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Located in the western Yangtze Block, the Qingshan Pb–Zn deposit, part of the Sichuan–Yunnan–Guizhou Pb–Zn
metallogenic province, contains 0.3 million tonnes of 9.86 wt.% Pb and 22.27 wt.% Zn. Ore bodies are hosted in
Carboniferous and Permian carbonate rocks, structurally controlled by the Weining–Shuicheng anticline and its intrafor-
mational faults. Ores composed of sphalerite, galena, pyrite, dolomite, and calcite occur as massive, brecciated, veinlets, and
disseminations in dolomitic limestones.

The C–O isotope compositions of hydrothermal calcite and S–Pb–Sr isotope compositions of Qingshan sulphide minerals
were analysed in order to trace the sources of reduced sulphur and metals for the Pb–Zn deposit. δ13CPDB and δ18OSMOW

values of calcite range from –5.0‰ to –3.4‰ and +18.9‰ to +19.6‰, respectively, and fall in the field between mantle and
marine carbonate rocks. They display a negative correlation, suggesting that CO2 in the hydrothermal fluid had a mixed origin
of mantle, marine carbonate rocks, and sedimentary organic matter. δ34S values of sulphide minerals range from +10.7‰ to
+19.6‰, similar to Devonian-to-Permian seawater sulphate (+20‰ to +35‰) and evaporite rocks (+23‰ to +28‰) in
Carboniferous-to-Permian strata, suggesting that the reduced sulphur in hydrothermal fluids was derived from host-strata
evaporites. Ores and sulphide minerals have homogeneous and low radiogenic Pb isotope compositions (206Pb/204Pb =
18.561 to 18.768, 207Pb/204Pb = 15.701 to 15.920, and 208Pb/204Pb = 38.831 to 39.641) that plot in the upper crust Pb evo-
lution curve, and are similar to those of Devonian-to-Permian carbonate rocks. Pb isotope compositions suggest derivation
of Pb metal from the host rocks. 87Sr/86Sr ratios of sphalerite range from 0.7107 to 0.7136 and (87Sr/86Sr)200Ma ratios range
from 0.7099 to 0.7126, higher than Sinian-to-Permian sedimentary rocks and Permian Emeishan flood basalts, but lower
than Proterozoic basement rocks. This indicates that the ore strontium has a mixture source of the older basement rocks and
the younger cover sequence. C–O–S–Pb–Sr isotope compositions of the Qingshan Pb–Zn deposit indicate a mixed origin of
the ore-forming fluids and metals.

Keywords: C–O–S–Pb–Sr isotopes; sources of ore-forming fluids and metals; Qingshan carbonate-hosted Pb–Zn deposit;
Southwest China

1. Introduction

More than 400 Pb–Zn–Ag–Ge deposits have been
reported in the western Yangtze Blocks, Southwest China
(Figure 1A). They form the important Sichuan–Yunnan–
Guizhou (SYG) Pb–Zn metallogenic province, contain
total Pb and Zn metals of more than 20 million tonnes
(Mt) at grades of >10% Pb + Zn, and have been the major
source of base metals in China (Cromie et al. 1996; Liu and
Lin 1999). However, the origin of these deposits and the
mechanism for such giant accumulations of Pb–Zn–Ag–
Ge have long been controversial (e.g. Xie 1963; Liao 1984;
Tu 1984; Chen 1986; Zheng and Wang 1991; Liu and Lin
1999; Deng et al. 2000; Zhou et al. 2001, 2010, 2011, 2013;
Huang et al. 2003, 2010; Han et al. 2004, 2007, 2012; Hu
and Zhou 2012).

*Corresponding author. Email: zhoujiaxi@vip.gyig.ac.cn

The Pb–Zn deposits in the SYG province are hosted in
Sinian (late Proterozoic) to late Permian carbonate rocks
(e.g. Zheng and Wang 1991; Zhou et al. 2001, 2011; Han
et al. 2007, 2012). A close association of these deposits
with the Permian Emeishan flood basalts led Xie (1963)
to classify them as distal magmatic-hydrothermal deposits.
On the other hand, Tu (1984) interpreted them as strata-
bound ore deposits and proposed that they were generated
during hydrothermal reworking of sedimentary rocks. This
view was popular in the 1980s and 1990s (e.g. Liao 1984;
Chen 1986; Wang 1993). Some Pb–Zn deposits in the SYG
province were later re-interpreted to be typical Mississippi
valley-type deposits (e.g. Zheng and Wang 1991; Wang
et al. 2000, 2003, 2010; Zhou et al. 2001; Leach et al.
2010). The Permian Emeishan flood basalts have also been
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Figure 1. (A) Regional geological setting and (B) sketch geological map of NW Guizhou Pb–Zn metallogenic province.

considered to be an important source of ore-forming met-
als and heat (e.g. Liu and Lin 1999; Huang et al. 2003,
2004, 2010; Han et al. 2004, 2007, 2012). However, despite
many investigations and the large number of publications
in Chinese, it is still unclear how these metals became so
highly concentrated in the SYG province.

In the southeastern SYG province, more than one hun-
dred Pb–Zn deposits have been reported, most of which
are distributed along the NW-trending Weining–Shuicheng
and Yadu–Mangdong faults (Figure 1B). Previous stud-
ies are only available in the Chinese literature but have
documented that all these deposits occur in Devonian to
Permian dolomitic limestone (e.g. Chen 1986; Wang 1993;
Zheng 1994; Gu et al. 1997; Mao et al. 1998; Zhang et al.
1999; Fu 2004; Gu 2007; Jin 2008; Zhou et al. 2011). The
Qingshan Pb–Zn deposit along the Weining–Shuicheng
fault (Figure 1B) has been mined over the past decade (Jin
2008). Gu et al. (1997) and Zhang et al. (1999) examined
its geology and considered it to be a sediment-reworked
deposit.

C–O–S–Pb–Sr isotopes are powerful tools for deter-
mining sources of ore-forming fluids and metals (e.g.
Zheng and Wang 1991; Huston et al. 1995; Ohmoto and
Goldhaber 1997; Zhou et al. 2001, 2010, 2013; Wilkinson
et al. 2005; Han et al. 2007; Huang et al. 2010; Yavuz
et al. 2011; Dou and Zhou 2013). Multiple isotopic studies
of the Qingshan Pb–Zn deposit are not available, but may

provide important insights into its genesis. In this article,
we describe the geology of the Qingshan Pb–Zn deposit
and report a new C–O isotope for hydrothermal calcite
and a S–Pb–Sr isotope for sulphide minerals. These new
datasets, together with previously published results are uti-
lized to constrain the sources of ore-forming fluids and
metals. We discuss the implications of our study for the
giant Pb–Zn accumulation in the SYG province.

2. Geological background

2.1. Regional geology

In the western Yangtze Block, the sedimentary sequences
include the ∼1.7 Ga Dongchuan and ∼1.1 Ga Kunyang
Groups and equivalents, which represent the folded base-
ment (Sun et al. 2009; Zhao et al. 2010). They are uncon-
formably overlain by Palaeozoic and lower Mesozoic strata
of shallow marine origin (Yan et al. 2003). Jurassic to
Cenozoic strata are entirely continental facies (Liu and
Lin 1999). A major feature of the western Yangtze Block
is the mantle plume-derived Emeishan Large Igneous
Province, covering an area of more than 250,000 km2

(Chung and Jahn 1995; Zhou et al. 2002). This igneous
province is dominantly composed of volcanic rocks, known
as Emeishan flood basalts (∼260 Ma; Zhou et al. 2002),
interlayered with Permian limestone.
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2.2. Geology of the SYG metallogenic province

There have been about 408 Pb–Zn deposits reported in the
western Yangtze Block, which distribute in a large triangu-
lar area of 170,000 km2 in NE Yunnan, NW Guizhou, and
SW Sichuan provinces (Liu and Lin 1999). They are char-
acterized by irregular ore bodies with simple mineralogy,
weak wall rock alteration, and high Pb + Zn grade ores
(e.g. Zheng and Wang 1991; Zhou et al. 2001; Han et al.
2007), usually associated with Ag, Ge, Cd, Ga, and In (e.g.
Han et al. 2007; Zhou et al. 2011) and hosted in dolomitic
limestone or dolostone of Sinian to Permian (e.g. Liu and
Lin 1999; Wang et al. 2000, 2003, 2010; Zhou et al. 2001,
2010, 2011, 2013; Jin 2008). Notably, the host strata are all
below the lower Permian Emeishan flood basalts (e.g. Liu
and Lin 1999; Huang et al. 2010).

2.3. Local geology

In the southeastern SYG province, the cover sequences
include Devonian, Carboniferous, Permian, and Triassic
sedimentary strata (Figure 1B), and Permian Emeishan
flood basalts. Diabase dikes, locally present, may be part
of the Emeishan Large Igneous Province and also occur in
this region (Figures 1B and 2). The Devonian strata consist
of sandstone, siltstone, limestone, and dolostone, and the
Carboniferous strata are composed of shale, limestone, and
dolostone. The early Permian sequence consists of sand-
stone, shale, coal layers, and limestone, all overlain by
Permian Emeishan flood basalts. The basalts, in turn, are
overlain by late Permian sandstone, siltstone, and coal mea-
sures. The Triassic strata consist of siltstone, sandstone,
dolostone, and limestone. NW- and NE-striking faults are
well developed and control the Pb–Zn deposits in this
region.

3. Geology of the Qingshan deposit

The Qingshan Pb–Zn deposit is located on the mid-
dle part of the Weining–Shuicheng fault (Figure 1B).
In the Qingshan mining field, the Carboniferous stra-
tum is the Maping Formation, which chiefly consists of
limestone and dolomitic limestone. The overlying lower
Permian Liangshan Formation consists of shale, quartz
sandstone, and argillaceous sandstone (Figure 2). Major
ore bodies occur in dolomitic limestone of the Maping
Formation and are structurally controlled by the Weining–
Shuicheng anticline and its intraformational faults. The
immediate host rocks of the ore bodies are dolomitic
limestone in the upper part of the Maping Formation
and shale in the lower part of the Liangshan Formation
(Figure 2).

Underground mining and exploratory drilling provide
excellent access to the three major ore bodies. No. 1 ore
body is 145 m in depth, 70 m in length and 1.3–32 m in

width. Ores in this body contain 0.2 Mt of Pb and Zn met-
als at grades of 9.92 wt.% Pb and 37.58 wt.% Zn. No. 2 ore
body is 45 m in depth, 42 m in length, and 0.9–6.3 m in
width and contains 0.06 Mt of Pb and Zn metals at grades
of 9.22 wt.% Pb and 35.12 wt.% Zn. Ores in No. 3 ore body
have grades of 3.76 wt.% Pb and 34.96 wt.% Zn. This ore
body contains 0.03 Mt of Pb and Zn metals and is 40 m
in depth, 30 m in length, and 0.5–3.6 m in width. Ores
from the Qingshan deposit contain small amounts of Ge,
Ga, Cd, and Ag (Gu et al. 1997). These trace metals are
thought to be hosted in sphalerite and galena (Zhou et al.
2011). Ore bodies are strata bounded as tabular and lentic-
ular bodies with sharp boundaries against the wall rocks
(Figure 2). Some ore bodies contain galena, sphalerite,
and pyrite veinlets hosted in dolomitic limestone. Banded
ores consist of alternating layers rich in ore minerals or
calcite.

Primary ores are massive, disseminated, or banded
(Figure 3), and are composed of sphalerite, galena, and
pyrite, with calcite and dolomite as gangue minerals. Ores
from the Qingshan deposit have experienced diagenetic,
hydrothermal, and oxidized periods. The hydrothermal
period is composed of sulphide–carbonate and carbon-
ate stages. There are two principal mineral assem-
blages formed in the sulphide–carbonate stage. In the
pyrite–sphalerite–calcite assemblage (Figures 3C and 3D),
sphalerite is fine- to coarse-grained (0.1–13 mm) with
xenomorphic to automorphic granular textures. It is dark
brown and occurs as massive, porphyritic, and banded
forms or in disseminated aggregates. Individual grains
are commonly skeletal but have well-developed cleavage.
Pyrite is also coarse-grained (3–6 mm), has both octahedral
and cubic forms, and commonly occurs as disseminations
or bands in the wall rocks adjacent to the ores. Calcite is
lumpy and patchy, about 9 cm in size. In the sphalerite–
galena–calcite assemblage (Figures 3A and 3B), sphalerite
is fine- to coarse-grained (0.06–11 mm) with xenomorphic
to automorphic granular textures. It occurs in massive and
banded forms or in disseminated aggregates and is brown-
yellow in colour. Galena has a granular and corrugated
texture. Individual grains are 0.2–14 mm in diameter, have
cubic cleavage, and show obvious deformation. Calcite is
patchy, about 5 cm in size.

Wall rock alterations include dolomitization, calcitiza-
tion, Fe–Mn carbonatization, and ferritization, of which
dolomitization and calcitization are closely associated
with Pb–Zn mineralization. Fe–Mn carbonatization is a
good indicator for ore prospecting, which is associa-
tion with Pb–Zn mineralization. Ferritization is present
mainly as veinlets and irregular nodules in dolostone
or as gossan resultant from pyrite oxidization. Its dis-
tribution is not as extensive as dolomitization, but is
closely associated with Pb–Zn mineralization. The inten-
sity of ferritization is always correlated with that of Pb–Zn
mineralization.
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Figure 2. (A) Geological map of the Qingshan Pb–Zn deposit and (B) A–B geological profile.

4. Analytical methods

Ores from the Qingshan Pb–Zn deposit were crushed to
40–80 meshes, and pyrite, sphalerite, galena, and calcite
were handpicked under a binocular microscope. Calcite
was analysed for C–O isotope compositions and sulphide
minerals for S–Pb–Sr isotope compositions.

C–O isotope compositions were obtained using a
MAT–251 EM mass spectrometer at the State Key
Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. Calcite
reacts with pure phosphoric acid to produce CO2. The ana-
lytical precisions (2σ ) are ±0.2‰ for carbon isotopes and
±2‰ for oxygen isotopes. C–O isotope compositions are
reported to PDB. δ18OSMOW = 1.03086 × δ18OPDB +
30.86 (Friedman and O’Neil 1977).

S isotope analyses were carried out at the State Key
Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, using a con-
tinuous flow mass spectrometer. GBW 04415 and GBW

04414 Ag2S were used as the external standards, and the
relative errors (2σ ) were better than 0.1‰. Sulphur isotope
compositions are reported to CDT.

Pb isotope analyses were carried out using the
GV Isoprobe–T thermal ionization mass spectrometer at
the Beijing Institute of Uranium Geology. The analy-
tical 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 208Pb/204Pb = 36.611 ± 0.004 (2σ ), 207Pb/204Pb
= 15.457 ± 0.002 (2σ ), and 206Pb/204Pb = 16.937 ±
0.002 (2σ ), in agreement with the reference value (Belshaw
et al. 1998).

Chemical separation of Rb and Sr from matrix elements
and mass spectrometric measurement were accomplished
at the Institute of Geology and Geophysics, Chinese
Academy of Sciences. A detailed analytical procedure for
Rb–Sr isotope analyses is available in Li et al. (2005).
Spec–Sr exchange resin of special efficiency was used for
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Figure 3. Minerals assemblages of the Qingshan Pb–Zn deposit. (A) Boundary of wall rocks and ore bodies; (B) sphalerite (Sp)–galena
(Gl)–calcite (Cal) assemblage; (C) sphalerite–pyrite (Py) assemblage; and (D) Sphalerite–pyrite–galena–calcite assemblage.

the separation and purification of Rb and Sr. The whole
procedural blank of both Rb and Sr was about 6 pg. Rb–Sr
isotope compositions were measured by the Isoprobe–T
thermal ionization mass spectrometer. An 88Sr/86Sr ratio
of 8.37521 was used to calibrate mass fractionation of
Sr isotope. The average 87Sr/86Sr ratio of NBS 987 was
0.710242 ± 5 (2σ , n = 12). The uncertainties (2σ )
are 2% for 87Rb/86Sr ratios and 0.005% for Sr isotope
compositions.

5. Analytical results

5.1. Carbon and oxygen isotope compositions

C and O isotope compositions of hydrothermal calcite and
host carbonate rocks (Mao et al. 1998; Zhang et al. 1999)
are listed in Table 1 and shown in Figure 4. Calcite has rela-
tively uniform C and O isotope compositions with δ13CPDB

values ranging from –5.0‰ to –3.4‰ and δ18OSMOW val-
ues ranging from +14.9‰ to +19.6‰. Limestone has

Table 1. C and O isotope compositions of hydrothermal calcite and limestone from the Qingshan Pb–Zn deposit.

Sample no. Object δ13CPDB/‰ δ18OSMOW/‰ Sources

Qs-w-04 Limestone 2.3 22.9 Mao et al. (1998)
Qs-w-05 Limestone 1.1 24.1
QS-02 Limestone 1.8 24.3
QS-03 Limestone 1.0 24.7
HT-01 Limestone 0.6 24.4 Zhang et al. (1999)
HT-10 Limestone 0.9 23.8
Qs-02 Limestone 1.7 23.4
Qs-03 Limestone 1.0 23.9
Qs-01 Limestone 2.3 23.3
Qs-04 Limestone 1.1 22.1
QS-09-01 Hydrothermal calcite −3.6 19.2 This article
QS-09-02 Hydrothermal calcite −3.4 18.9
QS-09-03 Hydrothermal calcite −4.3 19.0
QS-09-06 Hydrothermal calcite −3.9 19.4
QS-09-12 Hydrothermal calcite −5.0 19.6
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Figure 4. Plots of δ13CPDB versus δ18OSMOW for the Qingshan Pb–Zn deposit. C and O isotope compositions of the Tianqiao deposit are
taken from Zhou et al. (2013).

δ13CPDB and δ18OSMOW values ranging from +0.6‰ to
+2.3‰ and +22.1‰ to +24.7‰, respectively, higher
than hydrothermal calcite, but similar to marine carbonate
rocks.

5.2. Sulphur isotope compositions

S isotope compositions of sulphide minerals, together with
previously published data (Zhang et al. 1999; Fu 2004;
Gu 2007) are listed in Table 2 and shown in a his-
togram (Figure 5). Sulphide minerals are all enriched in
heavy sulphur isotopes with δ34SCDT values range from
+10.7‰ to +19.6‰ (Table 2; Figure 5). Pyrite, sphalerite,
and galena separates have slightly different δ34S values,
ranging from +10.7‰ to +18.3‰, +15.7‰ to +19.6‰,
and +11.4‰ to +17.2‰, respectively.

5.3. Lead isotope compositions

Pb isotope compositions of sulphide minerals and ores
(Wang 1993; Zhang et al. 1999; Fu 2004) are listed in
Table 3. Sulphide minerals and ores have homogeneous and
low radiogenic Pb isotope compositions with 206Pb/204Pb
ranging from 18.561 to 18.768, 207Pb/204Pb ranging from
15.701 to 15.920, and 208Pb/204Pb ranging from 38.831 to
39.641.

5.4. Rb–Sr isotope compositions

Sphalerite separates are analysed for Rb–Sr isotope
(Table 4). These separates have 87Rb/86Sr ratios rang-
ing from 0.278 to 0.846. 87Sr/86Sr ratios of sphalerite
are relatively homogeneous and range from 0.7107
to 0.7141.
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Table 2. Sulphur isotope compositions of ores and sulphide minerals, and sediment barite from the Qingshan Pb–Zn deposit.

Sample no. Object δ34S CDT/‰ Sources

QSC-4S Pyrite 18.3 Zhang et al. (1999); Gu (2007)
1800A4-S2 Sphalerite 17.6
1816B4-S1 Sphalerite 18.5
QSC-3S1 Sphalerite 18.4
1816B4-S2 Galena 17.2
1800A4-S1 Galena 15.9
QSC-3S2 Galena 15.8
QS03 Pyrite 16.9 Fu (2004)
QS04-1 Sphalerite 18.5
QS04-2 Galena 14.0
QS02 Galena 13.7
Q-1 Sediment barite 28.3 Gu (2007)
Q-2-1 Sphalerite 15.9
Q-2-2 Galena 11.4
Q-6 Sphalerite 15.7
QS01SP Sphalerite 17.5 Zhang et al. (1999)
QS01 Sphalerite 16.8
GQ3-Py Pyrite 10.7
F9-Py Pyrite 12.6
GQ11-Cc Pyrite 13.6
Q-Py Pyrite 14.0
Q-Sph Sphalerite 19.6
Q-Gal Galena 16.8
S-11 Sediment barite 23.1
GQ0-52-2 Sediment barite 27.5
QS-09-01 Pyrite 17.2 This article
QS-09-02 Sphalerite 16.5
QS-09-03 Sphalerite 17.5
QS-09-06 Sphalerite 18.2
QS-09-12 Galena 15.5

6. Discussion

6.1. Possible origin of CO2 in hydrothermal fluids

Limestone samples from the Qingshan ore field fall in the
field for marine carbonate in Figure 4A, suggesting that
the wall carbonate rocks had a marine genesis, in accor-
dance with the geological setting. Hydrothermal calcite
separates are plotted in the field among mantle, marine
carbonate rocks, and sedimentary organic matter, with a
weakly negative correlation in the plot of δ13CPDB versus
δ18OSMOW values (Figure 4A). If CO2 in hydrothermal flu-
ids derived from mantle, precipitated calcite would show
constant δ13C values with high δ18O values (Figure 4A).
Similarly, if CO2 originated from marine carbonate, precip-
itated calcite would display constant δ13CPDB values with
low δ18OSMOW values (Figure 4A). The negative correla-
tion between δ13CPDB and δ18OSMOW values (Figure 4B)
indicates that CO2 in hydrothermal fluids derived from nei-
ther mantle and/or marine carbonate nor from organic mat-
ter. Because organic matter acted as a reducing agent in the
thermal chemical sulphate reduction process (e.g., Ottaway
et al. 1994; Worden et al. 1995), it is also an important con-
tributor of CO2. Therefore, a mixture of ternary members is
a possible origin of CO2. There are 18O-depleted Permian

Emeishan flood basalts, 18O-enriched to Carboniferous to
Permian carbonate rocks, and 13C-depleted organic matter
in host strata (Figure 4A).

6.2. Possible sources of sulphur

Primary ores from the Qingshan Pb–Zn deposit are com-
posed chiefly of galena, sphalerite, and pyrite. The lack
of sulphate minerals in the ores suggests that the δ34S
value of sulphide minerals can basically represent the
δ34S∑

S-fluids value of hydrothermal fluids (Ohmoto 1972).
All sulphide minerals have relatively enriched heavy
sulphur isotopes with δ34S values ranging from +11‰ to
+19‰ (Figure 5A and Table 2), unlike mantle-derived
sulphur (∼0‰; Chaussidon et al. 1989). Devonian to
Permian strata in the mining field contain evaporites such
as gypsum and barite that have δ34S values of ∼+15‰
and +23‰ to +28‰, respectively (Liu and Lin 1999;
Jin 2008), similar to Devonian to Permian seawater sul-
phate (+20‰ to +35‰; Claypool et al. 1980; Seal 2006).
As �34Ssulphur–sulphide could be up to +10‰ to +15‰
in Mississippi Valley-type Zn–Pb mineralizing systems
(Ohmoto et al. 1990; Machel et al. 1995; Ohmoto and
Goldhaber 1997), so the sulphur isotope signature of the
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Figure 5. S isotope composition histogram of the Qingshan Pb–Zn deposit (A) and the Tianqiao Pb–Zn deposit (B). The S isotope
compositions of the Tianqiao deposit are taken from Zhou et al. (2013).

Qingshan deposit indicates that reduced sulphur in the ores
derived from evaporites in host strata (Han et al. 2007;
Basuki et al. 2008). Some studies have confirmed that the
reaction SO2−

4 + CH4→ H2S + CO2−
3 + H2O can take

place at 140◦C (e.g. Worden et al. 1995), indicating that
the thermal chemical sulphate reduction could be a way that
transferred SO2−

4 from sulphate into H2S in hydrothermal
solutions.

6.3. Possible sources of ore-forming metals

6.3.1. Constraints of Pb isotopes

Although some studies have suggested that the metals of
the Qingshan deposit were provided by Cambrian sedi-
mentary rocks (Zhang et al. 1999), other studies of the
SYG province have suggested that Cambrian to Permian

sedimentary rocks were important sources of metals (Li
et al. 1999). On the other hand, Jin (2008) suggested
that metals were derived from Proterozoic basement rocks
(such as Huili and Kunyang Groups), whereas Zhou
et al. (2001) considered that metals were provided by
Neoproterozoic volcanic rocks.

Contents of U and Th for the sulphide minerals are
too low to influence the Pb isotope compositions, whereas
contrasted whole rocks of basalts and sedimentary and
basement rocks need to be adjusted (e.g. Carr et al. 1995;
Zhang et al. 2002). Ores and sulphide minerals from the
Qingshan deposit have homogeneous Pb isotope compo-
sitions (Table 3), unlike Permian Emeishan flood basalts
(e.g. Huang et al. 2004; Yan et al. 2007), Sinian to Permian
carbonate rocks (e.g. Zheng and Wang 1991; Zhou et al.
2001, 2013; Huang et al. 2004; Han et al. 2007; Jin
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Table 3. Pb isotope compositions of ores and sulphide minerals from the Qingshan Pb–Zn deposit.

Sample no. Object 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Sources

QS04 Sphalerite 18.594 15.711 39.130 Fu (2004)
QS03 Pyrite 18.768 15.920 38.831
QS04 Galena 18.717 15.863 39.631
QS02 Galena 18.660 15.789 39.389
Q3 Ores 18.667 15.802 39.480 Wang (1993)
Q5 Ores 18.591 15.701 39.166
Qt-2 Ores 18.592 15.726 39.183
1816A4-Pb1 Galena 18.575 15.701 39.101 Zhang et al. (1999)
1816B4-Pb1 Galena 18.717 15.854 39.641
Qsc-3Pb1 Galena 18.561 15.792 39.167
QS-09-01 Pyrite 18.619 15.816 39.121 This article
QS-09-02 Sphalerite 18.598 15.792 39.354
QS-09-03 Sphalerite 18.652 15.780 39.455
QS-09-06 Sphalerite 18.615 15.825 39.013
QS-09-12 Galena 18.620 15.891 39.228

Table 4. Rb–Sr isotope compositions of sphalerite separates from the Qingshan Pb–Zn deposit.

Samples No. Object Rb Sr 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)t Sources

1800A4-RS1 Sphalerite 0.368 1.255 0.846 0.7127 0.7103 Gu (1997)
1800A4-RS2 Sphalerite 0.315 2.079 0.437 0.7117 0.7105
1800A4-RS3 Sphalerite 0.317 1.140 0.801 0.7136 0.7113
1800A4-RS4 Sphalerite 0.344 1.528 0.659 0.7122 0.7103
1800A4-RS5 Sphalerite 0.850 8.834 0.278 0.7107 0.7099
QS-09-02 Sphalerite 0.336 1.612 0.312 0.7131 0.7122 This article
QS-09-03 Sphalerite 0.651 3.125 0.511 0.7141 0.7126
QS-09-06 Sphalerite 0.518 2.156 0.425 0.7126 0.7114

Note: (87Sr/86Sr)t = 87Sr/86Sr−87Sr/87Rb (eλt − 1), λRb = 1.41 × 10−11 t−1, t = 200 Ma.

2008), and Proterozoic basement rocks (e.g. Huang et al.
2004; Zhou et al. 2013). In the plot of 206Pb/204Pb ver-
sus 207Pb/204Pb (Figure 6), all samples from the Qingshan
deposit fall close to the upper crust Pb evolution curve of
Zartman and Doe (1981), within the field for Devonian
to Permian carbonate rocks, near to basement rocks, but
unlike flood basalts and Sinian Dengying Formation dolo-
stone (Figure 6). The Qingshan Pb is slightly higher than
the Tianqiao Pb (Figure 6), indicating that Pb from the
Qingshan deposit is most consistent with derivation from
the host carbonate rocks, whereas the Tianqiao Pb proba-
bly came from a mixed source of basement rocks and host
strata (Zhou et al. in press).

6.3.2. Constraints of Sr isotopes

Previous studies have yielded a hydrothermal calcite
Sm–Nd age (222 ± 14 Ma) of the Huize Pb–Zn deposit
(Li et al. 2007) and sulphide Rb–Sr ages of the Paoma
(200.1 ± 4.0 Ma; Lin et al. 2010) and Tianqiao Pb–Zn
deposits (191.9 ± 6.9 Ma; Zhou et al. 2013). Therefore,
an age of ∼200 Ma is considered to be the main timing of
Pb–Zn mineralization in the SYG province.

Initial 87Sr/86Sr 200 Ma ratios of sphalerite separates
from the Qingshan deposit range from 0.7099 to 0.7126

(Table 4), higher than simultaneous Permian Emeishan
flood basalts (0.7039–0.7078; Huang et al. 2004) and
Sinian to Permian sedimentary rocks (0.7073–0.7111; Hu
1999; Deng et al. 2000; Zhou et al. 2013). However,
Proterozoic basement rocks have 87Sr/86Sr 200 Ma ratios
(0.7243–0.7288; Li and Qin 1988; Chen and Ran 1992)
that are higher than the ores. Neither the older basement
nor the younger cover rocks match the ore 87Sr/86Sr ratios
(Figure 7), and so either there is a third source not consid-
ered in this study, or the ore strontium was sourced from
a mixture of radiogenic Sr-enriched basement rocks and a
radiogenic Sr-depleted cover sequence.

6.4. Implications for mineralization process

At about 200 Ma, the Yangtze Block collided with adja-
cent blocks associated with the closure of the Tethys
Ocean (e.g. Zhang et al. 2006; Reid et al. 2007), which
is known as the Indosinian Orogeny. Thermal activity
related to this event resulted in hydrothermal fluids and
extraction of metals from Devonian to Permian sedimen-
tary rocks. Extensive hydrothermal fluid migration and
circulation resulted in reduction of sulphur from evap-
orites in Cambrian to Permian sedimentary rocks. In
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Figure 6. Plot of 207Pb/204Pb versus 206Pb/204Pb for the Qingshan Pb–Zn deposit. Trends for the upper crust (U), orogenic belt (O),
mantle (M), and lower crust (L) are taken from Zartman and Doe (1981). Pb isotope compositions of the Tianqiao Pb–Zn deposit are from
Zhou et al. (2013). Sources of other data are Zheng and Wang (1991), Hu (1999), Zhou et al. (2001, 2013), Huang et al. (2004), Han et al.
(2007), and Jin (2008, this study).

Figure 7. Comparison of (87Sr/86Sr)t (t= 200 Ma) ratios among the Qingshan and Tianqiao Pb–Zn deposits, Sinian to Permian sedi-
mentary rocks, Proterozoic basement rocks, Permian Emeishan flood basalts, and upper mantle. Sr isotope compositions of the Tianqiao
deposit are taken from Zhou et al. (2013). Sources of other data are Li and Qin (1988), Chen and Ran (1992), Zheng and Wang (1991),
Gu et al. (1997), Hu (1999), Deng et al. (2000), Zhou et al. (2001, 2013), Huang et al. (2004), and Han et al. (2007).

addition to the Palaeozoic sedimentary rocks, the Pb–
Zn enriched Proterozoic basement rocks provided metals
for hydrothermal solutions. Hydrothermal fluids circulated
underneath the Permian Emeishan flood basalts, whereas
the basalts acted as an impermeable layer. Driven by tec-
tonic movement and heat, the resulting ore-forming fluids

enriched in Pb–Zn–Ag–Ge metals migrated upward along
the Weining–Shuicheng and Yadu–Mangdong regional
faults (Figure 1B), and incorporated reduced sulphur-
bearing solutions, leading to the precipitation of Pb–
Zn ores along folds and their intraformational faults
(Figure 2).
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7. Conclusions

(1) The Qingshan Pb–Zn deposit is hosted in
Carboniferous-to-Permian dolomitic limestone and
was structurally controlled by the Weining–
Shuicheng anticline and its intraformational faults.

(2) CO2 in the hydrothermal fluids has a mixed source
of basalts, carbonate rocks, and organic matter,
whereas reduced sulphur was derived from evapor-
ites in the host strata. The Pb metal also originated
from the host rocks, whereas the ore strontium
had a more complex derivation involving older
basement rocks and the younger cover sequence.
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