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Source of ore-forming metals in Changba-Lijiagou super-large Pb-Zn
deposit, Gansu Province: Evidence from in-situ S-Pb and Zn isotopic
compositions of sphalerite
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Abstract

The Changba-Lijiagou giant Pb-Zn deposit is located in the Xicheng ore cluster, West Qingling polymetallic
metallogenic belt. The deposit is hosted in Middle Devonian Anjiacha Formation dolomitic marble and quartz
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schist. The ore genesis has been debated for years, which is mainly about syngenetic sedimentary or epigenetic
mineralization. In this study, the Zn isotopic compositions of sphalerites formed in different stages are investigat-
ed by MC-ICP-MS and in-situ S, Pb isotopic compositions of different stages sphalerites are investigated by LA-
MC-ICP-MS. The results are used to determine the metal origins and precipitation mechanism of sulfides, which
provide new evidence for ore genesis. The sphalerites formed in three different stages (I, II, Ill) exhibit various
Zn isotopic compositions (5°Zn;=0.08%o to 0.29%o, on average of 0.20%o; 5°Zn;=0.19%o to 0.37%o, on average
of 0.30%o; 8°Zn;=0.36%o to 0.37%o, on average of 0.37%o), and the in-situ S isotopic composition (5**S;=20.9%o
to 26.1%o, on average of 24.4%o; 58S =12.2%o to 21.9%o, on average of 19.1%o; &S, =18.2%o to 24.7%o, on ave-
rage of 21.5%o). The Pb isotopic compositions of ore minerals formed in the three stages change little (**Pb/***Pb=
17.922~18.013, *"Pb /**Pb=15.567~15.647, **Pb/***Pb=37.990~38.266). The 5*Zn isotopic compositions indicate
that the ore-forming metal was derived from the host rock of marine carbonate in the early stage, and the §*Zn
isotopic values gradually increased due to fluids mixing with the magmatic hydrothermal or Rayleigh distribution
in the middle and late stage of mineralization. The 8S isotope values indicate that the early sulfur source was
mainly sulphate in the strata. The decrease of §*'S isotope values in the middle and late stages might be attributed
to increasing of the S component in the magmatic hydrothermal fluid, the sphalerite is precipitated from sulfate
through TSR reaction. The Pb isotope values show that the metallogenic material comes from the upper crust,
mixed partly with the metamorphosed basement. This study indicates that the mineralization mechanism of the
Changba-Lijiagou Pb-Zn deposit is the mixing of fluids from different sources, and the rapid change of pH and
temperature of ore-forming fluids caused the precipitation of sulfides.

Key words: geochemistry, sphalerite, Zn isotope, in-situ S isotope, in-situ Pb isotope, precipitation mecha-

nism, Changba-Lijiagou Pb-Zn ore deposit
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Fig.1

1—Quaternary; 2—Eocene reddish conglomerate and sandstone with siltstone; 3—Jurassic gravel coarse sandstone and sandy shale; 4—Triassic
calcareous slate, siltstone, phyllite and metasandstone with breccia limestone; 5S—Upper Devonian Dongshan Formation limestone, phyllite with
siltstone; 6—Middle Devonian Xihanshui Formation phyllite, sandy phyllite; 7—Middle Devonian sandy phyllite, bioclastic limestone, reefal
limestone, the Upper Member of the Anjiacha Formation; 8—Middle Devonian marble with dolomite, bioclastic limestone with micrite,
partly turns to marble and schists, the Lower Member of the Anjiacha Formation; 9—Lower Devonian Wujiashan Formation crystalline
limestone with gray marble, biotite-calcite-quartz schist with limestone and marble; 10—Late Triassic granite; 11—Late
Triassic diorite; 12—Normal fault; 13—Reverse fault; 14—Fault; 15—Geological boundary; 16—Pb-Zn deposit; 17—Pb-Zn-Cu
deposit; 18—Gold occurrence; 19—Pb-Zn-Cu occurrence; 20—Pb-Zn occurrence; 21—Tungsten occurrence; 22—Molybdenum

occurrence; 23—Iron occurrence; 24—Xicheng ore cluster
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Fig.2 Geological map (a) of the Changba-Lijiagou Pb-Zn deposit in Xicheng ore cluster and cross section through the deposit (b)

(modified from The 106 Geological Exploration Brigade of Gansu Bureau of Nonferrous Metals Exploration, 1988)
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Fig.3  Different types of ores from the Changba-Lijiagou Pb-Zn deposit

a. Bands of brown sphalerite occur in gray-white bedded marble; b. Banded ore occurs in quartz schist; ¢. Banded ore (right) is in contact with

massive ore (left) and co-occur in marble; d. Brecciated ore, quartz+calcite breccia cemented by mid-grained sphalerite; e. Quartz sulfide veins

cut through the strata; f. Medium-grained pyrite and galena are disseminated in the schist

Sp—Sphalerite; Py—Pyrite; Gn—Galena; Q—Quartz; Cal—Calcite
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Fig.4 Paragenetic association and sequence of minerals in the Changba-Lijiagou Pb-Zn deposit
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Fig. 5 Photographs and microscopic characteristics of ores from the Changba-Lijiagou Pb-Zn deposit

a. The contact interface between banded ore (right) and massive ore (left), the host rock is marble; Sp-1 is a coarse grained sphalerite with high Fe

content; b. Characteristics of sphalerites formed in two stages under transmission light; c. Coarse grained Sp-1 (brown) (containing barite) in marble;

d. Coarse grained sphalerite Sp-1 (brown) (100~200 um) with the sugar like Sp-2 (1~10 um) occurred at the edge; e. Medium coarse-grained Sp-1

(brown) and barite co-occurred in quartz schist; f. Coarse grained sphalerite Sp-1 (brown) occurring in silicified limestone coexists with barite;

g. Fine grained Sp-2 (dark brown) coexists with medium-fine-grained Euhedral Py-2; h. Fine grained sphalerite Sp-2 (dark brown) coexists with

galena and medium grained euhedral Py-2; i. Fine grained Sp-2 and pyrrhotite in massive ores; j. Py-2 coexist with tremolite in marble; k. K-feldspar

replaced albite coexist with Sp-2 in marble; 1. Galena coexist with arsenopyrite and occur in quartz vein; m. Chalcopyrite and pyrrhotite are occurred

in the quartz fractures, the host rock is limestone; n. Chalcopyrite and pyrrhotite coexist, and K-feldspar occurs in smoke gray quartz vein (single

polarized light); o. Chalcopyrite and pyrrhotite coexist, and potassium feldspar occurs in smoke gray quartz vein (reflected light)

Sp—Sphalerite; Py—Pyrite; Gn—Galena; Cpy—Chalcopyrite; Po—Pyrrhotite; Tr—Tourmaline; Apy—Arsenopyrite;
Kfs—K-feldspar; Brt—Barite; Qq—Quartz; Ab—Albite; Cal—Calcite; Bt—Biotite

PR E A Al b A2 8 AR (8] Sm)BR A7, B ET A
RGBT (] Sn o) 38R B A BEINAEDT

3 FREAAI TSI

31 REFMEREFRFIE

AR FE T 14 PFRE G 53 R B T 300 X K/
]I, BrRE S e S A TR BRI AR BT )
(900 FH B (1058 H1 Bt L1094 R BE (1130 H1 B 1286
By, 43 il | AR BRIk IR SR ek A L R
5 1 B B B A I AR B B 5 IR B B i TN
BEW O ARE S o SRR B S RN RE SRR AE WL 1

SO RN A v 3 AT TPORLRE I B B rhoR

BEEERA, ¥ G . INBERLEE 200~300 pm,
BRI 300~500 pm, 75 K& kA 04, WA ot
I BB R S N B R 3:2~10 1,
HURINEED 541 LA AR N R 3 R 1~10 pm,
TA DR BER RS, W A 20%, 28
I - it S DN BT 5 A A S A | AR - B
R INEED SR Sk B R R R 1~
3 um([&l 6d.h)o BRIRINFER F 20 5495 5 A
KA TR 7 50T B A 25 (81 51, 5m~0)
32 SthAE

INFERT LA-MC-ICP-MS JiUi7 S [l 437 2 I3 7E 7
SRS RINR A BRA R 52 . 193 nm ArF #E45r T
OGN h 22 48 %15 Analyte Excite, £ 32 i #5 71 =

®1 TU-FEFAHRET HEREEAR(THESRES)
Table 1 Description on samples from the Changba-Lijiagou Pb-Zn deposit (Mineral abbreviations quoted from Fig.5)

RS SRR E WA B B AT DR N ENE A S
XCB-035 900 1B 574k Hulke £ II Sp+Gn+Py THURE -t A S0 75 48 €
XCB-043 900 1B 574k Yok A II Sp+Cep HRARLT
XCB-045 900 1B 574k Yok 7 II Sp+Gn+Py et it B 48 €
XCB-505 900 1 Er 792k kPR A £ m Sp+Q+Cal TR AIPRARLT (0
XCB-509 900 1Bt 79 £k eI E] I Sp+Gn+Py GRE b A
XCB-507 900 1 EL 792k Yolka £ II Sp TRCH - it ST R A

CB-515 1058 1 38 4k P S NIwe) I Sp PR AL

CB-520 1058 H1 B 38 £k VR IN e I Sp GRE b AN i)

CB-524 1058 HBL 384k ViR e I Sp R A (T

CB-514 1058 H1jB 38 £k P3N E) I Sp HOHLRLR AR AL,

CB-521 1058 1B 38 4k WKRA A m Sp+Py rRARAZ AL (T

CB-005 1094 1Bz 104% S INIa I Sp+Py AIR- BT TR

CB-42 1130 1 Br 402k ¥ 3R IN ) | Sp+Gn+Py THLRIARZL

BA-3 1286 H1B 59 £k F SizINw e I Sp EliE IR AN A
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Ko | W-ZE50 8 R FB B fb By i B 45k
a~c. IR FERV AU Py-1, 57500 1 Sp-2 3428 5 d. Py-2 22U Py-15e. B2 Py-1, 35 Sp-1 3428 ;£ Py-15 Sp-1 32k 5 o i,
Sp-1 FVHDAE, SEIA BRI, Sp-2 1955 W 8 38 A= IR s b SOSOBHRFAE 5 1. 76 BSE E1& L, BBk A A KPR
Sp—INEH" ;s Py— Bk s Gn—J7 80 s Po—RE BT R ; Apy— 83D s Q— A 9 ; Cal— i ff A1 s Bt—22 2 1 s Mar— H 2k ™
Fig.6 Characteristics of sulfides formed in different stages in the Changba-Lijiagou Pb-Zn deposit

a~c. Pyrite and arsenopyrite replaced Py-1, coexisting with galena and Sp-2; d. Py-2 replaced Py-1; e. Arsenopyrite replaced Py-1, coexisting with

Sp-1; f. Py-1coexist with Sp-1; g. Single polarized light, Sp-1 is medium-coarse grained, pure sphalerite, Sp-2 intergrowth with pyrrhotite;

h. Characteristics under the reflected light; i. Growth ring zones of pyrite on BSE image

Sp—Sphalerite; Py—Pyrite; Gn—Galena; Po—Pyrrhotite; Apy—Arsenopyrite; Qq—Quartz; Cal—Calcite; Bt—Biotite; Mar—Marcasite

H R 5 45 B8 IR BT L (MC-ICP-MS) A1 524 Nu
Plasma II o W5 2 A DA A ) b S5 Rl 5 ) 5% i
SR 0 GBW07267 B4k R YF(534S=+3.6%0)
5 GBWO07268 & i i 1 1F (§34S=—0.3%0) , 3¢ [¥ [E 5
FRUER ARAFFEBE NIST SRM 123 (R EEHT i Fk7 (834S=
+17.1%0) 1 SRy Fi 48 o 2 4 4, A< 0 ) 10 S B 24
H+0.6%o(1 15 SD).

A O3S (14 I 2 7 R b S B2 B 7 B TR
W5 Br B 1 -5 98 VR PP A 7 S 50 2 58 1, SR
EA-IRMS ¥ , 1 %% 4 Flash 2000 HT 7t % 43 7 1Y

(Thermo Fisher Scientific) .Conflo IV 2 Hi&i% 2L i
[T (Thermo Fisher Scientific) fll MAT253 S {& [] {i/ &
. 53 (Thermo Fisher Scientific)ZH il )% 22 R 5t .
1 P b ) A BT W B 2 200 H T —1k, R
600 pg i S =A% T 9 V,05, A B ALK,
R TH A Flash 2000HT (1 [ s #EAF & o ok 2
Conflo IV 5T H 73 i %6 B A MAT253 A9 £ 5,
W4 m/z 64 5 m/z 66 A LEAE, — i 83S 59 70 Hr
Hi B2 35+0.2%0

INFERT Zn [a] 057 28 2H B A 2 73 15 AT 7 7 v



732 ' IZx

Hh 5 2022 4F

V5] il SRk 2 e T AP T [ 7 2 b J B 7 S 00 5 1)
Al 25 52 06 25 A1 Nu Plasma HR A 22 322 i i B
BB TR TTE(MC-ICP-MS) b iF4T . FREGE Sk
S A Teflon FEHL Y, L HNO, HCL R & R 75 it
FE G, A I R it 2 4 R R R A oS R S
TR WS A T R A M B . sy
B9 J5 I RE A WE 3 DSN-100 525 9 F A\ 255 1
A, % Zn [R5 2 AT = K BE A3 A D A2 o Zn [ 3R
(1953 B 235 - AR X T BRARE ) T IMC 3-0749C 1Y
T3 22 8Zn e , Ho, 8Zn(%0)=[("Zn/*Zn) ./
(*Zn0/%Zn) 4~ 1.0]x1000(X=68 , 66) , 3% Zn [ FNHAE &
“h+0.05(2SD)(Moynier et al., 2017),

AR TAEXT S 34 W By BB INEERT | Bk
7T EEH 4T LA-MC-ICP-MS f# X JE A7 Pb [a] {37
G3HT o SR AE P b 27 Kt 2 ) 2 ] 5K o A5 5
55 % 56 B, R H 193 nm #0648 0l R 48 (RESOlu-

tionM-50, ASI) & NuPlasma I 2243 i it Bl & 46 55
TR RS AT E . O YT R IR O AR R
9 um, RN 2 Hzo WEELT IIIHIEOE E A2 0 30 um,
B %k 6 Hzo Yuan(2015)TE4NA 28 T SL i e, b
FEFIAE BB i b B 7

4 rirdh

3B BE DN ER 0 B[R] 467 25 4 1 53 A 45 R L 3%
2. 1 BrBeIN AR 1 834S K 20.9%0~26.1%0( 3 2), -
1724.4%0; 11 By BN 1Y 834S 24 12.2%0~21.9%o , 1
¥719.1%0; TR BE INEET 1Y 534S {H K 18.2%0~24.7%o0
S14721.45%0,

3BT BN R 1Y Zn [R107 R 2H 150 B 4 2R WLk
3, 1 By BN AR5 B9 89Zn N 0.08%0~0.29%o , “F- 3%
0.20%o; IT B B INBE ™ 1) 85Zn A7 0.19%0~0.37%o, ~F-

T2 JTI-EFKATERAERY MBENET RERASRAMAZINER
Table 2 S isotope analysis of sphalerite and barite in different ore-forming stages of the Changba-Lijiagou deposit
S FE SR IR RSN BT BB B 8%4S/%o0 SE/%o ORI
[REE JRANE S Tl v 20.9 0.1
CB-515 )
pighiva) AR S A R 33
BAA [REET JRAL S Rl 2 26.1 0.1
Gigiival RS [l & 33.1
INEET™ JRAE S [l 2 24.5 0.2
CB-524
RN oA HEY) S R R I 32.8
[RBERT JFA7 S Rl & 24.8 0.1
XCB-509
Gifiiva) L) S R R 33.4
CBA [N BERT JFAL S [Rlv % 25.7 0.1
) WA AT SR 33.6 AR HFIE
CB-520 NEED™ JFAL S Rl % 24.3 0.2
XCB-043 NEED™ R S TRl 2 21.4 0.2
CB-005 NEED™ JEA S R 2 21.6 0.1
CB-514 [NEED™ R S Tl % 21.9 0.1
Wik . {% ] 1%%: I
XCB-035 INBF Jfe S [ i 3% 20.3 0.3
XCB-045 [NEE JEAL S R % 17 0.1
XCB-507 [NEE JEAL S [ % 12.2 0.3
XCB-505 N A7 S [A) 3 35 24.7 0.1
— I‘? 167!3 Jﬁ{f I_H%%i I
CB-521 [NEE JRAL S [ % 18.2 0.1
[NEED” 20.92
Wk 22.5
Leach et al.,
RN AP AR S [l 2 21.7 001
Gighiva) 23.01
HRRA 22.14
T 4 Zhang et al.,
HUH RN EIES
} HRRA TSR 5~8(2) 2007
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¥70.30%0; I M BY A 4F 9 1Y 8%°Zn {H H 0.36%0~
0.37%o , V14 0.37%o.

3ABYBEE A B Pb [R 2 4 sl SR L 2 4,
NFER™ B BT 8 S 3 /1B B 1) P [l 3 25 41
BAR fE AN Ko Horp [ 206Ph 2%Ph LY {E R 17.922~
18.013,27Pb /2%Pb L N 15.567~15.647 ,25Pb /2**Pb
FLAE N 37.990~38.266.

5 ¥F w®

Z AL B S BT (MC-ICP-MS) 73 B Hi R 1Y
e T AL B A3 € A R (Cu . Fe . Zn . Cd) 7E 0"
PR W 5% 5 T 4 R H (5 20 1 5%, 2001 ; Mason et al.,
2005 ; Wilkinson et al., 2005; T k%5 ,2010), H i,
Zn [Al {37 F AR ZRTE 7 B P AL AR TN RE S 8 1Y) M K Ak
2 TR R BORAR 2 T A R D TE ML A5 7 T
HLA R S, PR AT RE A A R B R RS ) o ok
TR LB 1) 29 3 (Kelley et al., 2009 ; Gagnevin et al.,
2012;Pasava et al., 2014 ;Duan et al., 2016),

51 K &£BFRE

FIFABIFZEIE 52 £ 50 # (MORBs 1 HV A 20 i A Al
OIBs 7 % 2 ¥ 77) 1) 8%2Zn {8 3= B 4> £ 76 (0.28 +
0.05)%o(Chen et al., 2013), 1 5 5t ‘k i 7+ 1 5%Zn
{83 A1 98 Bl 488K (0.12%0~0.88%0) (Telus et al., 2012;
Chen et al., 2013; Sossi et al., 2015), 75 H Al ¢ 1

R3 FEBT MEBEANEY Zn AL ESTER
Table 3 Zn isotopic analysis results of sphalerites in

different ore-forming stages

R Mg BB 8%Zn/%o SD/%o
CB-515 DSk 20n 0.11 0.02
BA-3 N 0.18 0.02
XCB-509 DNE=20n 0.28 0.04
CB-42 INEF : 0.29 0.01
CB-524 IR 0.19 0.03
CB-520 DNE=20n 0.08 0.02
XCB-043 IR 0.37 0.04
CB-005 DNE=20n 0.28 0.01
CB-514 IR 0.28 0.01
XCB-035 DNE=20n I 0.37 0.02
XCB-045 IR 0.29 0.01
XCB-507 DNE=20n 0.29 0.03
XCB-505 DNE=20n 0.37 0.04
CB-521 DSE=20n i 0.36 0.01

Zn Wi e AR IR BR R L U TR DL R K)
87n 55 K WA B 89°Zn 2 W22 HIAR A, Horpr Mg /K it
FRBRBRER 5 Y 8%Zn M 0.24%0~1.32%0 , FRAC TR T 22 1
DU Y 8%Zn A 0.17%0~0.35%o(Pichat et al., 2003 ;
Maréchal et al., 2000 ; Bentahila et al., 2008; Lii et al.,
2016; F K, 2010; Ghidan et al., 2012; Zhao et al.,
2014), [RIA, TRERIEE K 1 F- 3 8Zn H A 0.51%o(Lit-
tle et al., 2014; Zhao et al., 2014; John et al., 2014),
PR 46 X ) -2 VR BT 1 R A 2 e
R RTHMEE EIIKE A ss, R bk
AR A, BT H BN Zn A7 2 4R 5A $2 5)
FHNE A , 5| A 3km R ER A B 2 3 e RSP 34
18, Bl 25 4 89Zn 2 —0.22%0~0.22%o( &l 7) (Zhou et al.,
2014a;2014b;2016;2018), [ By B INEEH™ 1Y 6%Zn
9 0.08%0~0.29%0 , F-31 4 0.20%0 .,  5°°Zn {E 534 {1 il
BOR B 5 4 PR R RS I 5 Rl KR
SRR TR A — B UIRA L B N
(B 7). ZEHHEM T BB 4@ ok U8 v e 225 it —
TRAVIBUE IFEA TS S K AOR IR 48 .

1T By BEIN BB 19 89Zn A 0.19%0~0.37%o , “F- )
0.30%0, 4 T By BEINEF W 1Y 8%Zn fHA W1 W 19 TH & .
1 8 8%°Zn [A] 7 28 41 AR AR i JE I 24 HE . O IN
BERTDTUE SR vh i B R 408 A DR BERT A 0 U 2o A
Hh PRI AR P R G A T TN BT AR I R [ A
0T G S DN PR B L AR R A R
(Wilkinson et al., 2005 ; Kelley et al., 2009); @ # &
AR 1Y IR 78 4k (Mason et al., 2005); 3 A [\ ¥4 Ji
AR 1) 1R A /F F (Wilkinson et al., 2005 ; Pasava et
al.,, 2014), IR MR R E R 2Z 8 R E T
(297~590°C), 2= 5| 2 8 Ky W] W /) Zn [A] 7 = 77 18
(Toutain et al., 2008) . 177 415 2 4> B B JE Wit i ik
£ 5 A K(60~250°C) , WIAS 2 %] Zn [A) 57 28 40 b & R
B % ¥ W (Maréchal et al., 2002; Wilkinson et al.,
2005) JOHUVERBEAT R A T B B iR B R 185~
250°C , &5 11 B B it A A0 22 AR e Yk B8 DEg (L 2 7,
530 2h 250°C Fi1 350°C (R & F 4 di) . Rk, 245
35 AR Ak IS 2 3 i Zn [A) 7 28 A8 Ak il 3 B R
o INBEW 1Y S-Zn [A] 4 F 41 B %) L 1] (5] 8a . b) ik
7, B A B IR B I M (R?=0.0171), $8 7R A
AR 1) SR U5 AT BB AN ME — 172 2 Pk 2 A I A 1
IR A (Wilkinson et al., 2005 ; Pasava J et al., 2014),
R IR R A G R 1Y 8%Zn SR —0.05%0~
0.44%o(Chen et al., 2013 ; Duan et al., 2016; He et al.,
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Table 4 Pb isotopic compositions of ore minerals in the Changba-Lijiagou deposit
Py FERGRS 0TIARR IR HUNEWIRES 06pp294Ph  SE 207Pb2%Ph  SE 208Pb/2%Ph SE Bl
1 XCB508-1-1 17.968  0.002  15.623 0.002  38.176 0.005
2 XCB508-1-3 17.969  0.005  15.623 0.006  38.175 0.014
3 CB515-1 17.954  0.006  15.609  0.005 38.145 0.014
INFER" | JEA7 Pb [F] 37 2%
4 CB515-2 17.964  0.007  15.62 0.007  38.177 0.018
5 CB515-3 17.947  0.007 15609  0.006  38.151 0.016
6 CB515-4 17971 0.004 15629  0.004  38.196 0.012
7 XCB508-1-4 17.967  0.005 15626  0.005 38.18 0.014
8  XCB508-1-5 17.975  0.003 15629  0.003 38.192 0.009
9  LIG510-4 17.985  0.005  15.643 0.005 38.224 0.013
10 LIGS10-7 X X 17.963  0.006  15.62 0.006 38.17 0.015
11 LIG717-3-1 T I PRfiLpo I 17.965  0.003  15.62 0.004 38.16 0.01
12 LIG717-3-2 1797 0.005 15622  0.005 38.169 0.015
13 LJIG717-3-3 17.955  0.003  15.606  0.003 38.238 0.009
14 LIG717-3-4 17.965  0.005 15.617  0.005 38.266 0.014
15 CB006-2-1 17.957  0.001  15.618 0.002  38.155 0.004 AR5
16 CB006-2-2  [N4EH Ilf A P [l 2 17.956  0.001  15.617 0.002 38.155 0.004
17 CB006-2-3 17.954  0.002 15.616  0.002  38.152 0.006
18 LJG703-3-1 18.013  0.003  15.647  0.003 38.237 0.009
19 LJG703-3-2 18.011  0.005  15.638 0.005 38.219 0.013
20 LJIG717-3-1  #eka I AL Pb [Fl 3 17.934  0.005  15.582 0.005 38.036 0.013
21 LIG717-3-2 17.922  0.010 15567  0.009 37.99 0.022
24 CB515-1 17.967  0.003  15.62 0.003 38.168 0.007
22 LIG717-3-3 17.931  0.010 15574  0.008 37.991 0.021
X R0 ] JEAS7 Pb [R) {37 %
23 LIG717-3-4 17.952  0.008 15607  0.009 38.117 0.024
25 CB006-2-1 17.954  0.002  15.613 0.002  38.144 0.005
26 CB006-2-2 1795 0.002 15607  0.002 38129 0.005
27 LIG740-3 i I JEA P R (7 17.982  0.002  15.62 0.002 38.179 0.007
28 LJG740-3 17.975  0.002  15.615 0.002  38.166 0.006
29 LJG740-3 17.978  0.003  15.617  0.003 38.173 0.007
WikATN Y PO R 17.574~18.459 15.420~15.874 38.007~38.8787 [E 37,2009
kAT 17.574~18.459 15.328~15.874 37.314~39.055
BEHA AP Pb IR 17.806~18.064 15.706~15.504 37.787~38.381 s 1902
N 17.625~17.868 15.328~15.508 37.314~37.964
R 17.571 15.471 37.637

2021) (K 7), Z ko B Zn [R5 28 41 % TT BEAC 36 e
) Zn [ 37 2 21 A% (F BR 4§, 2010) (3%Zn=0.19%0~
0.48%0) o A X ]300 A 4 B OH 8 1) 6 254k, mT A
I I e 050 378 A 1) >k U

Lt Zn WA RSB DA, T BB Zn
TCE R IE A B e 25 22 B DUBURR IR 3k 7 5 11 B Bt

B AR T T Zn TR A A SRR H KK
TR P25 89Zn (B & TIR AL UIRUA B2 (8, IR
PRBIR A Bl 8 Zn fi A A 1 BT I Bt i A
14 8% Zn L i1 THCE AU AN RESE 42 Tom W B Be i
GRS, 38 i T B (AR 1)t RS A S0 2
11 B B i R 24 5 3 AL, 6 K 36 A 1] 7 o7 (BT 284 FE 3
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Fig.7 Comparison of sphalerite §Zn values in different stages of the Changba-Lijiagou Pb-Zn deposit
Zn isotope reservoirs in different sources (Zhou et al., 2014a; 2014b; 2016; 2018 ; Chen et al., 2013 ;Duan et al., 2016; He et al., 2021 ; Gao et al., 2021)
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Fig.8 S-Zn isotopic compositions relational diagram of sphalerites in the Changba-Lijiagou deposit (a) and S-Zn isotopic
compositions evolution diagram of sphalerites formed in different stages (b)
e T Esbe, I HAR o s ) BOR IR Tl 2 1 728 o ik

& (Wei et al., 2020), 7E A [A] B8~ B Bt 4 J@ 6
1) 295Pb/2%Pb-20Pb 2P [&] fift: (€] 9b) H , 8 55 B 23
T I b DX A R T S )2 FR R A A X T
W FAR ) DTEREL K, 74 1) Pb SRR T 5a i AH B.A/E H

-2 GRS RIGUSL P [ (3 AR (R 4,
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Fig.9 *“Pb/*Pb vs. **Pb/**Pb diagram (a) and **Pb/***Pb vs. **Pb/***Pb diagram (b) of ore minerals in different stages of the
Changba-Lijiagou Pb-Zn deposit (base map after Zartman et al., 1988)

MG s, 456 Zn [0 R 5 Pb RN HRE 24
I T2 R (0.02%0~0.44%0) TR A, B fli A
IR I B B N BE Zn [R5 R AE T+, (H A REHE
3% 35 1) 43 VB A R T S0 Zn (B T v BRI S
52 M ERE

B AR B B BE B INEERT BB S B
Pk iy, o3 010 A5 B Ak 4 1 A R L R A5 84S, >
§%8,,>88,,,(Wei et al., 2020), 1§ /5 BLH" i (4 S [l
LR M E 2B 3P (E S0 ,2009). AR
Wy BEINBER™ 19 JELAL 53S {H, £5 1 220°C T, TSR & i
T 1 AH N B R 8 1) 8%4S H A 29.5%0~34.7%o(Clay-
pool et al., 1980), 45 & H i A %S {H 4 32.8%0~
33.6%0( 3% 2), 5 4 Bk - I U8 75 1 25 & A (16%0~

8 -
i EyXEfkes
6F RN
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54t o RifeEs
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Fig.10 Distribution characteristics of 5S values of sulfide-

sulfate in different stages of the Changba-Lijiagou deposit

33%o) (Claypool et al., 1980) i A & —F il (% 2,
& 10), 38 7~ A B s 1) Hh 8 A B0 TR K B R 3k P RE S
55 1 BB e 22k I (Claypool et al., 1980),

FHLET T BBy s R4, 1 By Jetk g
A A AR 84S A RAA (R 2) o R[] BB B
HY N EERT HEAT T It A A AR TR 70 BT 45 S 2% B (Wi
et al., 2020), T BBt DN BF0 Y B0 T BE W {8 4301 o
250°C#1350°C /=5 F T B Be N BE 0 (1) B I 185~
250°C, C-O R RFHEFE R, | -2 EYVEED IR
B T By B i Ak R T 2K, T B BER T ik
AT &3 7K (Wei et al., 2020), P, 35 58 11T By Bk
84S [Fl 7 A AR Ay D PR, S 2 U B B, 1
TR B LAY B T A4k, A I ST A3k
SHS [ ZAH PG R, R REHERR i T30 R 43
TRV, B20E 838 [ml o7 28 A A9 WAL A TE il 1 52 22 4k
TRBUE RSN

INBER™ S-Zn [F) (v 2 41 % 5 R B i UL & 8b, X
3 AW B I AE 0 S-Zn [6) 7 2 4 0, 8%S h
12.2%0~33.6%0 , 8Zn A 0.08%0~0.37%o , K4 48 H 43
i, B3R W WY 5 00 A DG 1% 56 & (R?=0.0171) ([
8a), 48 7 MU T M IR R S B — R R, T 2ok I .
T B B 21 T B3 114 Ak ik i v, 634 {2 ¥ B A1
1M 8%°Zn {E 2 #7 I T+ (I 8b), 76 8 1 FH o B vp vl B
B BORA TG 84S {H L /& 8%Zn {H i {4 (Pasava et
al., 2014).

DX 38 3 7 A P 7 A 9 A8 O A 7 AR A il
Rl A AR | AT e ) R B T R A R
F(Pasava et al., 2014), I A 78 Rlf 48 J5 %) e 2 4 3 v
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K 3 N IR BV IX £ W2 F gt AT R IX, 7R
i A AR B SO, HyHZKIR G, SO, 4t
TSR EFH 8% 34 )5k H,S(Wei et al., 2020), M 73T TE B
R . B & R W 5B i B, g
TN AFTE TR I SR B IR 1 53 o Barret 45 (1988) fF
FEEIR, Zn F Pb I R AE KW P DL B
FEAERY , I HL 0 ik 2 B 5 B R B 1) - e i T
o LB B A B i A Sy o T R R Mk PRI ] i
AT —LE Pb  Zn 4 & B AR X, 177 DX A
T AR VR P A AR O A R AR 4 A 4 R s P
(Pasava et al., 2014), iRIRA BITIA SRR ER A &
A O 58 pHAE T, 76 AR pH (A 238 H 8 (~7.5)
B, INEED 5 5 8507 & 42 DT 3E (Anderson 1973 ; Sver-
jensky, 1986), [FIf, A KA S TR WMA
WA P 84S FRAL, AR B AR 5 A S R TR &
WA T Zn AR TR o

I B B iR A E SR T Zn Rl R 1942
b, B, AT B8 H T 5 A1) 2 AR AR 6°°Zn (B (Y Zn
JCE M UUVE T A R, &5 8%Zn {H 1) Zn JT K ]
TH AR R L, 8%Zny {H 3 i KT 8°Zn
{H o Fujii (01 )WFFEIESE , 76 & i 0 PR s
IR R Zn (BT 25 A 1 10 89°Zn [/ K 4 55 T Zn>*
T Zn B9 G4 AW 10024 pH (H<5.5 BF B Ak
FEVEWOT 5 A Y pHAE>5.5 YRR AR 4% & I TE
W R EE SR AT, Za [ R Y
SRR IR B A2 48 TR VAW Zn? JEE JR A3 BRI AL 0 1)
VAR DRI, I pHL 2 29 52 M PR 2 (Fujii et
al., 2011), 8%Zn fEHAYZE AL T 1™ ik b &
ANTRVEE SR A3 B 45 6 ) AN ) pHAE L RO [R)
AR . T B B ik 0.37%0 1Y 8%Zn Al fig e e T
N TR AT Ok A 0 R B e S AR i A
[, By B 2 AR P 89 S Je & i A i — 225
e 84S [FI7 AT T %S o

Wil 5 AR IR A A 2R AT, 12 PR s R AE K
W AR P2 W AE , BT A AR
FEDTVE W TN BER™ 7 L 1 5, AR TR A 1 FH 38
8Zny (A E— 25 T (1 7), T WG o 19 etk ™ (A 7
PR A A TR

6 4%

(1) -2 5290 34> 5 B B4 69Zn [l £ 3%
{EAE7s | B Bog s R U0 Je 2 20 i DURRBR PR ER ' 1l

JZ, WHrBOIMA T 25 2 A R U5, TG B 2 HA3f
HKURE Zn J0R A4l BB . U S R R IFTELS
SRR, A IR S PN E R P ITIA T
I, BEAE T A T EA T, W) 32 2 DA SR G
Ao JEL P R R A RAE W] BB el RE ok
URT 35, I HA o il o) BOR IR Tl 2 19 28 i
2998

(2) 3] -ZE G AT ™ 1 T30 20 o 34>
B, LB B it i A2 S5 g (4 Fn i 22 7K Ol 32
I - M0 B DA e Ao 325 AN T B Be 3 TR B, A
PEOT PR Zn [F07 R AL T (S R AR, 3675 1
RIS 32 21 RUA S A 32 522 A ) 1™
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