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Abstract The Sichuan-Yunnan-Guizhou Pb-Zn metallogenic province, located in the western margin of the Yangtze Block, is one
of the important bases for the production of base metals in China. The Maoping large-scale Pb~7n deposit, occurred in the middle of
this province, is the second largest Pb~Zn deposit. Its proven total Pb and Zn metal reserves exceed 3Mt, and the average grade of Pb
+7Zn is 12% ~30% , with a local reach of 45%. The ore bodies occur as a layered, lenticular or veined shape distributed in the NW
inverted wing of the Maomaoshan anticline and its inclined end NE interlay fault zones. The Maoping deposit mainly consists of three
ore bodies ( groups) , of which the No. I ore body ( group) is hosted in the Upper Devonian Zhaige Formation dolostone, the No. 1I ore
body ( group) is hosted in the Lower Carboniferous Baizuo Formation dolostone, and the No. III ore body ( group) is hosted by
dolostone of the Upper Carboniferous Weining Formation. The ores are mainly composed of ore minerals, such as sphalerite, galena and
pyrite, and gangue minerals, for example, dolomite and calcite with a small amount of quartz and barite. Those hydrothermal minerals
have massive, disseminated or veined structures, and have granular, metasomatic, co-edge, colloidal, aggregate or fragmentation
textures. Hence, the epigenetic oreforming characteristics of the Maoping deposit are obvious. The Nano-SIMS in-situ S isotopic
compositions show that the fine-grained strawberry aggregate pyrite and colloidal sphalerite had a significant depletion of **S, and their
8™S values range from —20.4%o to —8.7%o. Such sulfur isotope signatures have typical biogenetic sulfur characteristics, suggesting
that they had undergone marine sulfate bacterial reduction process ( BSR) . On the other hand, the in-situ ™S values of granular pyrite
and sphalerite vary from 22. 1%o to 25. 6%o, obviously enriched in heavy sulfur isotopes, indicating that they had undergone a marine
sulfate thermochemical reduction process ( TSR) . Since BSR and TSR are mainly temperature dependent, the formation of $*” in the
Maoping deposit was local reduced and may first undergo a relatively low temperature BSR process, and then undergo a relatively high
temperature TSR process. The fs LA-MC-JCPMS in-situ Pb isotopic ratios of galena show that Pb isotopic ratios of galena are relatively
uniform, suggesting that the source of Pb is single or well-mixed. The comparison indicates that the oredorming metals of the Maoping
deposit were mainly derived from ore-bearing sedimentary rocks with a certain influence of underlying basement rocks. In addition, the
in-situ Pb isotopic ratios of galena have a tendency to increase with the increase of the elevation, suggesting that the migration direction
of the ore-forming fluid is most likely upward, and with the evolution of ore-forming fluids, the radiogenic Pb-rich sedimentary rocks

contributed more oreforming metals. Hence, this paper considers that the Maoping large-scale Pb-Zn deposit is the product of fluid
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mixing and its deep may have a good prospecting potential, as the metal<ich basements contribute more in deep.

Key words NanoSIMS in-situ S isotopes; LA-MC-JCPMS in-situ Pb isotopes; The sources of ore-forming elements; Ore formation

processes; Ore prospecting direction; The Maoping large-scale Pb—Zn deposit
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Fig. 1
metallogenic province ( b) ( modified after Zhou et al. , 2018a)
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The tectonic setting of the western Yangtze Block ( a) and the sketch geological map of the Sichuan-Yunnan-Guizhou Ph-Zn
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Fig.4 The features of ore bodies, ores and minerals for the Maoping Pb~n deposit
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typical microscopic features of minerals under microscope; ( j-o) the typical microscopic features of minerals under SEM
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Table 1

In-situ S isotopic compositions of sphalerite and pyrite

from the Maoping deposit

FEfS s PR 5*S (%o)
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MP-53 c2 HBIEARLAR R A 4 v 24.6
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c4 I RCAR N EED i 24.2
d4 BB RLR B e 25.6
d=2 B IERLR B 1358 22.1
MP-64 d3 H B RLIR B 13 22.3
d4 B IERLR BT 25.1
d5 B IERLR BT 1358 22.6
d-6 FUBRDIR B 22.9
e MR EARERDRE ST I -17.5
e2 RIS SR ERRE R i -17.3
e3 PR S IRRERDR B h# -9.4
VPS8 e4d MRE G IR AR Ry b -8.7
e AR INEED T -20.4
e JAR IR B -20.1
e7 AR BT a8 -19.8
e8 AR 38 -19.2
25. 6%0) -
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20 A% e A v, P Ph /2 Pb 7 Ph/*™ Ph A1 Pb/*™ Pb H
AR 18,712 ~ 18.768 ( HJ{E H 18.739) , 15.786 ~ 15.796
( YA N 15.791) F139. 399 ~39. 513( ¥{HH 39. 452) .

5 g
5.1 FESHETFHORE. R EM MBI
5.1.1 RRERETHERR

HJE R AF(2011) R MG 5 ekt B P R0 IR AT
TENRGEMAETEN S RN ZF IR AR, 45 R B iZy
PRI 8S (H R T%0 ~ 24%0, ik L HAN N BIFH IR 1936
SRS B FoRIE TR 12 s & A 5 i AR AR R 1 7%
RERHRIZ AT — 225500 A A i iE RS 6
TR B AHZE KRR AR 55 ( 2018) X & 50 PRI AT
FTARRBA T A g 2 aE, #1757 2m
RN S R R A A HT RIS LUAIF 5T L 25 S i /R A7 T 52
WAL A=A P I A ALY, L 8™ S (H R 18.3%0 ~22. 7%
(¥HEN 21.1%0) , SZ X W MR EREHRZ P HAE, K
Y I K 21. 9%0 ~25. 9%o( ¥I{E H7 23. 6%0) , —F JLT- 554 —
e WA TR A =8 PR A s Ak, 6 S (K 7%
~17. 5%0( ¥EH9 12. 8%0) , 5 Z Xt R 1Y £ 5 BB EHZE )
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6 JIEEBEVE 5 XN R BT H 2 FP AR PR 55 [) 3 75 /K R Y5 A i [ 152 28 4 v b
B UL WS ) 457 3 2 BTG i B Chaussidon e al. ( 1989) , [ #1387k B 7] 137 28 2H B8 FEl 41 Claypool et al. (1980) , ™ PR IFI (3 3% 3F A Sk
( 2230145, 2006; Zhou et al. , 2013a, 2014b; 4xHE%SE, 2016; A4R=4E, 2018; (FMAIZE, 2018; {T4E, 2019)

Fig. 6 Comparison of S isotopic compositions between the Pb-Zn deposits hosted in different strata ages of the Sichuan-Yunnan-

Guizhou Pb—Zn metallogenic province and the seawater and mantle-derived sulfur

Data sources: mantle-derived sulfur are from Chaussidon et al. ( 1989) ; seawater sulfur are from Claypool et al. ( 1980) ;

and ore deposit sulfur are

from Li et al. (2006) , Zhou et al. (2013a, 2014b) , Jin et al. (2016) , Cui et al. (2018) and Ren et al. (2018, 2019)

G H S SE R 12.9%0 ~17. 1%e( ¥I{E K 13. 6%0) , — 1l
BN ARL . AR SRAR 0 A SRR Y R AL 87 S AT 43
g =20. 4%0 ~ — 8. 7%cF 22. 1%0 ~25. 6%c Wi 4L ( % 1) , 1] I,
JG# ST AMEG T B ARE A FAL R 87 S 4558
FEIN(T%o ~26%0: B J& R LA, 2011; fRIUAI 4, 2018) , 3%
BV R KRR RSB Tk AT WET E & A
BHEIGHRREE N L ESRE . XL, WG MR (WA
TFHERFR; P E%, 2016; Zhou et al. , 2018¢) 2 ( AT
T B ZESCHS, 2006; TLINFISE, 2018) AZHHR( WEAF
FHBR; Zhou et al. , 2014b) . R ( TERGE T A % &:
Zhou et al. , 2013a; Liu et al. , 2017) & SR ( WAF T S &,
Zhou et al. , 2018b; A4R=24E, 2018; {EV4%5, 2019) &4 4
WIR(E 6) , Hak R85 T2 5k A W 1 )2 v (9 AR 75
KEHERZ( Zhou et al. , 2013e) , X 5 4Bk MVT § R A A
BB F 2R H K B R R A AU — B0 ( Leach er al.
2005, 2010) o Z¢ I, WA HbJZ T AR 78 B AR RN
WFFE X B EE™ ARG J2 BRI, 17 ELIE v] DAE 7R XY IR
FE TR Y AR BR RS
5.1.2 BBEFE T TR F 518404

TEARBR RRER (1 30 J5 32 2258 23 TCHL Y Ak 2436 51 ( TSR)
A LI 5 ( BSR) ( Ohmoto, 1972, 1986; Seal, 2006)
P~ . TSR AT BSR o i 3 2 il B AH 1Y, B TSR 5 72
T ZLR B SR RN IR FE A5, B2 R AR AR MR v
FOTR BE £ 1F 7 ( > 100 ~ 120°C; Ohmoto, 1972; Claypool et
al. , 1980; Seal, 2006) , i BSR 1ot #4755 i J& 30 5L 41 T8 72 35
AR 5548 i & A FE AR IR <100 ~120°C; Jorgenson
et al. , 1992; Basuki et al. , 2008) BS54 F - HeAh, TSR i #¢

b = i S7 7, HLH 8™ S (A X 4 b AR AL ML BB A/
580,71y 8*S {2, B AMS(80,> -8*7) A3k 15%0 ~20%o;
i BSR i BB A S° A B K ], B 7 1y 87 S (M
ARG AL BB T, 5 50,7 [ 87 S 2, Bl AYS
( 5042_ —52_) Bk 40%0( Ohmoto,1986; Ohmoto and Goldhaber,
1997; Basuki et al. , 2008) . FiA( HJE R X%, 2011; {E)
FJ %, 2018) IAN TSR s REBEFH IR S* JE LAY FEZHLHI
PR BT PR A R iR ( 180 ~218°C whilg A= 45, 2007) H
BETHEETENIEE( <100 ~120°C; Jorgenson et al. ,
1992; Basuki et al. , 2008) , H BYEH KT A L) HAHE
WA S AL IR (7% ~ 26%0: H1JE B LA, 2011; (£
F4E, 2018) o (HJE, AR WA IE K M ETFH KRB & EH S [
LR (K Se, d 8 6) Fh, Ak e A AT AR R B 2™ FROIR N
B BT I B G0 8™ (S X RIS
T INBR TSR RSN, B Z R AEA T 1 TE it F k3 18 AL
il i T BRI R AR B S A m (> 180°C; i A= 4,
2007) , AN & BSR 3 BRAE WA W B & AR RS 2% Ao Rt
B R PR R BSR AR B8 & A AE B AT, RV R e &
AT SRR R 28 B R 5 5 4 R 0 L It M4 iR
AT, IR AR & A BSR a3 A, P A D R SR S 1
HAT 5 S RRAE I 1/ o A0 B2 45 1A B IR B R o BOIR
INFED . BEE & SRS E iR & R R, 5
ThiE  BSR i 2 1, TSR 3 #2832 R B FRRDIR 3 8k
T AT RLRIN BRI, BEPAR AR R SRS B 2 7 1Y
G B2 T BSR A1 TSR i 2, 33X 5% 0™ IR I i b
TGAHZE A B B2 DA TR A T EHIER - (HAE —4R 102, BBk
B OREAS [R1 07 B (0 S50 8™°S (EREAT 22 53, BN H ¥R dRin
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Table 2 The fs LA-MC-CPMS in-situ Pb isotopic ratios of galena from the Maoping Ph-Zn deposit

206 207 208 208 207
Wiz ARV 204 LE Is 204 LE 204 gi 206 gi Is 206 E}: Is

MP-28-01 18.763 0. 002 15.790 0. 002 39.490 0. 007 2.1047 0.0001  0.84154 0. 00003
MP-28-02 18.763 0. 002 15.791 0. 002 39. 495 0. 006 2.1047 0.0001  0.84155 0. 00002
MP-28-03 [IRTREN 18.761 0. 002 15.788 0.002 39. 484 0. 006 2.1045  0.0001  0.84149  0.00002
MP28-04  760m 1BE 18,768 0. 002 15.796 0.002 39.513 0. 006 2.1052  0.0001  0.84165  0.00002
MP-28-05 18. 766 0. 002 15.795 0. 002 39.508 0. 007 2.1053 0.0001  0.84169 0. 00003
MP-28-06 18. 768 0. 002 15. 796 0. 003 39.512 0. 007 2.1054 0.0001  0.84168 0. 00003
MP-44-91 18.715 0. 002 15.789 0. 002 39. 404 0. 006 2.1056  0.0001  0.84369  0.00002
MP-44-02 18.713 0. 002 15.788 0. 002 39.399 0. 005 2.1055 0.0001  0.84369 0. 00002
MP-44-03 18.714 0. 003 15.791 0. 003 39. 409 0. 007 2.1058 0.0001  0.84377 0. 00003
MP-44-04 72;31{1&& 18.719 0. 002 15. 794 0. 002 39.417 0. 006 2.1058 0.0001  0.84372 0. 00002
MP-44-05 18.721 0. 002 15.792 0. 002 39. 420 0. 006 2.1056  0.0001  0.84358  0.00002
MP-44-06 18.712 0. 003 15.789 0. 003 39. 407 0. 007 2. 1060 0.0001  0.84376 0. 00003
MP-44-07 18.713 0. 002 15. 786 0. 002 39. 400 0. 007 2. 1054 0.0001  0.84361 0. 00002
MP-67-01 18. 740 0. 002 15.789 0. 002 39. 445 0. 006 2.1050  0.0001  0.84258  0.00002
MP-67-02 18.739 0. 002 15.788 0.002 39. 447 0. 006 2.1051  0.0001  0.84256  0.00002
MP-67-03 731613-“2}% 18. 746 0. 003 15.795 0. 003 39. 467 0. 008 2.1055 0.0001 0. 84265 0. 00003
MP-67-04 18. 740 0. 002 15.791 0. 003 39.454 0. 007 2.1052 0.0001  0.84263 0. 00003
MP-67-05 18.744 0.002 15.793 0.002 39.458 0. 006 2.1054  0.0001  0.84263  0.00003

WREAETE S FALR X BN R A A rh TR AR T
B[] 3 3% 1K 8 T3 2B F 2 ( Zhou et al. , 2018b; 2% F 4%,
2018) o £ b, ASCIA O T I A PR 20 0 AL S [ 2K
BRACZEIETE A7 B R 4 T RITR A B I 45 B AL W 1 JR T i
JEZS 15 BRI  TE i R A SR ML A5 SR AT B 29

5.2 B €RBRKESREENK

PATEX B FFEYRFD IR Ph R 2R IR Ak 27 O BT LU B
559,45 4R FEIE T LS R LR B G (R
R A, 2011) o X, REABFF IR , S L B0 IRV
e BIRIX EBA TR ICH ARG R AR B A 8 B+ —
SR TIRUA M LA e & ke 1 X as = R gt
AE K L AR ( Zheng and Wang, 1991; #1817 B I Ak 3C ik,
1999; Zhou et al. , 2001, 2011; &F B4, 2004; 2= s,
2006; JRZ =4, 2010, 2012; Li et al. , 2015, 2016; 4:H[EH
4%, 2016; Tan et al. , 2017; Wang et al. , 2018) ,{HX} =257
TEPRIX AN [R5 FE0 PR 53 Bk L ) 5 1) 5 =X 0 LL 481 AN [
ANIH( Zhou et al. , 2018a)

BT U AN Th ZETr 408 b i) & s ARG, JHOIE Ui S P
(K P (4 &5 LU AT DL Z B AT, BT LA 814 Ph (R0 28 40 T
e DEAT BT AF % A A BV AT A2 A AR B Ph [) 137 28 4 A
(Zheng and Wang, 1991; Carr et al. , 1995; Zhou et al. ,
2014a; SHE4SE, 2016) o ARMFFIRTG I B EFE R IRA
P B AR RIS & 5 850 B SR Ph R 28 41 AR 6 3 [
WAE(FR2) RIIZY IR 4R KR IER b — IR A
— AL AR ( B B4R, 2004; Zhou et al. , 2018b, ¢) o
TR =RISE A E Ph 3 B 7R 5 AT AR L

I, T B AT B AR IR 42 1E ( Carr et al. , 1995; Zhou et al. ,
2014b) o SAETEIGEAE( 2016) HE T BIFATEE IR IN BT
Rb-Sr SFAF 4 A1 321. 7 = 5. 8Ma, {H 2 X 3 b BUA (193 5T
I EIE A i A= A S S NS S R oY i 1o AV R A Y (]
230 ~200Ma 72 1| JFELES H X B BER R 1) 2 BRI )
THAZ (W B, 2010; B L, 2012; Zhou et dl. ,
2013a, b, 2015, 2018a; Zhang et al. , 2015; W Fi & 45,
2016; Hu et al. , 2017b) o N2 254 RIWIZKAS 09 B SPAL SE0
PR W5 47 LAMCACPMS J5fiz U-Pb 4E#4 4 209Ma( J7
KE%, RRFEAR) o B, R 200Ma 1y B0 4F i %)
IR ERIEEA AT Ph R R AR RS

W B ATAEYEER R EY RUAL Ph RO 24 5 I 4R I
M1 J B AR 38R TR o A IR TR 2 i R UL RUA A
A B g A LK RA ) Ph R 3 A A TR b
(Bl 7a) AMER LB R 80 BoA W] B AR T8 1l
LR Ph [FA R AR, Hyg AR TS LK A Pb
I o7 28 21 v BBl 22 [ L (B S S R AR A B B/ Ta) |, [
N R il B 3 N b w2 0 ol o N VA 4 £ D e
[ ( &l 7a, b) o B, A SCANBIEEVEED R Y BLH™ 4: 8 i
AT RESE A TORUE B BE0Y  (HOR BB HERR JL IR 5 A (4 6 ik
JBIZRE) BITTER -

1627 Ph /2 Ph="Ph/** Ph( [&] 8a) .** Pb/** Ph=""Ph/** Ph
( &l 8b) F1I*™ Ph/* Ph-2" Ph /™ Ph( [&] 8c) [EIf# I, Mk & B %
A PR B AN TRl A e o B 0 850 (3% 2) , JFLJR AL Pb
7 AN — AR L B, BB 25 A = T, 7 0
£ Pb [FIA R A EA Frm e, B B0 R 7
BN, BB S AL & U S Pb
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Fig.7 Plots of *"Ph/*™Ph vs. *Pb/**Pb (a) and **Pb/**Pb vs. **Ph/**Pb (b) ( after Zartman and Doe, 1981)

UG, ROKA L AR e, HAT S 3 14 B ) s ke ol TR
A UURRE H PhZn A8 AT U R & ARG, MRE A T &
AT GRS, 2004) |, HLARTE X RYREET IR 1 AL
BRI SR L LKA A7 ( Zhou et al. , 2018a) , FT LIARSL
DR AT X B B PRI BV AR B % 1) B ) S i ik L
91T RE LR HE R, BV T 0 1 A, FESR I A SR
JAT ) T B DR ( NIAT TR 48 R AR R 0 587 1
MR IR o PRI, BFPHYER R ™ i M2 i R 1) iz

P FIEAL Y, X 3 B B P4 X B8 AT 7T R R 4 (Y 4R v
VIR e 2 I R E i N L

5.3 HERE

BIPEE IR = A R B IR () WBAE T RREZ 00 5%
A AFEH B T H) A=A, Z R8P R &
A S &2 S8 3) o Ak Al AR B R W I 08 43 AR AR
( BLZWEE, 2012; Wei et al. , 2015) o XTI RRIBYELR i
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ratios for different elevations galena in the Maoping Pb—Zn

The variation characteristics of in-situ Pb isotopic

deposit

The variation plots of 27 Ph/?**Pb vs. 2°Pb/?™Pb (a) , 2%Ph/**Pb
vs. 2Ph/?Ph (b) and *Pb/?* Pb vs. 2"Ph/*® Pb (¢) for
different elevations galena

JETE T MVT 47K, H AT S A 48, B sk & 7 45 2005) 1A
LS I RTE N B9 )1 B ML XA BT PR J8 T MVT 47
PR i A 45 2012) WA I8 JRA 51 T MVT 87K, J& T
AR PR o T BRI SRS 2 A0 T
MVT & FRE A HFAE , 4B A 85 B8 41 a2 ( Pb + Zn >
12%) G B B RS (> 180°C R A 2%, 2007) AR
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PR A8 A G A ( BB 94, 20125 Wei et al. , 2015)
S5 R AT I MVT 97 RSO 2R S0 A% (H B P B
T IREA A5 A PORONT FRAE R TCREM (B 14 4) o R
BARR TAEIEARE I B PPAEF 0 PR AR 2S5 g 1 | ),
(R R At b 220 T L i A, BN

(1) 2y 260Ma, W% )& L1 Hb#E A 35% 81 ( Zhou et al. , 2002) fiff
1543 F ARG 2 0 i IR E S AR X e ( £ 50°C; Zhou et al.
2018b) , Tl (g FAAep B SR 1 MR TR B i A 0 i 22
oA T 42 8 TC R BUIE AL R R ZE T, R LR 4B
TCR I AT LA

(2) 257 ~230Ma, BLEP 3 3 L1152 B 57 2K 35 L8 1 I
AT DX A 3 it o B K DRI 28R B -5 2 R R
WL A5) KRR ] b 38 B% , W34 3 3k 7K /55 R B A T 4 2 0
A~ TR R AE B 28 b 2 DUBRE Hh (9 ™ 43 J@ T &, TR
I 43 TR B R A A (B — U R AR A
FH T TR B it M B A i 1R B T 46 JR 0 3R R A A
fiE) 5

(3) 230 ~200Ma, I 37 3 112 BRI, % F R P9 244
I BT EFE i & ( Hu et al. , 2017a, b; Zhou et al. ,
2018a) , X LE RIS R 5 8 BT IR A TR 1) IR 94 1 HE
M, IE BB AR ER S 6 b 1 RE SR 3 B P (40 B PP DX AR
ML RY L5 AR S R/B S0, (1 J22 IR] 2 i 3 1A
R AR SR AR B IR 8 10 28 KB Hh 2 KA B O Rl
TARRAEN I E SR A S S minknrigS) ,Ja s TSR
WA A H A B R TURE B R T R 7RI
TREE IR G U i R v, ST FE R BT BSR b Bt A Ay 2D
ST (THTS) I AR A AR AR BT RURAR TN
B BRIG R TSR S RIE i K 8* (EA&ENS) T
JRR i BRSO B 2 = G R A

BRI IR, RET AR M ITTER L F BT #
W R YR AL 2 26 PR (A pH A8) WA, T3 22 28 A4 1) 1L
T/ (K ) ARELAE L AT AR R ) A 9 Y 2 i
FH 5 B3 i v A -85 A R B R R W 22 v VE T ( Zhou et al.
2018¢) , RAERFAHNS o€ A I B L W) B AL 7 25

6 &L

T A B PR R AT PRI A AT R 3 5 Ak 7 A
RGEME AHAYIIRAL S K Ph [F {7 F HUER 1L F 5T, AR SC
TR LU 2518

(1) BIPR 232 M AL i g SO 4236 i 5 b 2
AR 5 R A

(2) BIFOTPRABIER A X DA™ L JZ o s & 407 2 1
HABRBRER 78 KT $68)2  BRRR #h 9B I 2215 T BSR Al TSR
AR PR R AR W R RS W BRI A (R
A IR BRI &) T, T 2 A AR 7 5 — O [ A
PRI A5 AP BTA S — IR G2 380 TSR 1 A28 2 Fl
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BAL P ICTE 1 AL

(3) BHHPRAY A 2 8 2 h AT DU A 4R AL, (EAHE
B R AREEIC A (45 A 1L 2 i) B BTk

(4) BIFRBH R A R m Eis e, 100 48 1 5L
AR T R AR AT ) S5 TR L9 SO R DX R
A —RE IHRE T T -

gt SCETTARARE) b E R e B BR A B S
JIT A HERIF S B3R K A A TR U B 7Y b 2 5 M AR B

A T ARIMAE ARG B RO A b 45 v B2 e s Bk AL~
WFFE TR DUSEWDTFE 51 BRI ST D3RI W AT 50 03 2 R AT T
A f THE: TR TIE 2 A B2 O WA
s TR IR AT T35 7 0 A A
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