E V. NI, R—E Y
RT3 54 O I T ] — ™ B BE (& 9 ), T ™ it ¢
HOELRE s FIER E A4 T AT R e S BOHDIE B
B o DL i e R ST PR A R A
e S & Z R E BT R EG YR DLTE Y B4
AT RO JE O s D MR B BT R,
B RITR S EIZ L TR, T LOS m AR i 67 4

g b TIR TS PR BB AL R AE N W 4
BT BB B B % , S BOL U SRR iE
B2 A B R A AR B A AT R . AR
IR B RCH U A R A 15 A DL R X ) 38 A A
(FE19) « LA it B2 g by v 224K, 2R B2 oy s 22 11K

LR

R

PRI - BBk JE b B

JIB -SR-S B IR S T AR B

Bk
A

Ji B
R
RS BRA
B A
B
B
RLLH
i AL

B
B
R

%

Pty

i

A FARAFAE

Fa S PR ERE ARAUR R — K R RERE. WIARE

Fl9  FREIEEYEE SR TR W A RO P R ™ i PR AE A b A 34
P o (W 2 SRR B 43 A 4 %, 43 IR AR 1 P (1 T 1 400> 5% . 1%~5% .0.1%~1% F1<0.1%.,

Fig.9 Paragenetic sequence and variation trend of characteristics of ore-forming fluids in the Kangjiawan Pb-Zn-Au-Ag deposit

4 types of different thickness lines showing mineral’s percentage compositions (>5%, 1%~5%, 0.1%~1%, <0.1%) in ores, respectively
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