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The Shanshulin Pb–Zn deposit occurs in Upper Carboniferous Huanglong Formation dolomitic limestone and
dolostone, and is located in the western Yangtze Block, about 270 km west of Guiyang city in southwest China.
Ore bodies occur along high angle thrust faults affiliated to the Weishui regional fault zone and within the north-
western part of the Guanyinshan anticline. Sulfide ores are composed of sphalerite, pyrite, and galena that are ac-
companied by calcite and subordinate dolomite. Twenty-two ore bodies have been found in the Shanshulin
deposit area, with a combined 2.7 million tonnes of sulfide ores grading 0.54 to 8.94 wt.% Pb and 1.09 to
26.64 wt.% Zn. Calcite samples have δ13CPDB and δ18OSMOW values ranging from −3.1 to +2.5‰ and +18.8 to
+26.5‰, respectively. These values are higher thanmantle and sedimentary organic matter, but are similar to ma-
rine carbonate rocks in a δ13CPDB vs. δ18OSMOW diagram, suggesting that carbon in the hydrothermal fluid was most
likely derived from the carbonate country rocks. The δ34SCDT values of sphalerite and galena samples range from
+18.9 to+20.3‰ and+15.6 to+17.1‰, respectively. These values suggest that evaporites are themost probable
source of sulfur. The δ34SCDT values of symbiotic sphalerite–galena mineral pairs indicate that deposition of sulfides
tookplace under chemical equilibriumconditions. Calculated temperatures of S isotope thermodynamic equilibrium
fractionation based on sphalerite–galena mineral pairs range from 135 to 292 °C, consistent with previous fluid in-
clusion studies. Temperatures above 100 °C preclude derivation of sulfur through bacterial sulfate reduction (BSR)
and suggest that reduced sulfur in thehydrothermalfluidwasmost likely supplied through thermo-chemical sulfate
reduction (TSR). Twelve sphalerite samples have δ66Zn values ranging from 0.00 to +0.55‰ (mean +0.25‰) rel-
ative to the JMC 3-0749L zinc isotope standard. Stages I to III sphalerite samples have δ66Zn values ranging from0.00
to +0.07‰, +0.12 to +0.23‰, and +0.29 to +0.55‰, respectively, showing the relatively heavier Zn isotopic
compositions in later versus earlier sphalerite. The variations of Zn isotope values are likely due to kinetic Raleigh
fractional crystallization. The 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios of the sulfide samples fall in the
range of 18.362 to 18.573, 15.505 to 15.769 and 38.302 to 39.223, respectively. The Pb isotopic ratios of the studied
deposit plot in the field that covers the upper crust, orogenic belt andmantle Pb evolution curves and overlapswith
the age-corrected Proterozoic folded basement rocks, Devonian to Lower Permian sedimentary rocks and Middle
Permian Emeishan flood basalts in a 207Pb/204Pb vs. 206Pb/204Pb diagram. This observation points to the derivation
of Pbmetal frommixed sources. Sphalerite samples have 87Sr/86Sr200 Ma ratios ranging from0.7107 to 0.7115 similar
to the age-corrected Devonian to Lower Permian sedimentary rocks (0.7073 to 0.7111), higher than the age-
correctedMiddle Permian basalts (0.7039 to 0.7078), and lower than the age-corrected Proterozoic folded basement
(0.7243 to 0.7288). Therefore, the Sr isotope data support a mixed source. Studies on the geology and isotope
geochemistry suggest that the Shanshulin deposit is a carbonate-hosted, thrust fault-controlled, strata-bound,
epigenetic, high grade deposit formed by fluids and metals of mixed origin.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Sediment-hosted Pb–Zn deposits, of which the carbonate-hosted
Pb–Zn deposit is an important subtype, are widely represented around
the world (Leach et al., 2005, 2010). The best known deposits occur in
the mid-continent region of the United States (e.g. Sverjensky, 1981),
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Pine Point, Canada (e.g. Powell and Macqueen, 1984), Silesia, Europe
(e.g. Heijlen et al., 2003), and Sichuan–Yunnan–Guizhou (SYG) prov-
inces, China (e.g. Pirajno, 2013; Zaw et al., 2007; Zhou et al., 2013a).
The SYG Pb–Zn metallogenic province has large deposits of Pb and Zn,
among which are the world-class deposits of Huize, Maoping and
Daliangzi (e.g. Cromie et al., 1996; Han et al., 2007a, 2007b; Zheng and
Wang, 1991; Zhou et al., 2001). The district contains total Pb and Zn
metal reserves of more than 20 million tonnes (Mt) at average grades
of 5 wt.% Pb and 10wt.% Zn (Zhou et al., 2013b), and is themajor source
of basemetals in China (Liu and Lin, 1999). Due to the lack of constraints
on the origin of these deposits, despite some recently published studies
(Han et al., 2007a; Hu and Zhou, 2012; Huang et al., 2010; Li et al.,
2007a, 2007b; Ye et al., 2011; Zhou et al., 2013c, 2013d, 2014), there
Fig. 1.A: Regionalmap showing the tectonic setting of the Sichuan–Yunnan–Guizhou (SYG) Pb–
basalts and typical Pb–Zn deposits; C: geological map of the southeast SYG province showing l
are still many unknown aspects regarding the source of hydrothermal
fluids, ore genesis, and geodynamic setting of the Pb–Zn deposits in
the SYG province. The Shanshulin Pb–Zn deposit, hosted by dolomitic
limestone and dolostone of the Upper Carboniferous Huanglong Forma-
tion, is located in the western Yangtze Block, about 270 km west of
Guiyang city in southwest China (Fig. 1A). It is the largest Pb–Zn deposit
in the southeastern part of the SYG metallogenic province. It has been
mined since 1958 and is still in production.

Isotope geochemistry is a powerful tool for determining the source
of ore-forming fluids and metals. For example, C, O and S isotopes
have been widely used to constrain the origin of hydrothermal fluids
(e.g. Basuki et al., 2008; Demény and Harangi, 1996; Dixon and
Davidson, 1996; Ohmoto and Goldhaber, 1997; Zhou et al., 2013e),
Znmetallogenic province; B: simplifiedmap of the SYG province showing faults, Emeishan
ithologies, structures and distribution of Pb–Zn deposits.
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and Pb and Sr isotopes are useful for tracing the source of ore-forming
metals (e.g. Carr et al., 1995; Deng et al., 2000; Fontbote and
Gorzawski, 1990; Gromek et al., 2012; Mirnejad et al., 2011; Zhou
et al., 2001). In addition, the Zn isotopes have recently been used as a
potential tool for understanding the geochemical processes of zinc ex-
traction, transportation and deposition in hydrothermal systems (e.g.
Chen et al., 2013; Fujii et al., 2011; Gagnevin et al., 2012; John et al.,
2008; Kelley et al., 2009; Mason et al., 2005; Toutain et al., 2008;
Wilkinson et al., 2005; Zhou et al., 2014). In this paper, we describe
the geology of the Shanshulin Pb–Zn deposit in detail and report new
C andO isotopic data of calcite, thefirst Zn and Sr isotopic data of sulfide
minerals and sedimentary country rocks, and additional S and Pb
isotopic data of sulfide minerals. This new dataset, together with the
previously published results, are used to understand the source of ore-
forming fluids and metals, the possible genesis of the Pb–Zn ores, and
the ore-forming geodynamic setting of the Shanshulin deposit. These
results are also used to discuss the possible controls on variations of
Zn isotope values during Pb–Zn mineralization and the causes of highly
concentrated base metals in the SYG province.

2. Geological setting

2.1. Regional geology

South China is made up of the Yangtze Block to the north and the
Cathaysian Block to the south (Fig. 1A). The Archean crystalline base-
ment (Gao et al., 2011; Qiu et al., 2000),Meso- to Neoproterozoic folded
basement (Wang et al., 2012; Zhao et al., 2010) and Paleozoic to
Mesozoic cover sequence (Fu, 2004; Liu and Lin, 1999) constitute the
Yangtze Block. In thewestern part of the Yangtze Block, the folded base-
ment includes the ~1.7 Ga Dongchuan and ~1.1 Ga Kunyang/Huili
Groups and equivalents (Sun et al., 2009;Wang et al., 2010) that consist
of greywacke, slate and other carbonaceous and siliceous sedimentary
rocks. These rocks are unconformably overlain by shallowmarine Paleo-
zoic and Early Mesozoic cover sequence (Liu and Lin, 1999; Yan et al.,
2003). Evaporites are common in Cambrian to Triassic sedimentary
rocks (Zhou et al., 2013a). Late Mesozoic (Cretaceous) to Cenozoic li-
thologies are composed entirely of a continental sequence (Liu and
Lin, 1999). A major feature of the western Yangtze Block is the
Middle–Late Permian (267–256 Ma) Emeishan Large Igneous Province
and its flood basalts that cover an area of more than 250,000 km2 (Jian
et al., 2009; Zhou et al., 2002). After eruption of the Emeishan basalts,
the western Yangtze Block collided with the adjacent Yidun arc
resulting in closure of the Tethys Ocean (e.g. Reid et al., 2007; Zhou
et al., 2013a, 2013d). This event is known as the Indosinian Orogeny
(257–205 Ma) and it resulted in deformation of the rocks by thrust
faults and folds (e.g. Han et al., 2007a; Hu and Zhou, 2012; Zhou et al.,
2013a). Tectonics, magma and ore deposits formed in the Indosinian
in the Yangtze Block have been affected by the later Yanshanian (205–
65 Ma) and Himalayan (65–0 Ma) orogenic events (e.g. Liu and Lin,
1999; Zaw et al., 2007).

More than 400 Pb–Zn deposits have been reported in the SYG prov-
ince, which are distributed in a large triangular area of 170,000 km2

(Fig. 1A and B) in NE Yunnan, NW Guizhou and SW Sichuan provinces
(e.g. Han et al., 2007b; Liu and Lin, 1999; Zhou et al., 2013a). Among
these deposits, the Huize world-class Zn–Pb–Ge deposit (Fig. 1B) con-
tains more than 5 Mt Pb–Zn metal reserves (Han et al., 2007a; Huang
et al., 2003). These deposits in the SYG province are hosted in
Neoproterozoic to Lower Permian carbonate rocks that are all overlain
by Middle Permian Emeishan flood basalts (e.g. Liu and Lin, 1999;
Zheng and Wang, 1991; Zhou et al., 2013b, 2014). Faults in the eastern
part of the SYG province trendNW (Fig. 1B; Zhou et al., 2013c),whereas
NS- and NE-trending faults are dominant in thewestern part (Han et al.,
2007a; Zhou et al., 2013d). It is evident that these faults strictly control
the distribution of Pb–Zn deposits in the SYG province (Fig. 1B and C;
Han et al., 2007a; Liu and Lin, 1999; Zheng and Wang, 1991; Zhou
et al., 2013e). Geochronological studies in the SYGprovince have report-
ed hydrothermal calcite/fluorite Sm–Nd isochron ages of the Huize,
Maozu and Jinshachang Pb–Zn deposits at 222 ± 14 Ma (Li et al.,
2007b), 196 ± 13 Ma (Zhou et al., 2013d) and 201.1 ± 2.9 Ma (Mao
et al., 2012), respectively, and sulfide minerals (sphalerite and/or
pyrite) Rb–Sr isochron ages of the Paoma, Tianqiao, Jinshachang and
Lehong Pb–Zn deposits at 200.1 ± 4.0 Ma (Lin et al., 2010), 191.9 ±
6.9 Ma (Zhou et al., 2013a), 199.5 ± 4.5 Ma and 200.9 ± 2.3 Ma (Mao
et al., 2012), respectively. It is possible that the Pb–Zn mineralization
in the SYG province was formed in the Late Indosinian to Early
Yanshanian (222–192 Ma).

2.2. Geology of the southeast SYG province

In the southeast SYG provincewhere the Shanshulin deposit is locat-
ed, the Proterozoic folded basement is not exposed. The cover sequence
includes Devonian to Triassic sedimentary rocks and Middle Permian
Emeishan flood basalts (Fig. 1C). The Devonian strata consist of sand-
stone, siltstone, limestone and dolostone, and the Carboniferous strata
are composed of shale, limestone and dolostone. The Lower Permian
sedimentary sequence consists of sandstone, shale, coal and limestone,
all of which are overlain byMiddle Permian Emeishan flood basalts. The
basalts are overlain byUpper Permian sandstone, siltstone and coal stra-
ta. The Triassic strata are composed of siltstone, sandstone, dolostone
and limestone. Barite and/or gypsum-bearing evaporites are distributed
in Devonian to Triassic sedimentary rocks (Jin, 2008; Zhou et al., 2013a).
More than 100 Pb–Zn deposits are hosted in Devonian to Lower Perm-
ian carbonate rocks (e.g. Jin, 2008; Mao et al., 1998; Zhou et al.,
2013b) and occur along the EW-, NE- and NW-trending faults, particu-
larly the NW-trending Weishui (Weining–Shuicheng) and Yamang
(Yadu–Mangdong) fault zones (Fig. 1C). The Shanshulin Pb–Zn deposit
is located in the southeastern part of theWeishui fault zone and within
its thrust faults and fold structures (Figs. 1C and 2).

3. Geology of the Shanshulin deposit

3.1. Stratigraphy and lithology

In the Shanshulin deposit area, the exposed strata include Carbonifer-
ous, Permian and Lower toMiddle Triassic rocks (Fig. 2). The Carbonifer-
ous strata include Lower Carboniferous Dapu and Baizuo Formations,
and Upper Carboniferous Huanglong and Maping Formations, all of
which mainly consist of limestone, dolomitic limestone and dolostone
with minor claystone. The Pb–Zn ore bodies of the Shanshulin deposit
are hosted by the dolomitic limestone and dolostone of the Upper Car-
boniferous Huanglong Formation (Fig. 3). Overlying Carboniferous
rocks are shale and coal of the Lower Permian Liangshan Formation
and limestone of the Lower Permian Qixia Formation, all of which are
overlain by the Emeishan basalts. The basalts are overlain by shale and
coal of the Upper Permian Longtan Formation. The Lower to Middle Tri-
assic strata are composed of sandstone, shale, mudstone, and marlstone.
Organic matter is widely distributed in the Upper Permian and Lower to
Middle Triassic shale and coal.

3.2. Tectonics

There are three main faults and two folds in the Shanshulin
deposit area (Fig. 2). The NW-trending Weishui fault zone consists of
many high angle thrust faults (such as F1) with dip angles between
50° and 80°, of which the thrust faults (such as F9) in the Shanshulin
deposit area have dip angles between 55° and 75° (Fig. 3). Pb–Zn ore
bodies in the Shanshulin deposit occur along these thrust faults
(Fig. 3). The other two faults (F3 and F5) are normal (Fig. 2). The Carbon-
iferous and Permian strata form the Guanyinshan anticline, and the
Permian and Triassic strata form the Guanyinshan syncline (Fig. 2).



Fig. 2. Geological map of the Shanshulin Pb–Zn deposit showing the lithologies, faults, folds and projection of ore body.
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Ore bodies occur within the northwestern part of the Guanyinshan
anticline (Fig. 2).

3.3. Ore bodies

The ore bodies in the Shanshulin deposit can be divided into two
types: the dominant strata-bound type and the steeply dipping vein
type. Twenty-two ore bodies have been found in the Shanshulin de-
posit area, of which the No. 4 ore body is the largest. This ore body is
strata-bound and occurs along the F9 thrust fault (Figs. 3 and 4E).
The ore body is 460 m in length, 200 m in depth, and the mean thick-
ness is 5.2 m. It contains at least 2 Mt sulfide ores at grades of 0.24 to
7.94 wt.% Pb (average 3.64 wt.%) and 1.09 to 26.64 wt.% Zn (average
14.98 wt.%). The steeply dipping veins (include veinlets: Fig. 4B and
C and tiny veins: Fig. 4E and F) commonly occur in the upper or
lower part of strata-bound ore bodies and contain less than 0.2Mt sul-
fide ores grading 0.13 to 3.45 wt.% Pb (average 2.16 wt.%) and 0.85 to
5.65 wt.% Zn (average 3.52 wt.%).

3.4. Texture and structure of the ores

Ores in the Shanshulin deposit underwent hydrothermal and super-
gene oxidizing processes. Therefore, there are oxidized and sulfide ores
along with a mixture of these two types. Sulfide ores are composed of
sphalerite, pyrite and galena, accompanied by calcite and dolomite. Ox-
idized and mixed ores have extremely complex assemblages of smith-
sonite, limonite, cerusite, sphalerite, pyrite, galena, and carbonate
minerals.

Within the sulfide ore zones, structures consist of massive, vein and
disseminated types (Figs. 4 and 5), and textures consist of anhedral to
euhedral granular (Fig. 6A),filling (Fig. 6B, C and F), andpressure shadows
(Fig. 6D and E). Inmassive ores (Figs. 4A, B, C, 5A and E), brown sphalerite
is fine- to coarse-grained (0.1–6 mm) with anhedral to euhedral texture
(Fig. 6A, C and F). Pyrite is fine-grained (0.05–0.5 mm), and has cubic
form (Fig. 6A, B and C). Calcite occurs as patches that are about 2 cm
in width (Figs. 4C, 5D and F). In vein ores, sphalerite is also fine- to
coarse-grained (0.05–4 mm) with anhedral to euhedral texture
(Figs. 4F and 5F), and is brown and/or brown–yellow in color
(Fig. 6F). Associated pyrite is fine-grained (0.01–0.05 mm), and has
anhedral form (Fig. 6F). Galena fills tiny vein and fracture (Fig. 6B and
C) with individual grains size less than 0.005 mm. Calcite occurs in
tiny veins (Fig. 6F). Inmetasomatic and/or disseminated ores, sphalerite
is dominantly brown–yellow in color and fine- to coarse-grained (0.01–
3 mm) with anhedral texture (Figs. 4B and 5D). Pyrite metasomatic
replacement of sphalerite (Fig. 6F) and galena is disseminated in the
previously-formed granular sphalerite (Fig. 4C). Calcite occurs in

image of Fig.�2


Fig. 3. A–B cross-section of the Shanshulin Pb–Zn deposit showing the drill holes, tunnel locations, ore bodies, ore-controlling thrust faults and host rock lithologies.
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spotted granular aggregates (Fig. 5D). In the gangue assemblage, calcite
and dolomite (Fig. 4D and F) occur in veinlets and/or tiny veins in
dolostone, dolomitic limestone and limestone.

3.5. Mineral paragenesis

Based on crosscutting, overgrowth and replacement relationships,
the hydrothermal period is divided into four stages: (I) pyrite + sphal-
erite+ calcite, (II) sphalerite+ pyrite+ galena+ calcite, (III) sphaler-
ite + galena+ calcite, and (IV) calcite + dolomite. Stage I sphalerite is
brown color and occurs as patches (Fig. 5F). Stage I calcite occurs in
anhedral aggregates (Fig. 5F). Stage II sphalerite has a granular shape
and brown and/or brown–yellow in color (Figs. 4 and 5), galena occurs
in spotted granular aggregates with pressure shadows (Figs. 4C, 5A and
6E) and calcite occurs in 1 to 5 cm veinlets (Fig. 6A and F). Stage III
sphalerite is brown–yellow in color (Fig. 6E) and occurs in 1 to 5 cm
veinlets (Fig. 4F), galena and calcite occur in 0.5 to 1 cm tiny veins
(Figs. 4B, E, F and 5C). Stage IV calcite and dolomite occur in 1 to 5 cm
veinlets and 0.5 to 1 cm tiny veins in the host rocks (Fig. 4D). Details
about mineral paragenesis are listed in Table 1.

3.6. Wall rock alteration

Wall rock alteration types are simple and include: (i) dolomite,
(ii) Fe–Mn carbonates, and (iii) zones of gossan consisting of iron and
aluminumoxides andhydroxides. Dolomitization enhances rockbrittle-
ness and causes crack opening for Pb–Zn mineralization. Fe–Mn
carbonatization forms light brown, maroon and puce Fe/Mn-bearing
dolomite and is closely associated with Pb–Zn mineralization. Gossan
coexists with Pb–Zn sulfide ores and is usually located in the upper
levels of the sulfide ores. The intensity of gossan formation is directly re-
lated to Pb–Zn mineralization (Zhou et al., 2013a).
4. Analytical methods

Seventeen representative sulfide ore samples from drill core and
mining tunnels were collected (sample locations are shown in Fig. 3).
Five brown sphalerite, seven brown–yellow sphalerite, four galena,
and nine calcite separates (Tables 3 and 4) were hand picked from
these hand specimens using a binocular microscope and analyzed for
C, O, S, Zn, Pb and Sr isotopes. In addition, four whole-rock samples of
Lower Permian Qixia Formation limestone and Lower Carboniferous
Baizuo Formation dolostone were collected for Sr isotopes (Table 8).
4.1. Carbon and oxygen isotope analyses

Carbon and oxygen isotopic compositions were obtained using a
Finnigan MAT-253 mass spectrometer at the State Key Lab of Environ-
mental Geochemistry, Chinese Academy of Sciences. Calcite reacted
with pure phosphoric acid to produce CO2. The analytical precision
(2σ) is ±0.2‰ for δ13C value and ±0.5‰ for δ18O value. C and O isoto-
pic compositions are reported relative to the Vienna Pee Dee Belemnite
(V-PDB) and Vienna Standard Mean Ocean Water (V-SMOW),
respectively.
4.2. Sulfur isotope analysis

Sulfur isotope analysis was undertaken at the State Key Lab of
Environmental Geochemistry, Chinese Academy of Sciences, by using
continuous flow isotope ratio mass spectrometer. GBW 04415 and
GBW 04414 Ag2S were used as external standards and the Vienna
CanyonDiablo Troilite (V-CDT) as reference standard, with an analytical
precision of ±0.2‰ (2σ).

image of Fig.�3


Fig. 4.A: Photograph showing thick vein calcite (Cal) containing veinlet galena (Gal) with veinlet Cal andmassive sphalerite (Sp) in dolostone; B: tiny vein Cal within disseminated pyrite
(Py) andmassive sphalerite (Sp)with thick vein Sp; C: spotty Cal, veinlet Gal and disseminated Gal enclosed inmassive Sp and disseminated Py in dolostone; D: veinlet and tiny vein Cal in
massive Sp and dolostone; E: veinlet Cal in massive Sp with veinlet Gal in F9 thrust fault plane; F: fill Cal with veinlet Cal, dolomite (Dol) and Sp in dolostone.
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4.3. Zinc isotope analysis

Sphalerite samples were digested in HCl and then taken up in 6N
HCl + 0.001% H2O2. Zn was separated from matrix elements using
anion exchange chromatography (Tang et al., 2006), a modified pro-
cedure from that described byMaréchal et al. (1999). H2O used in the
experiment was purified using the Milli-Q system, with electric re-
sistance of 18.2 MΩ. HCl was purified by sub-boiling distillation
and the purification of all reagents was completed in an ultraclean
laboratory. Zn isotope analysis was carried out using a Nu plasma
high resolution multi-collector inductively coupled plasma mass
spectrometry (HR MC-ICP-MS) at the Key Laboratory of Isotope
Geology, MLR, Institute of Geology, Chinese Academy of Geological
Sciences (Li et al., 2008; Zhou et al., 2014). Mass discrimination ef-
fects were corrected using a combined sample-standard bracketing
and inter-element correction procedure (Li et al., 2008; Mason
et al., 2004a, 2004b; Zhu et al., 2000, 2002). Accuracy and reproduc-
ibility were assessed by replicate analyses of the international
standard BCR-2 (basalt), which yielded an average δ66Zn value of
0.28 ± 0.07 (2σ, n = 6), within errors in agreement with the previ-
ously published values by Zhou et al. (2014). Sample SSL1-@1
brown–yellow sphalerite was used for procedural repeat. Each result
is the mean value over N number of repeats, and all results are
reported relative to the Lyon JMC 3-0749L Zn standard (Maréchal
et al., 1999).

4.4. Lead isotope analysis

Lead isotope analysis was carried out using a GV Isoprobe-T ther-
mal ionization mass spectrometer at the Beijing Institute of Uranium
Geology. The analytical procedure involved dissolution of samples
using HF and HClO4 in crucibles, followed by basic anion exchange
resin to purify Pb. Analytical results for the standard NBS 981 are
206Pb/204Pb = 16.937 ± 0.002 (2σ, n = 10), 207Pb/204Pb = 15.457 ±
0.002 (2σ, n = 10) and 208Pb/204Pb = 36.611 ± 0.004 (2σ, n = 10).

4.5. Strontium isotope analysis

Chemical separations of Rb and Sr from matrix elements and mass
spectrometric measurements were accomplished at the Institute of Ge-
ology and Geophysics, Chinese Academy of Sciences. Spec-Sr exchange
resin was used for the separation and purification of Rb and Sr. The pro-
cedure blanks of Rb and Sr are about 6 and 5 pg (10−12 g), respectively.
A detailed analytical procedure for Rb–Sr isotope analysis is available in
Li et al. (2005). Rb–Sr isotopic compositions were measured by the GV
Isoprobe-T thermal ionization mass spectrometer. An 88Sr/86Sr ratio of

image of Fig.�4


Fig. 5.Ore types of the Shanshulin Pb–Zn deposit. A:Massive ore includes sphalerite (Sp) and patchy galena (Gal); B:massive ore includes Sp and Gal; C: vein ore includesmassive Sp and
tiny vein calcite (Cal); D: disseminated ore includes massive Sp, disseminated Gal and thick vein Cal; E: vein ore includes massive Sp, veinlet Cal and lenticle Py; F: disseminated ore in-
cludes massive Cal and spotty Sp.
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8.37521 is used to calibratemass fractionation of Sr isotope. The average
87Sr/86Sr ratio of NBS 987 is 0.710242 ± 5 (2σ, n = 12). The uncer-
tainties (2σ) are 0.005% for 87Sr/86Sr ratios and 2% for 87Rb/86Sr ratios.

5. Results

5.1. Carbon and oxygen isotopic compositions

C and O isotopic compositions of calcite separates from carbonate
host rock and sulfide ore are listed in Table 2 and shown in Fig. 7. Calcite
samples have δ13CPDB and δ18OSMOW values ranging from −3.1 to
+2.5‰ (average −1.0‰, n = 9) and +18.8 to +26.5‰ (average
+21.0‰, n = 9), respectively. Stage I calcite samples have δ13CPDB

values ranging from −1.7 to −1.4‰ (average −1.6‰, n = 3) and
δ18OSMOW values ranging from +18.8 to +19.2‰ (average +19.0‰,
n = 3). Stage II calcite samples have δ13CPDB and δ18OSMOW values rang-
ing from −2.2 to −1.6‰ (average −1.9‰, n = 3) and +19.5 to
+20.3‰ (average +19.9‰, n = 3), respectively. The δ13CPDB and
δ18OSMOW values of Stage III calcite sample are −3.1‰ and +20.2‰,
respectively. Stage IV calcite samples have δ13CPDB values ranging from
+2.3 to +2.5‰ (average +2.4‰, n = 2) and δ18OSMOW values ranging
from +25.6 to +26.5‰ (average +26.1‰, n = 2). The δ13CPDB and
δ18OSMOW values of carbonate whole-rock samples range from −1.8
to +3.9‰ (mean +1.8‰, n = 9) and +21.0 to +26.8‰ (mean
+23.2‰, n = 9), respectively (Hu, 1999; Mao et al., 1998). There is
no difference in δ13CPDB and δ18OSMOW values among Stages I to III cal-
cite samples, but Stage IV calcite samples have δ13CPDB and δ18OSMOW

values higher than those of Stages I to III calcite and similar to those of
the carbonate whole-rock (Fig. 7). It is clear that Stages I to III calcite
samples from the Shanshulin deposit have similar δ13CPDB values but
higher δ18OSMOW values compared with the Huize (Huang et al., 2010)
and Tianqiao (Zhou et al., 2013a) deposits, two typical Pb–Zn deposits
in the SYG province (Fig. 7).

5.2. Sulfur isotopic compositions

Sulfur isotopic compositions of sulfide samples are given in Table 3
and shown in Fig. 8A and B. The δ34SCDT values of seven sphalerite
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Fig. 6. Electron probe micro-analysis (EPMA) backscattered electron images (A–D) and microscope reflected light photographs (E–F) of sulfide ores from the Shanshulin Pb–Zn deposit.
A: cubic pyrite (Py) enclosed in granular sphalerite (Sp) and veinlet calcite (Cal) crosscuts granular Sp; B: tiny vein galena (Gal)filling fracture in cubic Py that intergrownwith granular Sp
enclosed in Cal and veinlet dolomite (Dol) crosscuts Cal; C: tiny vein Gal filling fractures in cubic Py that enclosed in granular Sp; D: pressure shadow of granular Gal; E: anhedral Cal and
pressure shadow of granular Gal enclosed in brown–yellow Sp; F: metasomatic Py and veinlet Cal filling fractures in brown Sp.

Table 1
Mineral paragenesis of the Shanshulin Pb–Zn deposit.

Periods Hydrothermal Supergene

Stages Stage I Stage II Stage III Stage IV

Mineral assemblages Sp + Py + Cal Sp + Py + Gal + Cal Sp + Gal + Cal Dol + Cal Lim + Cer + Smi

Pyrite

Brown Sp

Brown–yellow Sp

Galena

Dolomite

Calcite

Smithsonite

Limonite

Cerusite

Sp, sphalerite; Py, pyrite; Gal, galena; Dol, dolomite; Cal, calcite; Lim, limonite; Cer, Cerusite.
___ Less; ▄▄▄more.
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samples from the Shanshulin deposit occupy a narrow range between
+18.9‰ and +20.3‰ with an average value of +19.3‰ (Table 3).
There is no difference of δ34SCDT values between Stage II (+19.0 to
20.3‰, average+19.4‰, n= 4) and Stage III (+18.9 to+19.6‰, aver-
age +19.2‰, n = 3) sphalerite samples (Fig. 8B). Four galena samples
have δ34SCDT values ranging from +15.6 to +17.1‰ (mean +16.0‰).
The δ34SCDT values of Stage II galena samples (Fig. 8B) range from
+15.7 to +15.8‰ (average +15.8‰, n = 2) similar to those of Stage
III galena (+15.6 to +17.1‰, average +16.4‰, n = 2). It is obvious
that the δ34S values of sphalerite samples are significantly higher than
those of galena (Table 3), especially in the same hand specimens
(such as samples SSL6, SSL12 and SSL17; Fig. 8C). The δ34S values of
sphalerite and galena samples in this study are slightly higher than pre-
vious reported sulfur isotope data, which range from+15.9 to+18.7‰
and +13.4 to +14.2‰ (Chen, 1986; Fu, 2004), respectively. This may
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Table 2
Carbon and oxygen isotopic compositions for the Shanshulin Pb–Zn deposit.

No. Mineral/rock Sample types δ13CPDB/‰ δ18OSMOW/‰ Sources

HTQ-w Whole-rock Lower Carboniferous Baizuo Fm., dolostone −0.8 +23.1 Hu (1999)
HTQ-a Whole-rock Lower Carboniferous Baizuo Fm., dolostone −1.8 +23.6
YCP2-A Whole-rock Lower Carboniferous Baizuo Fm., dolostone +0.8 +21.0
HE02 Whole-rock Lower Carboniferous Baizuo Fm., dolostone +0.1 +22.6
HE12 Whole-rock Lower Carboniferous Baizuo Fm., dolostone −1.1 +21.1
Qs-01 Whole-rock Upper Carboniferous Maping Fm., dolostone +2.3 +23.3 Mao et al. (1998)
Qs-04 Whole-rock Upper Carboniferous Maping Fm., dolostone +1.1 +22.1
S-0 Whole-rock Upper Carboniferous Huanglong Fm., limestone +2.4 +25.5
Sh-S-51 Whole-rock Upper Carboniferous Huanglong Fm., limestone +3.9 +26.8
SI-9 Stage IV calcite Upper Carboniferous Huanglong Fm., dolostone +2.5 +25.6
SSL7 Stage IV calcite Upper Carboniferous Huanglong Fm., dolostone +2.3 +26.5 This paper
SSL2 Stage I calcite Sulfide ore −1.6 +19.2
SSL5 Stage I calcite Sulfide ore −1.4 +18.8
SSL8 Stage I calcite Sulfide ore −1.7 +19.0
SSL12-@4 Stage II calcite Sulfide ore −1.6 +19.5
SSL14-@3 Stage II calcite Sulfide ore −1.9 +19.8
SSL17-@4 Stage II calcite Sulfide ore −2.2 +20.3
SSL13-@3 Stage III calcite Sulfide ore −3.1 +20.2
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be due to samples collected fromdifferent locations in this and previous
studies. In addition, compared with the Huize (+10 to +18‰; Han
et al., 2007a), Tianqiao (+8 to +14‰; Zhou et al., 2013a), Shaojiwan
(+8 to +11‰; Zhou et al., 2013b) and Qingshan (+11 to +19‰;
Zhou et al., 2013c) deposits, the sulfides from the Shanshulin deposit
have higher δ34S values (Fig. 8A).

5.3. Zinc isotopic compositions

Zinc isotopic compositions of sphalerite separates from the
Shanshulin deposit and the country whole-rock samples are listed in
Table 4 and shown in Fig. 9. Sphalerite from the Shanshulin deposit
yields δ66Zn values ranging from 0.00 to +0.55‰, with a mean value
of +0.25‰ (Table 4). Five brown sphalerite and seven brown–yellow
sphalerite samples have δ66Zn values ranging from 0.00 to +0.21‰
and +0.19 to +0.55‰ (Table 4), respectively. It is obvious that the
brown–yellow sphalerite has higher zinc isotope values in the same
hand specimen (Fig. 9). Stage I brown sphalerite samples have δ66Zn
values ranging from 0.00 to +0.07‰ (average +0.04‰, n = 2). The
δ66Zn values of Stage II brown and brown–yellow sphalerite samples
range from +0.12 to +0.23‰ (average +0.18‰, n = 5). Stage III
brown–yellow sphalerite samples have δ66Zn values ranging from
+0.29 to +0.55‰ (average +0.40‰, n = 5). It is clear that the Stage
Fig. 7. Plot of δ13CPDB vs. δ18OSMOW for calcite and country carbonate whole-rock from the
Shanshulin deposit area. Data for country carbonate whole-rock are from Hu (1999) and
Mao et al. (1998); the Tianqiao deposit data are from Zhou et al. (2013a); the Huize deposit
data are from Huang et al. (2010).
III brown–yellow sphalerite has higher δ66Zn values (Fig. 9). Compared
with Devonian to Lower Permian sedimentary rocks (−0.22 to
+0.17‰) and Middle Permian Emeishan flood basalts (+0.30 to
+0.44‰; Zhou et al., 2014), sphalerite separates from the Shanshulin
deposit have a wider range of δ66Zn values (Fig. 9).

5.4. Lead isotopic compositions

Lead isotopic compositions of ores and sulfides from the Shanshulin
Pb–Zn deposit and the countrywhole-rock samples are listed in Tables 5
and 6 and shown in Fig. 10. Four galena samples have 206Pb/204Pb ratios
ranging from 18.531 to 18.573, 207Pb/204Pb ratios ranging from 15.722
to 15.769 and 208Pb/204Pb ratios ranging from 39.069 to 39.223
(Table 5). 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios for seven
sphalerite samples range from 18.362 to 18.567, 15.505 to 15.754 and
38.302 to 39.179, respectively (Table 5). It is obvious that Stage III sul-
fides contain more radiogenic Pb than Stage II and galena contains
more radiogenic Pb than sphalerite (Fig. 10). The Pb isotope data are
similar to previously reported data with the exception of a narrower
range of 207Pb/204Pb ratios (Fig. 10). All the Pb isotope data are similar
to the Huize (Han et al., 2007a) and Tianqiao (Zhou et al., 2013a) de-
posits (Fig. 10), suggesting a similar source for Pb.

5.5. Strontium isotopic compositions

The Sr isotope data of seven brown–yellow sphalerite and the coun-
trywhole-rock samples are listed in Tables 7 and 8 and shown in Fig. 11.
Sphalerite samples have very low contents of Rb (0.021 to 0.072 ppm)
and a medium range of Sr concentrations (2.07 to 10.89 ppm). The
87Rb/86Sr ratios of the seven brown–yellow sphalerite samples range
from 0.0190 to 0.0473 and the 87Sr/86Sr ratios range from 0.7108 to
0.7116 (Table 7). There is no difference in 87Sr/86Sr ratios between
Stage II and Stage III brown–yellow sphalerite samples (Table 7). Limit-
ed variations in Sr isotopic compositions suggest that all sphalerite
samples from the Shanshulin deposit have a uniform Sr source. Com-
pared with the Huize (Han et al., 2007a) and Tianqiao (Zhou et al.,
2013a) deposits, sphalerite separates from the Shanshulin deposit
contain less radiogenic Sr (Fig. 11).

6. Discussion

6.1. Possible causes of zinc isotope variations

Significant variationswere reported in the δ66Zn values of sphalerite
separates from the sediment-hosted Pb–Zn deposits of Cévennes in
France (Albarède, 2004), Navan and Midlands in Ireland (Gagnevin



Table 3
Sulfur isotopic compositions of sulfide separates from the Shanshulin Pb–Zn deposit.

No. Minerals δ34S CDT/‰ Sources No. Minerals δ34S CDT/‰ Sources

SS07 Py +17.6 Fu (2004) SS01 BY Sp +17.2 Fu (2004)
78–59 Sp +16.3 Chen (1986) SS03 BY Sp +17.5
78–80 Sp +16.1 SS14-1-@1 BY Sp +18.4
S3 Sp +17.0 SS16 B Sp +18.6
S12 Sp +18.3 78–79 Gal +13.4 Chen (1986)
78–66 Sp +15.9 78–64 Gal +13.4
SSL6-@1 Stage III BY Sp +19.6 This paper S11 Gal +13.6
SSL17-@1 Stage II B Sp +19.3 A1159-S-4 Gal +13.7
SSL14-@2 Stage II BY Sp +19.0 SSL17-@3 Stage II Gal +15.8 This paper
SSL13-@2 Stage III BY Sp +18.9 SSL12-@3 Stage II Gal +15.7
SSL1-@2 Stage II B Sp +20.3 SSL6-@2 Stage III Gal +17.1
SSL12-@1 Stage II B Sp +19.1 SSL10 Stage III Gal +15.6
SSL11 Stage III BY Sp +19.2 SS14-1-@2 Gal +14.2 Fu (2004)
SS13-@1 BY Sp +18.7 Fu (2004) SS14-@2 Gal +14.1
SS14-@2 BY Sp +18.7 SS13-@2 Gal +13.9
No. Mineral pairs Δδ34S/‰ T (°C) No. Mineral pairs Δδ34S/‰ T (°C)
SSL6 Sphalerite–galena +2.5 292 SSL12 Sphalerite–galena +3.4 211
SSL17 Sphalerite–galena +3.5 204 SS13 Sphalerite–galena +4.8 135
SS14 Sphalerite–galena +4.6 143 SS14-1 Sphalerite–galena +4.2 163

Py, pyrite; Sp, sphalerite; BY Sp, brown–yellow sphalerite; B Sp, brown sphalerite; Gal, galena.
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et al., 2012; Wilkinson et al., 2005), Red Dog in the USA (Kelley et al.,
2009) and Tianqiao–Banbanqiao in China (Zhou et al., 2014), as well
as the volcanic-hosted massive sulfide deposit of Alexandrinka in
Russia (Mason et al., 2005). These studies indicate that the earliest
sphalerite precipitated from the hydrothermal systems was enriched
in light zinc isotopes, followed by precipitation of sphalerite with
progressively heavier isotopic compositions. Based on the spatial and
temporal variations of zinc isotopic compositions, it is believed that
variations in the sources of zinc were unlikely key controls (Archer
et al., 2004; Gagnevin et al., 2012; John et al., 2008; Kelley et al., 2009;
Maréchal and Sheppard, 2002; Mason et al., 2005; Wilkinson et al.,
2005; Zhou et al., 2014). Three causes are proposed to explain the evo-
lution from light to heavy zinc isotopes: (i) temperature gradients
Fig. 8. A: The δ34SCDT values for the Shanshulin deposit are compared with those of mantle, seaw
isotopic composition histogram of the Shanshulin Pb–Zn deposit; C: plot of δ34SCDT vs. 1000lnα
(Mason et al., 2005; Toutain et al., 2008), (ii) mixing of multiple zinc
sources (Wilkinson et al., 2005), and (iii) fractional crystallization
(Gagnevin et al., 2012; Kelley et al., 2009; Zhou et al., 2014).

Studies show that at low to medium temperatures (b300 °C), no
correlation exists between δ66Zn values and temperatures, either
experimentally (30 to 50 °C; Maréchal and Sheppard, 2002) or within
hydrothermal systems (60 to 250 °C; Wilkinson et al., 2005). However,
at high temperatures (N300 °C), a systematic increase in δ66Zn
values (−0.03 to +0.23‰) away from the hydrothermal vent (c.
300 °C) in Alexandrinka volcanic-hosted massive sulfide (VHMS) ore
deposit, Urals, Russia was reported (Mason et al., 2005). Furthermore,
a Rayleigh condensationmodel with temperature dependent Zn isotope
fractionation (1000lnαsolid/vapor = C1 + C2/T + C3/T2, with C1 = 0,
ater and evaporates, and the Huize, Tianqiao, Shaojiwan and Qingshan deposits; B: sulfur
for symbiotic sphalerite–galena mineral pairs.
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Table 4
Zinc isotopic compositions of sphalerite separates from the Shanshulin deposit and of whole-rock of Devonian to Lower Permian sedimentary rocks and Middle Permian Emeishan flood
basalts.

No. Mineral/rock Positions δ66ZnJMC/‰
a SD NA

SSL1-@1 Stage III BY Sp Tunnel 23, 1820 m 0.30 0.04 3
SSL1-@1b Stage III BY Sp Tunnel 23, 1820 m 0.29 0.05 2
SSL1-@2 Stage II B Sp Tunnel 23, 1820 m 0.21 0.03 3
SSL6-@1 Stage III BY Sp ZK248, 1590 m 0.49 0.07 2
SSL11 Stage III BY Sp ZK63, 1660 m 0.31 0.05 2
SSL12-@1 Stage II BY Sp Tunnel 25, 1770 m 0.19 0.04 3
SSL12-@2 Stage I B Sp Tunnel 25, 1770 m 0.00 0.06 3
SSL13-@1 Stage II B Sp Tunnel 27, 1700 m 0.12 0.07 4
SSL13-@2 Stage III BY Sp Tunnel 27, 1700 m 0.35 0.05 3
SSL14-@1 Stage I B Sp ZK63, 1670 m 0.07 0.05 2
SSL14-@2 Stage II BY Sp ZK63, 1670 m 0.23 0.04 2
SSL17-@1 Stage II B Sp ZK248, 1580 m 0.14 0.05 4
SSL17-@2 Stage III BY Sp ZK248, 1580 m 0.55 0.08 2
D09-3 Sandstone Middle Devonian Haikou Fm.c −0.19 0.06 3
D09-5 Sandstone Middle Devonian Haikou Fm.c 0.06 0.06 2
D09-7 Limestone Upper Devonian Zaige Fm.c −0.22 0.05 3
D22 Limestone Lower Carboniferous Dapu Fm.c −0.12 0.04 3
D23 Dolostone Lower Carboniferous Baizuo Fm.c 0.15 0.04 3
D24 Dolostone Lower Carboniferous Baizuo Fm.c 0.17 0.05 3
D09-10 Shale Lower Permian Liangshan Fm.c −0.16 0.06 3
Ems09-14 Basalts Middle Permian Emeishan Fm.c 0.32 0.06 3
Ems09-15 Basalts Middle Permian Emeishan Fm.c 0.30 0.04 3
Ems09-16 Basalts Middle Permian Emeishan Fm.c 0.44 0.10 3

BY Sp, brown–yellow sphalerite; B Sp, brown sphalerite; Fm., Formation; SD, standard deviation; NA, number of analyses.
Samples SSL1-@1 and SSL1-@2 are from the same hand specimen SSL1; similarly, SSL12-@1 and SSL12-@2 from SSL12; SSL13-@1 and SSL13-@2 from SSL13; SSL14-@1 and SSL14-@2 from
SSL14; SSL17-@1 and SSL17-@2 from SSL17.

a Mean over n number of repeats.
b Samples are used for procedural repeats.
c Zinc isotopic data of Devonian to Lower Permian sedimentary rocks and Middle Permian Emeishan flood basalts are taken from Zhou et al. (2014).
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C2 = −0.88 × 103, C3 = 1.00 × 106 and T in degree Kelvin) was
used to explain the significant difference between δ66Zn values in
fumarolic gases (+0.05 to +0.85‰) and condensates (+1.48 to
+1.68‰) in theWoro fumarolic (590 to 297 °C) field, Merapi volcano,
Indonesia (Toutain et al., 2008). Previous studies on the homogeniza-
tion temperatures of fluid inclusions (150 to 280 °C; Fu, 2004) from
the Shanshulin deposit indicate that the fluidswhich formed the depos-
it were low to medium temperatures (b300 °C). Sulfide formation
Fig. 9. Zinc isotopic variations for sphalerite separates from the Shanshulin deposit. The variatio
with depth (in meters). The zinc isotopic compositions of sphalerite samples from the Shanshu
salts and Devonian to Lower Permian sedimentary rocks (Zhou et al., 2014).
temperatures calculated as part of this study (see below) are consistent
with temperatures less than 300 °C. Therefore, temperature gradient is
likely not a key factor in the observed Zn isotope variations (Fig. 9). In
the SYG province, the whole-rock samples of Devonian to lower Perm-
ian sedimentary rocks andMiddle Permian Emeishan flood basalts have
δ66Zn values ranging from −0.22 to +0.17‰ and +0.30 to +0.44‰,
respectively (Zhou et al., 2014). These values are narrower than sphal-
erite separates from the Shanshulin deposit (Fig. 9), thus precluding
ns among three stages represent temporal differences. Spatial differences are represented
lin deposit are compared with those of whole-rock of Middle Permian Emeishan flood ba-
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Table 5
Lead isotopic compositions of ores and sulfide separates from the Shanshulin Pb–Zn deposit.

No. Mineral/ore 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Sources No. Mineral/ore 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Sources

SS01 BY Sp 18.503 15.726 38.970 Fu (2004) SSL1-@1 Stage III BY Sp 18.412 15.561 38.452 This paper
SS03 BY Sp 18.593 15.802 39.300 SSL11 Stage III BY Sp 18.441 15.559 38.601
SS13 BY Sp 18.530 15.709 39.041 SSL14-@2 Stage II BY Sp 18.428 15.601 38.558
SS14-@1 BY Sp 18.528 15.710 39.024 SSL17-@1 Stage II B Sp 18.362 15.515 38.302
SS14-1-@1 BY Sp 18.474 15.657 38.881 SSL13-@2 Stage III BY Sp 18.395 15.505 38.312
SS16 B Sp 18.510 15.687 38.957 SS101 Ore 18.551 15.755 39.255 Zheng (1994);

Zhang et al. (1998)SS07 Py 18.506 15.677 38.915 S3117 Ore 18.495 15.701 39.016
SS14-@2 Gal 18.596 15.798 39.332 S4115 Ore 18.499 15.681 38.965
SS14-1-@2 Gal 18.654 15.874 39.573 S5137-3 Ore 18.496 15.705 39.083
Pb-73 Gal 18.278 15.448 38.545 Liu and Lin (1999) S5127-2 Ore 18.493 15.757 39.185
Pb-74 Gal 18.276 15.457 38.553 Ssl001 Gal 18.619 15.742 39.345
Pb-78 Gal 18.450 15.605 38.687 Ssl002 Gal 18.546 15.716 39.264
TzPb1 Gal 18.475 15.675 38.924 23y-3003 Gal 18.336 15.458 39.304
TzPb2 Gal 18.502 15.698 39.012 26k Gal 18.490 15.610 38.980
TzPb3 Gal 18.457 15.684 38.846 81093 Gal 18.472 15.673 38.923
S26 Gal 18.488 15.607 38.977 81094 Gal 18.512 15.696 39.018
33-Y3003 Gal 18.335 15.551 38.299 81095 Gal 18.547 15.864 38.845
SSL6-@2 Stage III Gal 18.573 15.769 39.223 This paper SA1150-1 Gal 18.471 15.648 38.455
SSL17-@3 Stage II Gal 18.552 15.743 39.141 SA1150–2 Gal 18.481 15.657 38.553
SSL10 Stage III Gal 18.556 15.756 39.194 75g-1 Gal 18.452 15.625 38.679
SSL12-@3 Stage II Gal 18.531 15.722 39.069 S3317 Gal 18.491 15.702 39.006
SSL12-@1 Stage II BY Sp 18.549 15.736 39.117 S5237 Gal 18.539 15.705 38.083
SSL6-@1 Stage III BY Sp 18.567 15.754 39.179 S5137-2 Gal 18.613 15.775 39.103

Py, pyrite; BY Sp, brown–yellow sphalerite; B Sp, brown sphalerite; Gal, galena.
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themixing ofmultiple zinc sources as a key factor in controlling the var-
iations in zinc isotopic compositions (Fig. 9). Fractional crystallization
has been used to explain an increase of δ66Zn values from the early to
late stages of sulfide deposition (Gagnevin et al., 2012; Kelley et al.,
2009; Mason et al., 2005; Wilkinson et al., 2005; Zhou et al., 2014).
Brown sphalerite preceded precipitation of brown–yellow sphalerite
in the Shanshulin deposit, and because the Zn isotope compositions fol-
low the trend from lighter to heavier (Fig. 9), it follows that kinetic Ray-
leigh fractionation was likely responsible for the observed Zn isotopic
variations. Moreover, similar to the sphalerite separates from the
Cévennes (−0.06 to +0.42‰; Albarède, 2004), Midlands (−0.17 to
+0.64‰, with one value at +1.33‰; Wilkinson et al., 2005) and
Navan (−0.32 to +0.23‰; Gagnevin et al., 2012) MVT-type deposits
in Europe, the Alexandrinka VHMS-type deposit in Russia (−0.43 to
+0.23‰; Mason et al., 2005) and the Red Dog SEDEX-type deposit in
the USA (0.00 to +0.60‰; Kelley et al., 2009), those from the
Shanshulin Pb–Zn deposit do not have unique Zn isotope values
(Fig. 12). This suggests that Zn isotopes may not be suitable for discrim-
inating ore genesis.

6.2. Source of ore-forming fluids

In general terms, there are three principal sources of C–O in hydro-
thermalfluid: (i)mantle, (ii) marine carbonate rocks, and (iii) sedimen-
tary organic matter (Demény and Harangi, 1996; Demény et al., 1998;
Table 6
Pb isotopic compositions for the Tianqiao andHuize deposits, Devonian to Lower Permian carbo

Mineral/rock Number

Tianqiao deposit sulfides 33
Huize deposit sulfides 95
Middle Permian Emeishan flood basalts whole-rock 56
Lower Permian Qixia Fm., limestone whole-rock 12
Upper Carboniferous Huanglong Fm., limestone whole-rock 12
Lower Carboniferous Baizuo Fm., dolostone whole-rock 28
Lower Carboniferous Dapu Fm., dolostone whole-rock 15
Upper Devonian Zaige Fm., limestone whole-rock 13
Proterozoic basement whole-rock (Kunyang and Huili Groups) 43

Pb isotopic compositions for the Huize deposit are fromHan et al. (2007a) and Zhou et al. (2001),
et al. (2007a), Hu (1999), Huang et al. (2004), Liu and Lin (1999), Zhang et al. (1998), Zheng and
207Pb/204Pbt = 207Pb/204Pbp-μ/137.88(eλ′t−1), 208Pb/204Pbt = 208Pb/204Pbp-ω(eλ″t−1), λ = 1.55
Liu, J.M. and Liu, J.J., 1997; Taylor et al., 1967; Veizer and Hoefs, 1976).
The δ13CPDB and δ18OSMOW values for mantle, marine carbonate and or-
ganic matter range from−4.0 to−8.0‰ and +6.0 to +10.0‰ (Taylor
et al., 1967),−4.0 to +4.0‰ and+20.0 to +30.0‰ (Veizer and Hoefs,
1976), and−30.0 to−10.0‰ and +24.0 to +30.0‰ (Liu, J.M. and Liu,
J.J., 1997), respectively. Calcite samples from the Shanshulin deposit
have δ13CPDB values higher than mantle and organic matter, but similar
to those of marine carbonate and the carbonate country rocks (Fig. 7).
This indicates that mantle and organic matter did not contribute signif-
icant quantities of C to the hydrothermal fluids. The similarity of δ13CPDB
and δ18OSMOW values in calcite samples and the country whole-rock
suggest that C and O isotopes in the hydrothermal fluid were nearly in
thermal equilibrium with the country rocks (Gray et al., 1991; Muchez
et al., 1995). Therefore, the carbon and oxygen in the ore-forming
fluid were likely provided by the carbonate country rocks. Calcite sepa-
rates from the Huize (Huang et al., 2010) and Tianqiao (Zhou et al.,
2013a) deposits have δ18OSMOW values lower than that from the
Shanshulin deposit which suggests oxygen in the formers was likely
derived from an 18O-depleted source region.

Sulfide ores in the Shanshulin deposit have simple S-bearingminer-
alogy, including sphalerite, pyrite and galena, but they lack sulfate.
Therefore, the δ34S values of sulfideminerals (especially pyrite) approx-
imate the hydrothermal fluid's δ34S values (e.g. Basuki et al., 2008;
Dixon and Davidson, 1996; Ohmoto and Goldhaber, 1997; Ohmoto
and Rye, 1979; Ohmoto et al., 1990). One pyrite sample from the
nate rocks, Proterozoic folded basement rocks andMiddle Permian Emeishan flood basalts.

206Pb/204Pb200 Ma
207Pb/204Pb200 Ma

208Pb/204Pb200 Ma

18.378–18.601 15.519–15.811 38.666–39.571
18.251–18.530 15.439–15.855 38.487–39.433
18.175–19.019 15.528–15.662 38.380–39.928
18.189–18.759 15.609–16.522 38.493–38.542
18.136–18.167 15.656–16.675 38.204–38.236
18.120–18.673 15.500–16.091 38.235–39.685
18.397–18.828 15.537–16.499 38.463–39.245
18.245–18.842 15.681–16.457 38.715–39.562
17.781–20.993 15.582–15.985 37.178–40.483

and for the Tianqiao deposit are from Zhou et al. (2013a). Other data are from Fu (2004), Han
Wang (1991) and Zhou et al. (2001, 2013a, 2013d). 206Pb/204Pbt = 206Pb/204Pbp-μ(eλt−1),
125 × 10−10 t−1, λ′ = 9.8485 × 10−10 t−1, λ″ = 0.49475 × 10−10 t−1, t = 200 Ma.



Fig. 10. Plot of 207Pb/204Pb vs. 206Pb/204Pb for sulfide minerals from the Shanshulin Pb–Zn deposit, including those from previous studies (Fu, 2004; Liu and Lin, 1999; Zhang et al., 1998;
Zheng, 1994). Comparison is made with bulk ore compositions from Zhang et al. (1998) and Zheng (1994). Trends for the upper crust (U), orogenic belt (O), mantle (M) and lower crust
(L) are from Zartman and Doe (1981). Data from the Huize and Tianqiao deposits, and bulk-rock Pb isotopic compositions are from Fu (2004), Han et al. (2007a), Hu (1999), Huang et al.
(2004), Liu and Lin (1999), Zhang et al. (1998), Zheng and Wang (1991) and Zhou et al. (2001, 2013a, 2013d) and are age-corrected at 200 Ma.
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Shanshulin deposit has a δ34SCDT value of +17.6‰ (Table 3; Fu, 2004),
which is significantly higher than that of mantle-derivedmagmatic sul-
fur (0±3‰; Chaussidon et al., 1989). Because rigorous interpretation is
not possible due to the paucity of data for pyrite, the δ34Sfluid value was
calculated by paragenetic sphalerite–galena sulfide pairs (Pinckney and
Rafter, 1972). The resulting value of +20.7‰ for the fluid (Fig. 8C) is
similar to that of pyrite. Devonian to Lower Permian sedimentary
rocks in the southeast SYG province contain evaporites such as gypsum
and barite that have δ34SCDT values range from +22 to +28‰, (Jin,
2008; Liu and Lin, 1999; Zhou et al., 2013a), similar to those of Devonian
to Permian seawater (+15 to+25‰; Claypool et al., 1980; Seal, 2006).
The temperature of S isotope equilibrium fractionationmay be calculat-
ed using sulfide mineral pairs. The Δδ34Ssphalerite–galena values of six
sphalerite–galena pairs range from +2.5 to +4.8‰ (Table 3), suggest-
ing possible deposition of sulfide minerals under S isotope equilibrium
conditions. Assuming sulfide precipitation under thermal equilibrium
conditions, the observed fractionation for the six sphalerite–galena
pairs in the Shanshulin deposit corresponds to ore-forming tempera-
tures of 135 to 292 °C (Table 3; Czamanske and Rye, 1974). These calcu-
lated temperatures are similar to the homogenization temperatures
derived from the previous fluid inclusion studies (150 to 280 °C; Fu,
2004), but are higher than those of bacterial sulfate reduction (BSR)
(Basuki et al., 2008; Dixon and Davidson, 1996; Jorgenson et al., 1992;
Machel et al., 1995), which could result in a larger sulfur isotopic frac-
tionation (in an open system). Therefore, the origin of reduced sulfur
in hydrothermal fluids from the Shanshulin deposit was likely
thermo-chemical sulfate reduction (TSR), which is in agreement with
the interpretation of the Huize (Han et al., 2007a) and Tianqiao (Zhou
et al., 2013a) deposits.
Table 7
Rb–Sr isotopic compositions of sphalerite separates from the Shanshulin Pb–Zn deposit.

No. Mineral Rb/ppm(10−6) Sr/ppm(10−6)

SSL1-@1 Stage III BY Sp 0.072 10.89
SSL6-@1 Stage III BY Sp 0.038 3.27
SSL11 Stage III BY Sp 0.031 3.14
SSL12-@1 Stage II BY Sp 0.021 2.07
SSL13-@2 Stage III BY Sp 0.021 2.64
SSL14-@2 Stage II BY Sp 0.050 3.08
SSL17-@2 Stage III BY Sp 0.022 3.00

BY Sp, brown–yellow sphalerite. (87Sr/86Sr)t = 87Sr/86Sr − 87Sr/87Rb (eλt−1), λRb = 1.41 × 1
6.3. Origin of ore-forming elements

U and Th contents of sulfide minerals are too low to influence their
Pb isotopic composition,whereas the Pb isotopic compositions of Prote-
rozoic folded basement rocks, Devonian to Lower Permian sedimentary
rocks andMiddle Permian Emeishan flood basaltsmust be corrected for
age (e.g. Carr et al., 1995; Haest et al., 2010; Muchez et al., 2005; Zhang
et al., 2002). Studies in the SYG province show that the ages of Pb–Zn
mineralization are between 222 and 192 Ma (Li et al., 2007b; Lin et al.,
2010; Mao et al., 2012; Zhou et al., 2013a, 2013d). Thus, an age of
200 Ma is used to correct the Pb isotopic compositions of the country
rocks. In terms of 207Pb/204Pb vs. 206Pb/204Pb ratios (Fig. 10), all data of
the Shanshulin deposit show a linear correlation that crosscuts the
upper crust, orogenic belt and mantle Pb evolution curves (Zartman
and Doe, 1981), suggesting a mixture of Pb sources in hydrothermal
fluid.Moreover, Pb isotope data for samples from the Shanshulin depos-
it plot crosscut the age-corrected Proterozoic basement, Devonian to
Lower Permian sediment and Middle Permian basalts (Table 6;
Fig. 10). This suggests that the Pb in the ore-forming fluid may have
had multiple sources, presumably including basement, sedimentary
rocks and basalts in the SYG province.

In order to use Sr isotopic compositions of hydrothermal minerals to
trace the source of ore-formingmetals, there needs to be an age correc-
tion (e.g. Deng et al., 2000; Fontbote and Gorzawski, 1990; Gromek
et al., 2012; Zhou et al., 2001). Therefore, the 200 Ma sulfide formation
age was used to correct the 87Sr/86Sr ratios of sphalerite separates from
the Shanshulin deposit, and the basement, sedimentary rocks and ba-
salts in the SYG province. The 87Sr/86Sr200 Ma ratios of Lower Permian
Qixia Formation limestone and Lower Carboniferous Baizuo Formation
87Rb/86Sr 87Sr/86Sr 87Sr/86Sr200 Ma Source

0.0190 0.7116 0.7115 This paper
0.0332 0.7108 0.7107
0.0315 0.7111 0.7110
0.0296 0.7116 0.7115
0.0229 0.7115 0.7114
0.0473 0.7115 0.7114
0.0212 0.7114 0.7113

0−11t−1, t = 200 Ma.
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Table 8
Strontium isotopic compositions of sulfide separates from the Shanshulin, Tianqiao and Huize deposits, and of whole-rock of Proterozoic basement rocks, Devonian to Lower Permian sed-
imentary rocks, Middle Permian Emeishan flood basalts and the Upper Mantle.

Mineral/rock Num. 87Sr/86Sr200 Ma Sources

Range Average

Sphalerite from the Shanshulin deposit 7 0.7107–0.7115 0.7113 This paper
Sphalerite and pyrite from the Tianqiao deposit 7 0.7118–0.7130 0.7124 Zhou et al. (2013a)
Hydrothermal minerals from the Huize deposit 35 0.7137–0.7170 0.7163 Huang et al. (2004)
Lower Permian Qixia Fm., limestone 1 0.7079 0.7075 Deng et al. (2000)

1 0.7075 This paper
1 0.7073

Upper Carboniferous Maping Fm., limestone 2 0.7099–0.7100 0.7100 Zhou et al. (2013a)
Lower Carboniferous Baizuo Fm., dolostone 3 0.7087–0.7093 0.7091 Hu (1999)

1 0.7099 This paper
1 0.7101 0.7101

Upper Devonian Zaige Fm., limestone 2 0.7084–0.7088 0.7086 Zhou et al. (2013a)
Middle Devonian Qujing Fm., dolostone 1 0.7101 0.7101 Deng et al. (2000)
Middle Devonian Haikou Fm., sandstone 1 0.7111 0.7111 Zhou et al. (2013a)
Middle Permian Emeishan flood basalts 85 0.7039–0.7078 0.7058 Huang et al. (2004)
Proterozoic folded basement rocks (Kunyang/Huili Groups) 5 0.7243–0.7288 0.7268 Li and Qin (1988); Chen and Ran (1992)
Upper Mantle 0.704 ± 0.002 0.704 Faure (1977)

(87Sr/86Sr)t = 87Sr/86Sr − 87Sr/87Rb (eλt − 1), λRb = 1.41 × 10−11t−1, t = 200 Ma.
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dolostone range from 0.7073 to 0.7075 and 0.7099 to 0.7101, respec-
tively (Table 8), similar to previously reported age-corrected Sr isotope
values of Devonian to Lower Permian sedimentary rocks (0.7075 to
0.7111; Deng et al., 2000; Hu, 1999; Zhou et al., 2013a). In addition,
the Sr isotopic compositions of sphalerite separates from the Shanshulin
deposit are similar to Devonian to Lower Permian sedimentary rocks
(0.7073 to 0.7111; Table 8), whereas they are higher than those inMid-
dle Permian basalts (0.7039 to 0.7078; Huang et al., 2004). On the other
hand, Proterozoic folded basement samples have 87Sr/86Sr200 Ma ratios
ranging from 0.7243 to 0.7288 (Chen and Ran, 1992; Li and Qin,
1988), significantly higher than those of the sphalerite separates from
the Shanshulin deposit (Table 8; Fig. 11). Neither the basement rocks
nor the Devonian to Lower Permian sedimentary rocks and Middle
Permian basalts match the sphalerite 87Sr/86Sr200 Ma ratios. Therefore,
the sulfide strontium was likely sourced from a mixture of radiogenic
Sr-enriched basement rocks and radiogenic Sr-depleted sedimentary
rocks and basalts (Fig. 11), as suggested by Pb isotope data. The 87Sr/
86Sr200 Ma ratios of sphalerite separates from the Shanshulin deposit
range from 0.7107 to 0.7115, similar to those of sulfide minerals from
Fig. 11. Comparison of 87Sr/86Sr200 Ma ratios between the Shanshulin, Tianqiao and Huize Pb–
Middle Permian Emeishan flood basalts, and Upper Mantle (Faure, 1977). Data from the Huiz
and previous studies, including Chen and Ran (1992), Deng et al. (2000), Han et al. (2007a), H
the Tianqiao deposit (0.7118 to 0.7130; Zhou et al., 2013a), but lower
than those of hydrothermal minerals from the Huize deposit (0.7137
to 0.7170; Huang et al., 2004), suggesting that the radiogenic Sr-
enriched Proterozoic folded basement rocks contributed significantly
to the Sr of the Huize deposit (Tables 7 and 8; Fig. 11).

6.4. Ore genesis and prospecting

The ore deposits in the SYG province may have been affected by
reworking and recrystallization, because of multiple orogenic episodes
(e.g. Zaw et al., 2007). Due to these complexities, the ore genesis of
these deposits has long been a matter of debate. For example, it has
been proposed that all of the Pb–Zn deposits in the SYG province were
distal magmatic-hydrothermal deposits (Xie, 1963) relative to the
Middle Permian Emeishan flood basalts, while isotope chronology stud-
ies have suggested that the Pb–Zn deposits in the SYG province may
have formed during the Late Triassic to Early Jurassic (222–192 Ma; Li
et al., 2007b; Lin et al., 2010; Mao et al., 2012; Zhou et al., 2013a,
2013d), which is younger than the Middle Permian basalts (~260 Ma;
Zn deposits, Proterozoic basement rocks, Devonian to Lower Permian sedimentary rocks,
e and Tianqiao deposits, and whole-rock strontium isotope values are from this research
u (1999), Huang et al. (2004), Li and Qin (1988) and Zhou et al. (2013a).
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Fig. 12. Comparison of zinc isotopic compositions between sphalerite separates from the Shanshulin deposit and Pb–Zn deposits of MVT, SEDEX and VHMS-types. Zinc isotope data for
MVT deposits are from Albarède (2004), Wilkinson et al. (2005) and Gagnevin et al. (2012), SEDEX-type from Kelley et al. (2009), and VHMS-type from Mason et al. (2005).
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Zhou et al., 2002). It has also been suggested that the Pb–Zn deposits in
the SYG province are comparable to typical MVT-type deposits (e.g.
Leach et al., 2001, 2005, 2010; Muchez et al., 2005; Oliver, 1986, 1992;
Pirajno, 2009, 2013) in terms of tectonic setting, type of host rocks
and source of ore-forming fluids (Wang et al., 2000, 2003; Zaw et al.,
2007; Zheng and Wang, 1991; Zhou et al., 2001). Nevertheless, these
deposits display a set of characteristics that contrast with those of typi-
cal MVT-type deposits, including ore-controlled thrust faults, high
grades of Pb + Zn metals, complex sources of ore-forming metals, sim-
ple wall rock alteration and the lack of collapse breccias (e.g. Han et al.,
2007a; Zhou et al., 2013a, 2014). Although there is no direct genetic re-
lationship between theMiddle Permian basalts and Pb–Zn deposits, the
basalts could have provided some of the Pb and Sr to the system, as sug-
gested by our new Pb–Sr isotopic data. Therefore, an alternative model
is that the Shanshulin deposit is a carbonate-hosted, strata-bound, epi-
genetic, thrust fault-controlled, high grade deposit formed by fluids and
metals of mixed origin (e.g. Han et al., 2007a; Huang et al., 2010; Zhou
et al., 2011, 2013a, 2013d). The mineralization process is similar to
that of MVT-type deposits elsewhere, including extraction of ore-
forming elements from basement and country rocks by convective cir-
culation of hydrothermal fluids and subsequent precipitation of these
elements in favorable structural and lithological units (Hu and Zhou,
2012; Zhou et al., 2001).

For the reason that ore bodies in the Shanshulin deposit occur along
the thrust faults, the contact zone between dolomitic limestone and
dolostone along the F9 thrust fault is considered as an important target
(Fig. 3). Furthermore, because the Zn isotope variations in the
Shanshulin deposit are interpreted to represent fractional crystalliza-
tion, with higher δ66Zn values representing later stages of precipitation
(and perhapsmost distal from the core of the hydrothermal system), Zn
isotope datamay be considered an exploration tool (Kelley et al., 2009).
If these assumptions are true, variations in Zn isotope values for sphal-
erite may provide clues for prospecting concealed ores in deep parts
of the contact zone along the F9 thrust fault in the Shanshulin deposit
area (Fig. 3).
7. Conclusion

The Shanshulin Pb–Zn deposit is hosted by the Upper Carboniferous
Huanglong Formation dolomitic limestone and dolostone, and occurs
along the secondary high angle thrust faults of the Weishui fault. C–O
and S stable isotopes suggest that carbon and sulfur in the hydrothermal
fluidwere derived from the country rocks. Pb and Sr radiogenic isotopes
indicate that the ore lead and strontiumwere sourced from Proterozoic
folded basement, Devonian to Lower Permian sedimentary rocks and
Middle Permian Emeishan flood basalts. The later-precipitated
brown–yellow sphalerite has heavier Zn isotopic compositions than
the earlier deposited brown sphalerite. These variations may be ex-
plained by fractional crystallization and Zn isotopes may be considered
as an exploration tool.
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