
1 Introduction  
 
The  Sichuan–Yunnan–Guizhou  (SYG)  Pb–Zn–Ag 

multimetal mineralization area, located in the Permian 
Emeishan Large Igneous Province (ELIP) in the southwest 
of China, is the major source base of Pb, Zn and Ag and 
has more than 400 lead–zinc deposits and ore spots. In the 
ELIP,  voluminous  basalts  were  responsible  for  the 
formation of various types of deposits and made them 
more complicated (Hu et al., 2005). It has already been 
proved that the formation of the well-studied Huize lead–
zinc deposit, the largest one in the SYG area, is partly 

related to eruption of the Emeishan basalts (Huang et al., 
2003; Li et al., 2007). However, other large lead–zinc 
deposits in the SYG, such as the Jinshachang and the 
Maozu lead–zinc deposits, have not been paid enough 
attention  recently,  and  their  ore  genesis  is  still 
controversial  (Liu  and  Lin,  1999).  The  Jinshachang 
carbonate-hosted  lead–zinc  deposit,  located  in  the 
northeast of Yunnan province, is surrounded by Emeishan 
basalts in the northwest of the SYG area. Liu and Lin 
(1999)  and  Zhang  (1988)  demonstrated  that  the 
Jinshachang  deposit  was  a  sedimentary-transformed 
epigenetic deposit controlled by the thermal events of 
Emeishan basalts. Liu (1989) had shown that this deposit 
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was of MVT type and the sulfides minerals were formed 
by  the  thermochemical  reduction  of  sulfates  minerals 
present  in  the  upper  or  lower  strata.  Although many 
studies had been carried out (Liu and Lin, 1999; Liu, 
1989; Tu, 1984), the source of sulfur and mechanisms for 
the precipitation of ore minerals were poorly constrained.  

In some deposits, such as Huize (Huang et al., 2010; Li et 
al., 2006) and Maozu (Liu and Lin, 1999), the major gangue 
mineral is calcite. However, the Jinshachang deposit is 
characterized by a special association between sulfides and 
sulfate minerals, which make it much more distinctive from 
other lead–zinc deposits in the SYG area and help us obtain 
crucial  information  on  the  source  of  sulfur  and  the 
physiochemical  characteristics  of  ore-forming  fluids 
(Arnold and Sheppard, 1981; Heyl et al., 1974; Ohmoto, 
1972; Seal, 2006). Therefore, systemic studies on detailed 
ore  geology,  stable  isotope,  fluid  inclusion,  and  other 
geochemical fields in this deposit are helpful not only in 
tracing the migration of ore-forming elements but also in 
finding out the relationship between the Emeishan basalts 
and lead–zinc mineralization in the SYG area.  

Studies on sulfur isotope have helped understand the 
precipitation processes of ore minerals (Ohmoto, 1972; 
Seal, 2006), hence, such studies have popularly been used 
to investigate the origin of the deposits. Although sulfur 
isotopic  components  of  sulfides  minerals  in  the 
Jinshachang lead–zinc deposit  have been reported,  the 
genesis of reduced sulfur is still controversial. On the basis 
of the sulfur isotopic components of sulfides minerals, Tu 
(1984)  proposed  that  the  deep  seated  sulfur  was 
incorporated into ore-forming fluids, but the sulfur isotopic 
components of sulfate were not discussed in his study. Liu 
(1989) showed that the sulfur of sulfides were derived from 
marine  sulfates  during  the  same  period  when 
thermochemical  sulfate  reduction  (TSR)  took  place, 
However,  he  did  not  consider  the  sulfur  isotopic 
fractionation between sulfides and sulfates. In this study, 
systemic sulfur isotopic compositions of sulfides and barite 
from  the  Jinshachang  lead–zinc  deposit  district  were 
analyzed, to discuss 1) the precipitation mechanism of 
sulfides and barite 2) the isotopic equilibrium between 
galena and sphalerite,  and 3) the relationship between 
sources  of  sulfur  (sulfide  and  sulfate)  and  magmatic 
activities. 

 
2 Geological Setting  
 
2.1 Regional geology 

The  South  China  Block  consists  of  two  major 
Precambrian blocks: the Yangtze Block in the northwest 
and the Cathaysia Block in the southeast. The SYG area is 
located near the western margin of the Yangtze Block and 

characterized by intersection of the NE-, NS- and NW-
trending faults  (Fig.  1).  Distributions of the lead–zinc 
deposits are strongly restricted by the Emeishan basalts. 
Moreover, basalts and the lead–zinc deposits are controlled 
by faults that are not only the pathways for the ore-forming 
fluids,  but  also  the  locations  where  the  ore  minerals 
precipitated. The exposed stratigraphic sequences in this 
region comprise rocks from Archean (the Kunyang Group 
and Huili Group) to Quaternary, except the Cretaceous and 
Jurassic  strata.  Except  the  Quaternary,  other  layers, 
especially  the  Proterozoic,  Cambrian,  Devonian  and 
Carboniferous  sequences,  host  lead–zinc  deposits 
completely (Han et al., 2007; Huang et al., 2010). A 100 
km long and 40 km wide lead–zinc mineralization belt 
exists in the Proterozoic Dengying Group in the SYG, and 
the Jinshachang deposit is located in the north of this belt. 

The Jinshachang lead–zinc district controlled by faults 
is  located  in  the  northwest  of  the  SYG  and  at  the 
intersection of the NE-trending Lianfeng fault and the 
secondary NW-trending Jinshachang reverse  fault  (F1) 
(Fig. 2). In the west and north of this district, several 
gypsum mines are located on both sides of Yangtze River 
in  the  Lower  Cambrian  strata.  The  nearest  Hekou 
gypsum mine is situated 4 km northwest of Jinshachang 
deposit and comprises some orebodies having thickness in 
the range of 1.6–11 m and length in the range of 190–1000 
m. The ore minerals of the Hekou mine are shallow 
marine lacustrine sediments, consist of mainly gypsum 
and less amount of dolomite, and show blocky structure 
(Regional geological report, 1978).  

Around this district, several hypogene hot springs are 
distributed in the Jinshajiang River valley. The water of 
springs is colorless, transparent and odorless or is slight 
odor and salty, and has high temperature ranging from 30°
C to 50°C. The nearest spring is located 1km away from 
Jinshachang deposit and on the axis of the Jinshachang 
anticline (Fig. 2). Previous studies showed that the spring 
water collected from the Proterozoic dolomite had low 
contents of K+, Na+ and Cl−, and relatively high contents 
of SO4

2− and Ca2+, indicating that the leaching soluble 
salts might be gypsum (Regional geological report, 1978). 
About 12 km northeast of this deposit, there is a primary 
hydrothermal copper mineralization spot related to the 
Emeishan basalts containing minerals of native copper, 
chalcopyrite and malachite. Other copper mineralization 
spots have also been detected not far from ore district.  
   

2.2 Geological background of the deposit 
The stratigraphic sequences at the Jinshachang district 

are the Early Proterozoic to Paleozoic strata, except the 
Devonian and Carboniferous strata (Fig. 2). The orebodies 
of this deposit occur mainly within the Meishucun Group 
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(the Lower Cambrian, including the Dahai, Zhongyicun 
and Xiaowaitoushan Formations, Shields et al., 1999) and 
the Upper Dengying Group (the Upper Neoproterozoic 
including  the  Baiyanshao  and  Jiucheng  Formations, 
Shields et  al.,  1999)  (Fig.  4).  The Meishucun Group 
consists  of  a  basal  unit  (~10  m thick)  of  light  gray 
siliceous dolomite and an overlying unit (~27 m thick) of 

phosphorous dolomite. The 3.2 km long and 1 km wide 
Jinshachang  deposit  is  hosted  mainly  in  the  Upper 
Dengying  Formation  (Baiyanshao  Group),  which  is 
subdivided into the upper and lower dolomite units. The 
upper unit contains interbedded siliceous dolomite and 
gray–white  microlite  dolomite  with  typical  laminated 
structures and wavy bedding. The lower rocks surround 

Fig. 1. Tectonic map of the Sichuan-Yunnan-Guizhou Pb-Zn polymetallic metallogenic province and distribution of the Pb-Zn 
deposits or mineralization pots (revised from Liu and Lin, 1999).  
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lead–zinc orebodies and consist of light-gray cryptocrystal 
to fine-grained dolomite containing siliceous strips and 
corrosion holes mostly filled with limonite. The mine area 
has been divided into three oreblocks, from west to east: 
Yanshan oreblock, Guanfang oreblock and Jinshachang 
oreblock, respectively. No magma exists in the mine area, 
but  it  is  surrounded  by  the  Emeishan  basalts.  The 
geological  structural  feature  of  this  deposit  is 
characterized  by  a  dome-like  short-axis  anticline  and 
several faults (Fig. 3). Two main fault systems occur in 
this district. The Lianfeng deep fault trending northeast–
southwest controlled the strata thickness and lithofacies 
paleogeography and underwent multiperiod activities. The 
Jinshachang fault, the secondary fault where ore minerals 
were precipitated, trends northwest–southeast, dips steeply 
to the northeast, and parallels the fold axis; it has an 
exposed length of 7 km and a width of less than 150 m. 
 
3 Samples and Analytical Techniques    
 

In this study, 65 sulfide samples, including separates of 
sphalerite, galena and pyrite, and eight sulfate samples, 
were analyzed for their sulfur isotopic compositions. All 

Fig. 2. Regional geological sketch map of Jinshachang Pb-
Zn deposit and its surrounding district (after Pei, 1978) 

 

Fig. 3. Geological map of Jinshachang ore district and a cross section through the whole deposit 
(modified from Jinshachang exploration report) 
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these samples were collected from main No. I2, No.II, and 
No.IV orebodies of the Jinshachang deposit. Samples were 
handpicked under a binocular microscope to obtain 48 
separates of sphalerite,  13 separates of galena,  and 5 
separates of  pyrite.  Sulfur isotopic compositions were 
analyzed using a Finnigan MAT-252 isotope ratio mass 
spectrometer at the Institute of Geochemistry, Chinese 
Academy of Sciences, and expressed in LTB-2 standard 
(δ34SCDT‰ = 1.84 ± 0.2) with a precision of ±0.2‰. 

 
4 Results 
 
4.1 Mineralogy and texture 

Mineral components of the Jinshachang deposit were 
found to differ from other lead–zinc deposits in the SYG 
area but were similar to those of MVT type. This deposit 
was observed to comprise a major ore mineral assemblage 
of sphalerite and galena; a major gangue of barite, fluorite, 
quartz and dolomite; and less quantity of other minerals 
such as plumbojarosite, pyrophylite, bournonite, pyrite, 
kaolinite,  argentite,  chalcopyrite  and  calamine, 
hemimorphite,  hydrozincite,  cesusite,  sardinianite, 

malachite, azurite and limonite. The ore minerals showed 
typical  poikilitic  and  automorphic–hypidiomorphic 
granular  textures,  as  well  as  massive,  banded, 
disseminated, brecciated, vesicular and spotted structures. 
Minerals of sphalerite, galena and barite were often found 
to coexist and form an envelope (Fig. 5a, b, and 6d) in 
which  barite  and  sphalerite  surrounded  each  other, 
suggesting their coprecipitation (Fig. 6a, b, and c). The 
acid–sulfate type of  alteration characteristics  including 
solution holes  (Fig.  5d)  and  vuggy silica  cores  were 
identified, which implies a magmatic environment. Some 
red crusty structural materials, including plumbojarosite, 
calcite, dolomite and pyrophylite, were found to locate in 
the matrix of quartz and dotted galena (Fig. 5c), which 
suggests  that  the  former  primary  ore  minerals  partly 
suffered an oxidation process. 

A paragenetic sequence was summarized on the basis of 
geological  field  studies  and  observations  of  hand 
specimens and thin sections. The stages defined primarily 
by the combined feature of sphalerite and galena and the 
alteration characteristics are summarized as follows: (1) 
early deposition of barite, sphalerite, quartz and fluorite; 

Fig. 4. Histogram of the strata of the Jinshachang Pb-Zn deposit 
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(2)  hydrothermal  alteration  of  the  formed  mineral 
assemblages; and (3) formation of galena, fluorite, quartz 
and less amount of barite. 
 
4.2 δ34S values of sulfide and sulfate 

In order to classify data more conveniently, sphalerite 
minerals were divided into three types according to their 
color: light, medium and dark. As shown in Table 1, the 
δ34S values of sphalerite minerals fall in the coverage 
between 3.6‰ and 13.4‰ and have an average of 5.7‰. 
The δ34S values of  light-,  medium-,  and dark-colored 
sphalerite  were  estimated  to  be  4.7–13.4‰  with  an 
average of 7.2‰, 4.5–12.3‰ with an average of 5.7‰, 
and 3.6–4.5‰ with an average of 4.1‰, respectively. 
Differences in δ34S values between the lighter and the 
darker sphalerite minerals handpicked from samples 402-
01, 401-7-3-04 and Jshch16 were relatively smaller than 
0.4‰ which was twice the testing precision (±0.2‰), 
indicating that analytical errors might have resulted in the 
differences.  However,  differences  in  δ34S  values  for 

samples  026-5-01,  401-7-3-03,  908Z-03  and  908-5-06 
were 1.3‰，4.3‰，1.1‰ and 0.5‰, respectively, all of 
which  were  more  than  0.4‰.  Therefore,  it  can  be 
concluded  that  sulfur  isotopic  values  of  the  lighter 
sphalerite  were  more  than  those  of  the  darker  ones. 
Additionally, after excluding several larger δ34S values of 
the light and medium types of sphalerite, the average δ34S 
values were generally found to decrease from the lighter to 
the darker ones. Therefore, in the same specimen, the 
lighter color of sphalerite, the larger its δ34S value. The 
δ34S values of sphalerite present in orebodies were found 
to be notably distinct from those present in wall rocks. For 
example,  δ34S  values  of  the  light-  and  medium-type 
sphalerite present in wall rocks were 13.4‰ and 12.3‰, 
respectively. From the wall rocks to the inner zone of the 
orebodies, the δ34S values decreased gradually from about 
13.0‰  to  5.5‰.  The  δ34S  values  of  sphalerite  that 
coprecipitated with galena in samples 105-202-06, 105-2-
4-01 and Jshch23 were estimated to be 9.2‰, 9.3‰ and 
11.2‰, respectively, with an average of 9.9‰. 

Fig. 5. Photographs showing the association relationship between minerals from Jinshachang Pb-Zn deposit.  
(a) the barite and light sphalerite are included by galena (Sp, sphalerite; Ga, galena; Br, barite); (b) the sphalerite and barite coexist and are enveloped 
with each other; (c) red crusty structural material (RC) including plumbojarosite, calcite, dolomite and pyrophylite and (d) solution holes of the acid 
sulfate alterations.  
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Apart from a δ34S value of 3.7‰ in the sample Jshch24, 
the sulfur isotopic compositions of galena in other samples 
ranged from 6.0‰ to 9.0‰ (Table 1), with a total average 
value of 7.1‰. The average δ34S value of galena from 
three fluorite–galena–sphalerite-type samples (6.5‰) was 
slightly smaller than the total average value, whereas that 
from altered dolomite containing covellite and aeruginosa 
(9.0‰) was larger than the total average value. The δ34S 
values of pyrite were dispersed over an extraordinarily 
wide range, from −6.4‰ to 29.2‰ (Table 1), with typical 
isotopic  characteristics  of  sedimentary  pyrite.  Pyrites 
hosted in the strata were observed to be patchy and pod-
like aggregates, show finely granular structure, and have 
no symbiotic relationship with sphalerite and galena. 

During this study, the coprecipitation phenomenon of 
barite,  sphalerite  and  galena  was  very  commonly 
observed, which is significant for discussing the source of 
sulfur. Therefore, it is necessary to analyze the sulfur 
isotopic compositions of barite. The δ34S values of barite 
ranged from 32.1‰ to 34.7‰ (Table 1), with an average 
of  33.7‰. In the same specimen,  the δ34S values of 

sphalerite were found to be higher than that of galena, for 
instance, in samples 105-202-06, 105-2-4-01 and Jshch23, 
δ34S  values  of  the  sphalerite  were  9.2‰，9.3‰  and 
11.2‰, and those of the galena were 6.1‰，6.1‰ and 
8.2‰, respectively. This feature indicates that the sulfur 
isotopic compositions in the ore-forming fluids had partly 
reached isotopic equilibrium (Ohmoto, 1972). 
 
4.3 Fluid inclusion data  

In this deposit, two main types of inclusions in fluorite 
could be distinguished: (1) liquid–vapor inclusions (5.7–
24 μm in size) and (2) vapor–liquid inclusions (7.2–32μm 
in  size)  (Fig.  7).  Homogenization  temperatures  of 
inclusions were measured using a Linkam-THMSG600 at 
the  Institute  of  Geochemistry,  Chinese  Academy  of 
Sciences.  The  instrument  can  be  used  to  measure 
temperatures over a range of 196–600°C with a precision 
of  ±1° C.  As  shown  in  Table  2,  homogenization 
temperatures of inclusions in fluorite were in the range 
134–383°C and mostly consistent with the previous data. 

 

Fig.6. Microphotographs of ore minerals under single-polarized light (a, b, c) and reflected light (d). 
(a) sphalerite (Sp) is embedded in the barite (Br); (b) granular sphalerites are included by barite; (c) long-strip barite is included by sphalerite and (d) co-
precipitation of galena and sphalerite. 
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5 Discussion  
 

Distribution  of  δ34S  values  could  provide  useful 
information  on  the  material  source,  precipitation 
mechanisms of sulfide, and isotopic equilibrium among 
sulfur-bearing  minerals  (Arnold  and  Sheppard,  1981; 
Cazanas  et  al.,  2003;  Rye  and  Ohmoto,  1974). 
Coprecipitation phenomena of sulfur-bearing minerals and 
the narrow δ34S values range of sulfides and barite make 
this deposit different from most of the lead–zinc deposits 
in the SYG area. 

 
5.1 Source of sulfur in barite  

In this study, the analyzed δ34S values of barite ranged 

from 32.1‰ to 34.7‰, with an average of 33.7‰, and 
were consistent with the published isotopic data (δ34S ≈ 
34.4‰) of sulfate from the Lower Cambrian and the 
Upper Sinian strata (Liu and Lin, 1999). Absence of the 
δ34S values of sulfate from the Cambrian strata in this 
district restricted the discussion of data. However, Shields 
(1999) had reported the sulfur isotopic compositions of 
phosphate-bound  sulfates  from the  Meishucun  section 
(Lower  Cambrian)  in  Yunnan  province  and  several 
correlative sections in South China. Sulfates from the 
Meishucun  section  yielded  tightly  concentrated  δ34S 
values with an average of 33‰ (Shields et al., 1999), 
which coincide with the published δ34S values (between 
30 and 35 per mil) of evaporite from the Lower Cambrian 

 Table 1 δ34S values of sulfides and barite from the Jinshachang lead-zinc deposit  

Sample Mineral Color  Color type δ34S Source Sample Mineral Color  Color type δ34S Source
026-5-01-(1) Sphalerite light-yellow light 6.0 908-4-02 Sphalerite black dark 3.6 

026-5-01-(2) Sphalerite red-brown medium 4.8 908-5-03 Sphalerite black dark 4.1 

026-5-02-(1) Sphalerite light-yellow light 4.7 908-5-05 Sphalerite black dark 4.1 
026-5-02-(2) Sphalerite red-brown medium 4.8 908-5-06-(1) Sphalerite red-brown medium 4.7 

026-5-03-(1) Sphalerite dark-brown medium 4.7 908-5-06-(2) Sphalerite black dark 4.2 
026-5-03-(2) Sphalerite red-brown medium 4.9 105-202-01 Galena   6.0 

402-01-(1) Sphalerite light-yellow light 5.0 105-202-04 Galena   7.5 
402-01-(2) Sphalerite red-brown medium 4.8 105-202-06 Galena   6.1 

402-01-(3) Sphalerite black dark 4.6 105-2-4-01 Galena   6.1 

402-03-(1) Sphalerite red-brown medium 4.7 105-2-4-02 Galena   6.3 

402-03-(2) Sphalerite black dark 4.3 889-02 Galena   7.1 
401-7-3-02 Sphalerite black dark 4.1 889-05 Galena   9.0 

401-7-3-03-(1) Sphalerite light-yellow light 8.5 889-06 Galena   8.6 
401-7-3-03-(2) Sphalerite black dark 4.2 889-07 Galena   7.7 

401-7-3-04-(1) Sphalerite red-brown medium 4.6 889-08 Galena   7.4 

401-7-3-04-(2) Sphalerite black dark 4.4 Jshch23 Galena   8.2 

401-7-3-06 Sphalerite black dark 4.5 Jshch24 Galena   3.7 
105-202-06 Sphalerite red-brown medium 9.2 Jshch26 Galena   8.2 

105-202-07 Sphalerite light-yellow light 9.2 908-2-05 Pyrite   8.9 
105-2-4-01 Sphalerite brown,yellow light,medium 9.3 908-4-02 Pyrite   -6.4 

Jshch15 Sphalerite light-yellow light 5.0 Jshch16-1 Pyrite   26.0 
Jshch16-(1) Sphalerite red-brown medium 4.8 Jshch16-2 Pyrite   1.7 

Jshch16-(2) Sphalerite red-brown  4.4 Jshch18 Pyrite     29.2 

This 
 paper 

Jshch20 Sphalerite red-brown medium 4.8 YJ3-1 Sphalerite     7.0 

Jshch23 Sphalerite brown,yellow light,medium 11.2 YJ3-2 Sphalerite   6.5 

Jshch25 Sphalerite light-yellow light 6.7 YJ4-1 Galena   3.8 
908Z-02-(1) Sphalerite light-yellow light 5.6 YJ4-2 Sphalerite   6.5 

908Z-02-(2) Sphalerite red-brown medium 5.0 YJ6-1 Galena     7.0 

Tu  
(1984)

908Z-02-(3) Sphalerite black dark 4.3 PbS-J-201 Galena     1.1 

908Z-03-(1) Sphalerite yellow light 5.2 PbS-G-202 Galena   4.8 
908Z-03-(2) Sphalerite red-brown medium 4.8 Pb-Y-211 Galena   2.6 

908Z-03-(3) Sphalerite black dark 4.0 S-1-405 Sphalerite   4.6 

908-1-01-(1) Sphalerite light-yellow light 13.4 S-2-405 Galena   5.1 

908-1-01-(2) Sphalerite red-brown medium 12.3 S-3-201 Sphalerite   4.7 
908-1-02-(1) Sphalerite light-yellow light 8.6 S-4-201 Galena   2.3 

908-1-02-(2) Sphalerite red-brown medium 9.1 S-5-105 Sphalerite   6.1 
908-1-03-(1) Sphalerite light-yellow light 5.3 S-6-201 Sphalerite     4.7 

Liu and
Lin 

(1999)

908-1-03-(2) Sphalerite red-brown medium 5.8 401-7-3-06 Barite     34.7 

908-2-01 Sphalerite red-brown medium 4.5 908中-03 Barite   33.3 
908-2-03 Sphalerite red-brown medium 4.7 908-2-01 Barite   32.1 

908-2-05 Sphalerite red-brown medium 5.7 908-2-03 Barite   35.2 

908-3-02 Sphalerite black dark 4.1 908-3-02 Barite   32.9 

908-4-01 Sphalerite black dark 4.0 

This 
 paper 

908-5-03 Barite     34.0 

This 
 paper
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and the Upper Proterozoic strata in Siberia and elsewhere 
(Claypool et al.,  1980), but almost all δ34S values of 
sulfates from other strata were below 30‰ and less than 
the values of sulfates from near Neoproterozoic–Cambrian 
sections (Claypool et  al.,  1980; Shields et al.,  1999). 
Therefore, the δ34S values of barite are consistent well 
with that of sulfates from strata. Then considering that 
previous studies reported only about +1.65‰ fractionation 
between evaporite and barite (Liu and Bao, 2009; Thode 
and Monster, 1967), it suggested that the sulfur of barite 
came from the Lower Cambrian strata.  

Significant amount of Emeishan basalts were found 
near the ore district, making it necessary to prove whether 
the sulfur of barite was derived from magnetic activities. 
Moreover, the presence of acid-sulfate type of alterations 
including solution holes,  vuggy silica cores,  kaolinite, 
covellite and pyrite in this deposit might indicate that it 
was the formed in a magmatic hydrothermal environment 
(Rye et al., 1992). However, the characteristic mineral of 
alunite had not been determined, mostly because it had 
been exhausted during sulfate reduction process or existed 
at greater depths. The red mineral assemblages containing 

plumbojarosite and pyrophylite in alteration holes may 
indicate  the  existence  of  alunite.  In  a  magmatic 
hydrothermal environment, condensation of a magmatic 
vapor  plume  at  intermediate  depths  may  result  in 
disproportionation of magmatic SO2 reacting with H2O to 
produce H2S and H2SO4 (Holland, 1965; Rye et al., 1992). 
This mechanism often causes sulfur isotopic fractionation 
between sulfide and sulfate in the range of 16‰–28‰, 
and generates H2SO4 having δ34S values generally below 
28‰ and high H2S/H2SO4 ratios (Rye, 1993; Rye et al., 
1992). However, the average δ34S value of barite was 
found to be about 34‰, confirming that the sulfur of 
barite  could  not  have  originated  from  a  magmatic 
hydrothermal  system.  Atmospheric  oxidation  of  H2S 
released by boiling of deeper fluids could produce H2SO4 
with the similar δ34S values as that of the parental H2S 
(Field  and  Lombardi,  1972;  Lombardi  and  Sheppard, 
1977); however, in this deposit differences in δ34S values 
between sulfides and barite were up to 31‰, indicating 
that this mechanism could not generate such amount of 
sulfur of barite. Therefore, it was suggested that the sulfur 
of barite was derived from the Lower Cambrian and Upper 

Fig. 7. Fluid inclusions in fluorite from the Jinshachang Pb-Zn deposit. 
(a) liquid-vapour inclusion under temperature of -12℃: (b, c) liquid-vapour inclusions. (d) vapour-liquid inclusion  
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Proterozoic strata. Additionally, several salt springs with 
high concentrations of SO4

2− and Ca2+ ions were found 
near this deposit, which might be a result of leaching and 
active migration of gypsum in this region. 
 Surprisingly, in the SYG area, most of the lead–zinc 

deposits containing less or no barite, such as the Huize, 
Maping and Maozu deposits, are mostly hosted in the 
Upper  Paleozoic  strata;  however,  some  deposits 
containing voluminous barite, such as the Jinshachang, 
Lehong and Wuxingchang deposits, are mostly hosted in 
the Cambrian and the Upper Sinian strata. Based on above 
fact and discussions, it suggest that the sulfur of barite was 
mainly derived from the Cambrian and the Upper Sinian 
strata in lead–zinc deposits having significant amount of 
this mineral and less originated from the Upper Paleozoic 
strata in  the SYG area.  Also,  depletion of  sulfate in 
upward fluids due to its thermochemical reduction was 
thought to account for the less barite in the deposits hosted 
in the Upper Paleozoic strata. 
 
5. 2 Source of sulfur in sulfide  

The  δ34S  values  of  about  80%  of  sphalerite  were 
estimated to be between 3.6‰ and 6.0‰ (Fig. 8) and the 
δ34SΣS values of ore-forming fluids were between 3.0‰ 
and 6.5‰ (Liu and Lin, 1999), which are close to that of 
sulfur from a deeply seated source (Tu, 1984). However, 
sulfur of sulfides (Fig. 8) in the Huize (Li et al., 2006) and 
Maozu (Guo, 2011; Liu and Lin, 1999) deposits were 
shown  to  have  been  derived  from the  strata  due  to 
thermochemical reduction of sulfate. On the basis of the 
findings  that  sphalerite  predominantly  coexisted  with 
barite in orefields, several gypsum ore pots were hosted in 
the  Lower  Cambrian  strata,  and  gypsodolomite  were 
discovered in the drilling holes, it suggested that the sulfur 
of sphalerite and galena originated from the strata through 
thermochemical reduction of sulfate.  

Two  effective  mechanisms  of  sulfate  reduction, 
including  bacterial  sulfate  reduction  (BSR)  and 
thermochemical sulfate reduction (TSR), have so far been 
reported (Machel, 1989; Seal, 2006). The BSR process 
typically occurs at the temperature lower than ~110°C 
(Basuki et al., 2008; Jørgensen et al., 1992; Mitchell et al., 
2009); the reducible sulfur produced by this mechanism is 
characterized by a dispersed distribution of δ34S values 
(Dixon and Davidson, 1996; Sim et al., 2011). The δ34S 
values of sulfides generally fall in a narrow range and the 
homogenization  temperatures  of  fluid  inclusions  in 
fluorite and barite ranged from 134°C to 383°C and from 
178°C to 293°C, respectively (Table 2), which exceed the 
temperature  suitable  for  the  BSR.  Therefore,  BSR 
mechanism  could  not  be  an  efficient  path  for  the 
production of reduced sulfur in this district. The TSR 

mechanism occurs at temperatures in excess of 100–135°C 
(Machel, 1989) and becomes more rapid and effective 
above a temperature of 175°C 	 (Dixon and Davidson, 
1996). This process can generate large amount of reduced 
sulfur with a concentrated distribution of δ34S values and 
may cause isotopic fractionations in the range from ~0 to 
~20 per mil between sulfides and sulfates (Kiyosu and 
Krouse, 1990; Machel et al., 1995). If the reduced sulfur in 
this  deposit  was  derived  from sulfates  of  the  Lower 
Cambrian or Upper Neoproterozoic strata, sulfur isotopic 
fractionation during sulfate reduction would have been 
less than 20‰ and the sulfur of sphalerite and galena 

Fig. 8. Histogram of δ34S values of sulfur-bearing minerals 
from the Jinshachang (a), Huize (b) and Maozu(c) Pb-Zn 
deposit. 
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should have had a minimum δ34S value of 13‰. The δ34S 
values of sulfides in the Jinshachang deposit were reported 
to be mostly below 13‰, therefore, the sulfur of sulfides 
in this deposit did not originate completely from strata. 
Sulfate is also present in the Lower Silurian strata in this 
district, but at present no sulfur isotope data for evaporitic 
sulfates from the SYG area is available. Claypool (1980) 
reported only one δ34S value (28.2‰) of sulfate from the 
Lower Silurian strata; therefore, if the TSR process would 
have occurred, the sulfur of sphalerite and galena should 
have  preserved  a  minimum  δ34S  value  of  8‰. 
Consequently,  the  sulfur  of  sulfides  was  not  derived 
mainly from the Silurian strata.  

On the basis of similar δ34S values of sulfides (δ34S≈+10 
to +16‰) in the Huize lead–zinc deposit and sulfates 
(δ34S≈+16‰) in the Carboniferous strata, Han (2006) and 
Li (2006) suggested that the sulfur of sulfides was a result 
of  contribution  by  marine  sulfates  and  possible 
incorporation  of  sulfur  from  deep-seated  sources. 
Recently, they proposed that the sulfur of sulfides was 
derived from sulfates of a gypsum bed present in the 
hosted stratum, which might be a plausible explanation 
because the δ34S values of reduced sulfur generated by 
thermochemical  reduction  of  sulfate  in  the  Lower 
Cambrian  or  Upper  Neoproterozoic  strata  should  be 
similar to those of sulfides from the Huize deposit. On the 
other hand, δ34S values of the reduced sulfur generated 
from sulfates of the Carboniferous and Devonian strata 
through TSR mechanism should be similar to those of 
sulfides from this deposit. However, in this study, it is 
difficult to confirm that the sulfur of sulfide was derived 
from the Carboniferous and Devonian strata, because of 
the  following  factors:  1)  Han  (2012)  attributed  the 
formation of lead–zinc deposits in the northeast of the 
Yunnan  province  to  the  transformation  mechanism 
between  the  extensional  environment  in  the  Late 
Hercynian and the orogenic compression environment in 
the Indosinian period; 2) Zhang (1997) had proved that the 

mineralization of the lead–zinc deposit in the SYG area 
possibly occurred in the Late Permian, the same period as 
the occurrence of the Emeishan basaltic eruption event; 3) 
no Carboniferous and Devonian strata were found in or 
near the ore district. 

Drummond  (1981)  and  Ohmoto  and  Lasaga  (1982) 
suggested that the coprecipitation of sulfides and sulfates 
should result from the mixing of sulfides- and sulfates-rich 
solutions, especially when a temperature difference exists 
between  these  two  solutions.  They  stressed  that  this 
mechanism is very effective for the coprecipitation of both 
sulfate and sulfide minerals. Considering the prevalent 
coexistence of sulfate and sulfides, sulfur isotopic features 
of sulfides, and consistent sulfur isotopic values between 
barite and evaporite in this deposit, it is believed that 
mixing of the two solutions was an important mechanism 
for the formation of orebodies and that the relatively cold 
solution was the sulfates-rich solution leaching from strata 
while the relatively hot solution was the sulfides-rich 
solution related to the magmatic activities. 

The  sulfur  isotopic  compositions  of  hydrothermal 
sulfides of many deposits related to magmatic activities 
was  rather  low.  Richardson  (1988)  showed  that  the 
hydrothermal sphalerite of Deardorff mine had δ34S values 
of 4.0–8.9‰ and attributed sulfur source to petroleum and 
possible igneous or  crustal  sulfur  from the basement. 
Sulfides from the Ladolam hydrothermal  gold deposit 
were found to preserve sulfur isotope values of −12.9‰ to 
+3.6‰, consequently, it was considered that the magmatic 
volatiles  had  significant  amount  of  sulfur  to  systems 
(Gemmell et al., 2004). In the ELIP, the δ34S values of 
sulfides from Ni–Cu–PGE (Platinum Group Elements) 
deposits related to Emeishan basalts were between 2.4 and 
5.4 per mil, which was little above that of mantle sulfur. It 
suggested that two processes accounted for the increase in 
δ34S  values  of  mantle  sulfur:  the  crustal  material 
contamination and the interfusion of marine sulfates (Ma, 
2009). All these values were almost consistent with that of 

 Table 2 Homogenization temperature of inclusions in fluorite, barite and quartz 

Inclusion sample Mineral Number Homogenization temperature(℃)  Average temperature(℃) Source 
Jshch23 fluorite 23 134~383 173  

401-7-3-01 fluorite 6 141~190 178  
401-7-3-03 fluorite 10 162~303 204  
908-2-02 fluorite 10 211~317 275  
908-2-04 fluorite 12 145~351 209  

This paper 

Jin4-1 fluorite   107~195 139  (Liu and Lin,1999) 
BTY-211-B fluorite 3 84~130  114  

BTG-202 fluorite 13 152~227  211  

BTY-211-E fluorite 14 173~301  245  
BTG-207 fluorite 17 134~350  291  

BTJ-201-A fluorite 17 153~293  209  

BTJ-402-B fluorite 14 91~266  172  

BTG-202 barite 11 178~293  235  
BTJ-201 quartz 16 126~261  184  

(Liu,1989) 
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sphalerite from this deposit and near the values of mantle 
sulfur. Therefore, this study speculate that the reduced 
sulfur of the Jinshachang deposit were mainly derived 
from mantle, which is also consistent with the study of Tu 
(1984). More importantly, the δ34S values of sulfides from 
the Tianbaoshan Pb–Zn deposit mostly ranged from 0‰ to 
5‰ and coincided with those of the Jinshachang deposit. 
The Tianbaoshan deposit had the Pb+Zn reserves of above 
1 Mt (Wang et al., 2000) and was also hosted in the 
Dengying Group in the SYG area. The sulfur isotopic 
compositions  of  sulfides  in  the  Tianbaoshan  deposit 
agreed well with that of the deposit formed in a magmatic 
hydrothermal  environment,  thus  Gao  and  Luo  (1999) 
considered  that  intrusions  of  igneous  rock  played  an 
advanced role in the formation of the deposit. Similarly, 
the low δ34S values of sulfides for the Jinshachang deposit 
should be related to Emeishan magmatic activity that 
drove the ore-forming fluids upward, as Zhang (1997) had 
proposed. 

Factually, huge quantities of sulfur had released from 
mantle to the ocean atmosphere due to an asteroid or a 
comet hitting the ocean in the Late Permian (Kaiho et al., 
2001).  This  catastrophic  event  occurred  about  several 
million years after the main eruption phase of Emeishan 
basalts, i.e., 259 ± 3 Ma (Zhou et al., 2002). During the 
eruption of basalts, mantle fluids including CO2, H2O, 
H2S, SO2 and other compositions emitted, which provided 
materials  and  heat  for  deposits  (Liu  et  al.,  2001). 
Integrating some information that the features of sulfur 
isotopic composition,  ore district  being surrounded by 
basalts,  mineralization  possibly  occurring  in  the  Late 
Permian (Zhang, 1997), and lead–zinc deposits mostly 
hosting below or very few inside the Emeishan basalts, it 
suggested  that  the  reduced  sulfur  of  the  Jinshachang 
deposit was derived mainly from mantle and mixed with 
the sulfur of sulfates from strata during the eruption of 
Emeishan basalts. 
 
5.3 Sulfur isotopic equilibrium temperature  

Generally, the δ34S values of sphalerite are lower than 
that of galena,  which implies that the sulfur had not 
reached  isotopic  equilibrium,  mostly  because  of  the 
coexistence of different minerals and the existence of 
multiphase ore-forming fluids in the deposit. However, in 
the same specimens, the δ34S values of sphalerite were 
always found to be higher than those of galena, indicating 
that the sulfur had attained isotopic equilibrium in ore-
forming  fluids.  Therefore,  the  galena–sphalerite  and 
sphalerite–barite pairs were used to calculate the sulfur 
isotopic equilibrium temperature employing the formula 
presented by Seal (2006). The equations are shown as 
follows and the factors are given in Table 3. 

 As shown in Table 4, the sulfur isotopic equilibrium 
temperatures of sphalerite–galena pairs ranged from 204°
C to 220°C and fell  in the range of homogenization 
temperatures (178–293°C) of fluid inclusions, as shown in 
Table 2. Ohmoto and Lasaga (1982) explained that the 
chemical  equilibrium  between  aqueous  sulfates  and 
sulfides was difficult to attain during the coprecipitation 
process at the temperature below 350°C, but if the cooling 
rate of fluids were rather low, this could be attained even 
at the temperature as low as 200°C. Factually, heating of 
the overlying crust by the underplated or intruded basaltic 
magma during magmatic activities can slow the cooling 
rate of hydrothermal fluids (Annen et al., 2006; Annen and 
Sparks,  2002;  Huppert  and  Sparks,  1988).  Therefore, 
sulfur  isotopic  equilibrium temperatures  of  sphalerite–
barite  pairs  were  calculated.  The  results  showed  that 
temperatures  were  in  the  range  190–212° C,  which 
matched  with  the  range  of  the  homogenization 
temperature of fluid inclusions, indicating that the sulfur 
isotope between sphalerite and barite should have attained 
equilibrium. 
 
5.4 Migration model of reduced sulfur 

In this study, the darker sphalerite minerals were found 
to have more FeS content (Liu and Lin, 1999) and lower 
δ34S value, which coincided with that shown by Peevler 
(2003) regarding sphalerite, but were opposite to that the 
darker sphalerite having higher δ34S value in the SYG area 
shown by Li (2006) and Zhou (2010). According to the 
mineralogical  data  that  the  darker  sphalerite  had 
precipitated earlier than the lighter ones and the sulfur 

Table 3 Equilibrium isotopic fractionation factors for sulfide 
minerals and related compounds described by the equation l

Component 
(i) 

a b c
temperature 
range (oC) 

Source 

Sulfate 6.46 0 0.6 200~400 (Ohmoto and Lasaga, 1982)
PbS -0.6 0 0 50~700 (Ohmoto and Rye, 1979) 
ZnS 0.1 0 0 50~705 (Ohmoto and Rye, 1979) 

Table 4 Equilibrium temperature between sulfur-bearing 
minerals calculated by the equation 

Sample 
Sphalerite
 δ34S (‰)

Galena  
 δ34S (‰) 

Barite 
 δ34S (‰) 

Equilibrium 
 temperature (℃)

Jshch23 11.2 8.2  220 
105-202-06 9.2 6.1  212 
105-2-4-01 9.3 6.1  204 
401-7-3-06 4.5  34.7 190 

908Z-03 4.7  33.3 203 
908-2-01 4.5  32.1 212 
908-2-03 4.7  35.2 188 
908-3-02 4.1  32.9 202 
908-5-03 4.1  34.0 193 
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isotopic  features,  the  δ34S values  of  S2−  ions in  ore-
forming fluids should become higher with the reduced 
sulfur produced by the TSR process continually entering 
into the ore-forming fluids. The δ34S values of sphalerite 
near wall rocks were found to be up to 13‰ and decreased 
dramatically  while  approaching  the  inner  zone  of 
orebodies. This can be interpreted as that S2− ions diffused 
in the limited region during the mixing of two different 
solutions, because the TSR process of sulfates took place 
in wall rocks at the same time when the ore-forming fluids 
heated  the  surrounding  rocks.  The  sulfur  isotopic 
fractionations between sulfides and sulfates could be up to 
20‰ under a temperature of 100°C, therefore, the input of 
sulfur from sulfates into fluids could account for the 
higher δ34S values of sphalerite close to the orebodies. 
Two higher δ34S values of sphalerite in dolomite presented 
by Liu and Lin (1999) (δ34S≈19.5‰ and 24.6‰) should 
also be related to the TSR process.  

Galena precipitated in lower elevation than sphalerite 
had higher δ34S value, because as the ore-forming fluids 
evolved the δ34S of reduced sulfur increased. Therefore, a 
simple model was proposed, which would include two 
stages of the evolution of reduced sulfur in ore-forming 
fluids. In the first stage, the upward hot sulfides-bearing 
solution (or H2S-bearing solution) mixed with the cold 
sulfates-bearing  solution  (or  SO4

2−-bearing  solution), 
followed  by  the  precipitation  of  certain  amounts  of 
sphalerite and galena. In this stage, the sulfates from strata 
or magmatic systems began to be reduced. In the second 
stage, SO4

2− irons were reduced to S2− through the TSR 
process and entered the fluids, and then S2− combined with 
Pb2+ from strata to form galena. The appearance of late 
lighter sphalerite and barite included in galena validated 
this interpretation (Fig. 5a). 
 
6 Conclusions  
 

In Jinshachang lead-zinc deposit, the sulfur of barite 
mainly originated from the marine sulfates of the Lower 
Cambrian  and  Upper  Proterozoic  strata.  The  reduced 
sulfur  of  sulfides  was  mainly  related  to  magmatic 
activities and suffered contamination by crustal sulfur and 
reduced sulfur produced by TSR. The coprecipitation of 
sulfides and sulfates can be interpreted as a result of 
mixing of the hot sulfides-bearing solution and the cold 
sulfates-bearing  solution.  The  cold  sulfates-bearing 
solution originated from strata. However, hot sulfides-
bearing solution was related to magmatic activities, which 
was supported by the high homogenization temperature of 
inclusions and the little differences in δ34S values between 
sphalerite in this study and other sulfides associated with 
magma in the SYG area. In the beginning, mixing of the 

two solutions resulted in the coprecipitation of barite with 
δ34S values similar to those of sulfates from strata, and 
sphalerite with low δ34S values. Next, the δ34S values of 
reduced sulfur in ore-forming fluids increased owing to 
the TSR process, resulting in high δ34S values of sphalerite 
and galena that were produced later. 

This model can explain the feature of sulfur isotopic 
compositions  of  sulfur-bearing  minerals  and  special 
mineral association in the Jinshachang lead–zinc deposit. 
Moreover,  it  may  shed  new  light  on  the  future 
investigations related to the possibility of mineralization in 
deep and fault-developed areas. 
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