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A B S T R A C T

The Upper Yangtze Pb-Zn metallogenic province in South China consists of>400 carbonate-hosted Pb-Zn deposits
within Neoproterozoic to Paleozoic strata. Origin of these deposits has been a matter of debate and is thought to be
related to Proterozoic basement rocks, Paleozoic sedimentary rocks and the late Permian flood basalts of the
Emeishan large igneous province (ELIP). The Tianbaoshan Pb-Zn-(Cu) deposit contains ~22Mt Pb-Zn ores @
1.43wt% Pb and 10.4wt% Zn, and ~0.1Mt Cu ores @ 2.55wt% Cu. Copper sulfide ores are composed dominantly
of chalcopyrite and tetrahedrite, whereas Pb-Zn sulfide ores consist mainly of sphalerite and galena with minor
chalcopyrite and tetrahedrite. In-situ δ34S values (+3.2–+4.6‰) of chalcopyrite in the Cu ores are similar to the
bulk δ34S values (+3.9–+5.4‰) of chalcopyrite separates from the Cu ores and sphalerite separates
(+1.7–+3.9‰) from the Pb-Zn ores. Such a sulfur isotope signature indicates that reduced sulfur of both the Cu
and Pb-Zn ores was derived from a mixed source of magmatic sulfur (derived from igneous rocks) and sedimentary
sulfur or evaporated marine sulfate by thermochemical sulfate reduction (TSR). In-situ Pb isotopic ratios of
chalcopyrite grains in the Cu ores are similar to those of galena grains from both the Cu and Zn-Pb ores, suggesting
that they have the same metal sources. Hence, our study demonstrates that both the Cu and Pb-Zn ores were co-
genetic and their mineralizing elements were derived from or flowed through a mixed source of basement rocks
and sedimentary rocks, and even basalts. The Tianbaoshan Pb-Zn-(Cu) deposit is an epigenetic sulfide deposit
hosted in carbonate rocks and was formed from an evolving hydrothermal system from Cu to Pb-Zn.

1. Introduction

In the western Yangtze Block, South China (Fig. 1a), there are>
400 Pb-Zn deposits hosted in late Ediacaran to middle Permian car-
bonate rocks (e.g. Zhou et al., 2013a; Wang et al., 2014; Zhang et al.,
2015), which form the giant Upper Yangtze Pb-Zn metallogenic pro-
vince (Zhou et al., 2018a). Although the mineralization style of these
Pb-Zn deposits is widely recognized as epigenetic, their origin are still
debated (Zhou et al., 2018b). For example, the spatially association of
these deposits with the late Permian flood basalts of the Emeishan large
igneous province (ELIP) (Fig. 1b) led to classification of these as a distal
magmatic hydrothermal deposits (e.g. Huang et al., 2010; Xu et al.,
2014). In contrast, some studies interpreted these deposits as typical
sedimentary exhalative (SEDEX) or sedimentary reworking (e.g. Zhu
et al., 2018), because of the clearly strata-bound nature. However,
other authors considered them to be MVT deposits because of similar
ore-forming features (e.g. Zheng and Wang, 1991; Zhou et al., 2001).

On the other hand, these Pb-Zn deposits are associated with Proterozoic
basement rocks, Paleozoic sedimentary rocks and late Permian
Emeishan flood basalts, some studies suggesting that they may re-
present a new type of carbonate-hosted epigenetic sulfide deposit (e.g.
Zhou et al., 2014a, 2018b; Li et al., 2015; Tan et al., 2017; Wang et al.,
2018). Hence, although these deposits are thought to be related to low
temperature (< 250 °C) hydrothermal activities in the Triassic (Li et al.,
2007; Zhou et al., 2013a, 2013b, 2015; Zhang et al., 2015; Hu et al.,
2017), it has been long a matter of debate if they are the Mississippi-
Valley type (MVT) deposits, because of the lack of precise ages of Pb-Zn
mineralization (Zhou et al., 2013b).

Copper sulfide is not common in MVT deposits, although such an
association is known from the world-class southeastern Missouri sulfide
deposits in the USA (Burstein et al., 1993), the Wieloch sulfide deposits,
Germany (Pfaff et al., 2009) and sulfide deposits in the Capricorn
orogenic belt, Australia (Muhling et al., 2012). Here we report a rare
example of the association of Cu and Pb-Zn in the Tianbaoshan deposit

https://doi.org/10.1016/j.oregeorev.2019.103177
Received 24 December 2018; Received in revised form 7 June 2019; Accepted 13 October 2019

⁎ Corresponding author at: School of Resource Environment and Earth Sciences, Yunnan University, Kunming 650500, China.
E-mail address: zhoujiaxi@ynu.edu.cn (J.-X. Zhou).

Ore Geology Reviews 115 (2019) 103177

Available online 15 October 2019
0169-1368/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2019.103177
https://doi.org/10.1016/j.oregeorev.2019.103177
mailto:zhoujiaxi@ynu.edu.cn
https://doi.org/10.1016/j.oregeorev.2019.103177
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2019.103177&domain=pdf


Fig. 1. (a) Regional geological setting of South China; (b) Sketch geological map of the Tianbaoshan region (after Wang et al., 2000); (c) Sketch geological map of the
Tianbaoshan deposit (after Zhou et al., 2013c).
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of the upper Yangtze province, South China. In this deposit, co-ex-
istence of Cu and Pb-Zn ores (Fig. 2b) with enrichment of Cd, Ga and Ge
has been previously noticed (Zhou et al., 2013c; Sun et al., 2016; Zhu
et al., 2016). However, the significance of the Cu and Pb-Zn association
in Tianbaoshan is not well illustrated in literature.

The recent development of micro-beam techniques has been widely
used to study hydrothermal deposits (e.g. Ikehata et al., 2008; Chen
et al., 2014; Zhang et al., 2014; Yuan et al., 2015; Bao et al., 2016).
Particularly secondary iron mass spectrometry (SIMS) and laser abla-
tion multi-collector inductively coupled plasma mass spectrometry (LA-

Fig. 2. Geological profiles of the Nos. 26 (a) and 29 (b) exploration lines in Tianbaoshan (modified from Wang et al., 2000; Zhou et al., 2013c).
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MC-ICPMS) are able to determine in-situ S and Pb isotopic compositions
of sulfide minerals (e.g. Ushikubo et al., 2014; Jin et al., 2016; Bao
et al., 2017; LaFlamme et al., 2016; Wang et al., 2018; Zhou et al.,
2018c).

In this paper, we describe ore deposit geology and mineralogy of the
Tianbaoshan deposit, and present bulk and NanoSIMS in-situ S isotopic
data for chalcopyrite and sphalerite, and LA-MC-ICPMS in-situ Pb iso-
topic data for chalcopyrite and galena. These new datasets are used to
constrain the origin of Cu and Pb-Zn ores, and their genetic relation-
ship. We further propose a new metallogenic model for the
Tianbaoshan Pb-Zn-(Cu) deposit. This study has significant implications
for the formation of carbonate-hosted epigenetic sulfide deposits in the
Upper Yangtze Pb-Zn metallogenic province and for the association of
both Cu and Pb-Zn ores in general.

2. Geological background

2.1. Regional geology

The South China Block is composed of the Yangtze Block to the
north and the Cathaysian Block to the south (Fig. 1a), both being
amalgamated at around 820–850Ma (Zhao et al., 2010; Wu et al.,
2018). The Yangtze Block is bounded by the Tibetan Plateau to the west
and by the Qinling-Dabie Orogenic belt to the north (Fig. 1a). The
Yangtze Block consists of Archean crystalline basements, Meso- to Neo-
Proterozoic folded basements (~1.7 Ga Dongchuan Group to ~1.1 Ga
Huili/Kunyang Group and equivalents), overlain by the cover se-
quences of Paleozoic to early Mesozoic marine sediments and late
Mesozoic to Cenozoic continental sediments (Sun et al., 2009; Qiu et al.,
2016 and references therein). In the western Yangtze Block, the late
Permian Emeishan flood basalts (~260Ma) cover an area of> 0.5
× 106km2 (Li et al., 2017). Cambrian to Triassic marine sediments
contain abundant seawater sulfates and organic matter (Zhou et al.,
2013b; Zhang et al., 2015). Two major events in South China are known
as the Indosinian Orogeny (257–205Ma) and Yanshanian Orogeny
(205–65Ma) (Faure et al., 2017 and references therein).

In the western Yangtze Block,> 400 Pb-Zn deposits comprise the
Upper Yangtze Pb-Zn metallogenic province that covers an area of>
0.2×106km2 and are hosted within late Ediacaran to middle Permian
carbonate rocks (e.g. Cromie et al., 1996; Wang et al., 2014; Zhang
et al., 2015; Hu et al., 2017; Zhou et al., 2018b). They were likely
formed in the late Triassic (230–200Ma) on the basis of sulfide Rb-Sr,
calcite/fluorite Sm-Nd and bitumen Re-Os isotopic dating (Zhou et al.,
2018a and references therein). The association of independent Cu ores
and Pb-Zn ores is rare in the Upper Yangtze province, but micro-grain
chalcopyrite in Pb-Zn ores is common, for example in the Huize and
Fule deposits (Li et al., 2007; Zhou et al., 2018b).

2.2. Local Geology

The Tianbaoshan Pb-Zn-(Cu) deposit is located about 50 km north of
Huili, southwestern Sichuan Province (Fig. 1b). In this region, the Meso- to
Neo-Proterozoic Huili Group Tianbaoshan Formation consists mainly of
schist, slate, metamorphosed acidic volcanic lava and tuff (Wang et al.,
2000). The late Ediacaran Dengying Formation is composed dominantly of
dolostone and is>1000m in thickness (Zhou et al., 2013c). The Dengying
Formation in Tianbaoshan (Fig. 1c and 2a-b) has four layers (Zhang,
2017). The 1st layer, up to 320m thick, consists of dolostone; the 2nd
layer is 32–112m in thickness and is made up of dolomitic sandstone; the
3rd layer, 240–470m thick, is composed of silicified, brecciated and ca-
vernous dolostone (Fig. 2a-b), which host oxidized and primary sulfide
ores (Fig. 3a-f); and the 4th layer is<160m thick and consists of gray-
white silicified dolostone. The overlying middle Cambrian Xiwangmiao
Formation is dominated by clastic rocks rich in black shales and evapo-
rated sulfates (Zhou et al., 2013c). The late Triassic Baiguowan Formation
is composed mainly of sandstone, mudstone and conglomerate (Fig. 1c).

In Tianbaoshan, NS- and EW-trending faults are dominant, and the
NE- and NW-trending faults are secondary (Fig. 1c). The NS-trending
Anninghe structural zone is a regional tectonic belt (Fig. 1b) that controls
the distribution of some carbonate-hosted Pb-Zn deposits, of which the
Tianbaoshan deposit is structurally controlled by its secondary fault (F1
in Fig. 1c). The NNW-trending F1 fault dips 60°–85°. This fault records
changes in stress from extension to compression, then to left-lateral
transgression, and finally to compression (Wang et al., 2000; Zhang et al.,
2006). The NW-trending faults (F3, F7 and F204 in Fig. 1c and 2a-b)
crosscut ore bodies dip>80° to NE (Fig. 1c). The Tianbaoshan syncline
has a sharp north limb and broad-gradual asymmetric multiple syncline
(Fig. 1c). Its axis trends NEE with dipping angles of 30°–50° and 20° for
the north and south limbs, respectively. Previous studies divided the
tectonic stress fields in Tianbaoshan into the late Indosinian and early
Yanshanian two groups, corresponding to the maximum compressive
stress direction of 290°–110° and 20°–30° or 200°–210°, respectively
(Zhang et al., 2006). The stress state changed from being compressive in
the late Indosinian to extensional in the early Yanshanian (Wang et al.,
2000; Zhang et al., 2006; Qiu et al., 2016; Faure et al., 2017). This shift
in stress generated the necessary structures that control the formation
and locations of Cu and Pb-Zn ore bodies in Tianbaoshan.

Proterozoic alkali granites, acidic volcanic lava and tuff (ca. 1 Ga;
Geng et al., 2007), Permian basalts (ca. 260Ma; Zhou et al., 2002) and
Mesozoic mafic dykes, which are part of the ELIP, are widely dis-
tributed in this region (Fig. 1b). However, in Tianbaoshan, only Me-
sozoic mafic dykes are observed (Figs. 1c and 2a-b), including lam-
prophyre (odinite and spessartite), diabase, gabbro-diabase and olivine-
diabase (Wang et al., 2000), of which diabase dykes are dominant
(Figs. 1c and 2a-b) and contain zircons with U-Pb ages of 156–166Ma
(Zhang, 2017). These mafic dykes occur along the NS- and NW-trending
faults with a width of 20–30m, and are close to or cross-cut sulfide ore
bodies (Fig. 1c and 2a-b).

3. Ore deposit geology

Sulfide ore bodies occur in dolostone of the Dengying Formation
and are crosscut by NW-trending concealed fractures (Fig. 1c). Under-
ground mining and exploratory drilling provide excellent access to two
ore sections (Tianbao and Xinshan) with one Cu and two main Pb-Zn
ore bodies (Fig. 2a-b). The Cu and Pb-Zn ores are stratiform and occur
as tabular, lenticular and pipe-like bodies with sharp boundaries
against the ore-hosting rocks (Figs. 2a-b and 3a-f).

3.1. Pb-Zn sulfide ore bodies

The largest sulfide Pb-Zn ore body in Tianbao section was cut into
three segments (i.e. Nos. I, II and III) by F3 fault and mafic dykes
(Fig. 1c). These segments have similar morphology and occur as veins
or cylinder-shaped bodies with many branches (Fig. 2a-b). Nos. I+ II
segments of the Tianbao ore body are 400m in depth, 285m in length
and 2.1–50m in width (Zhou et al., 2013c). These two segments contain
18Mt Pb+Zn ore reserves with grades of 1.28–2.5 wt% Pb and
7.76–10.1 wt% Zn, and the mean ratio of Zn/(Zn+Pb) is 0.87 (Wang
et al., 2000). In addition, the Pb-Zn ores contain 90.2–96.3 g/t Ag and
are rich in several other elements, resources totaling 7.3kt Cd, 258 t Ga,
122 t Ge, and 20 t In (Zhu et al., 2016). These elements are mainly
hosted in sphalerite, replacing Zn by isomorphism (Zhou et al., 2011;
Zhu et al., 2016).

3.2. Cu sulfide ore body

Recently, a Cu ore body has been discovered between 2064 and
2014m (Fig. 2b) levels below the Nos. I+ II segments of the Pb-Zn ore
body (Fig. 3j-l). The boundary of these two types of ore body hasn’t
been observed. The strike extent of the Cu ore body is similar to that of
Nos. I+ II segments of the Pb-Zn ore body (Fig. 2b). The Cu ore body is
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50m in depth extent and 2–15m in width, and contains> 0.1Mt Cu ore
reserves with a mean grade of 2.55wt% Cu (Sun et al., 2016).

3.3. Mineralogy and mineral paragenesis

3.3.1. Pb-Zn sulfide ores
Sulfide Pb-Zn ores consist mainly of sphalerite and galena, sec-

ondary pyrite, chalcopyrite and tetrahedrite, with calcite, dolomite and
quartz as gangue minerals (Figs. 3d-I and 4a-f). Pb-Zn sulfide ores have
massive, disseminated, veined or banded structures (Fig. 3b-i). Spha-
lerite and galena display granular and cataclastic textures (Fig. 5a-l). It
is worth noting that in the Pb-Zn ores, chalcopyrite disease structure
(Barton and Bethke, 1987) in sphalerite is common (Fig. 4f), which may
be related to exsolution of chalcopyrite from sphalerite during cooling
or replacement of original Fe-bearing sphalerite by an aggregate of
chalcopyrite (Barton and Bethke, 1987).

3.3.2. Cu sulfide ores
Sulfide Cu ores consist mainly of chalcopyrite, tetrahedrite and ar-

senopyrite, minor galena, sphalerite and pyrite, with quartz as gangue

mineral (Fig. 3j-l, 4g-l and 5a-l). These Cu ores have massive, veined or
disseminated structures (Fig. 3j-l). Sphalerite in the Cu ores occurs as
granular forms coexisting with chalcopyrite or is enclosed by chalco-
pyrite grains, while galena fills fractures in chalcopyrite grains. Tetra-
hedrite and arsenopyrite in the Cu ores occur as micro-veinlets or grains
enclosed by other sulfides (Figs. 4g-l and 5a-l).

3.4. Paragenetic sequence of mineralization and alteration

The hydrothermal activity can be divided into sulfide+ (quartz+
carbonates) and quartz+carbonates two ore-forming stages. The sulfide
stages include (i) Cu ores, chalcopyrite-dominant, with lesser tetrahedrite,
arsenopyrite, sphalerite, galena and pyrite, and (ii) Pb-Zn ores, sphalerite-
dominant, with lesser galena, pyrite and chalcopyrite (Fig. 3g-l). There are
three generations of chalcopyrite, sphalerite and galena in the two types of
ores (Figs. 4 and 5). Chalcopyrite-I is fine grained and is enclosed by
tetrahedrite (Figs. 4h-i, l and 5h-i) and/or sphalerite-II (Fig. 4l). It also
coexists with tetrahedrite, arsenopyrite, sphalerite-I and galena-I (Fig. 5h).
Chalcopyrite-II is coarse grained and coexists with tetrahedrite (Fig. 4g)
and sphalerite-II (Fig. 4j, l), or includes tetrahedrite and arsenopyrite

Fig. 3. (a) Field photograph shows the boundary between oxidized ores and silicified dolostone, and a fault; (b-c) Veined sulfide ores and brecciated dolostone; (d)
Veined calcite (Cal) and fine-grained Cal and quartz (Qtz) within sulfide ores; (e) Disseminated sphalerite (Sp) and veined Qtz within silicified dolostone; (f) Veined
Cal and Sp within silicified dolostone; (g) The boundary between sulfide ores and dolostone; (h) Veined Sp and galena (Gal) within brecciated dolostone; (i) Veined
Cal within Sp and Gal aggregates; (j) Coarse-grained chalcopyrite (Ccp) aggregates; (k) Veined tetrahedrite (Ttr), arsenopyrite (Apy), Sp and Gal aggregates fill into
brecciated Ccp; (l) Disseminated Ccp within Sp and Gal aggregates. Abbreviations refer to Whitney and Evans (2010).
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(Fig. 4k and 5a-g, j-l), and sphalerite-I (Fig. 4g). Chalcopyrite-III presents
as fine grains within sphalerite-III (Fig. 4f). Sphalerite-I is fine grained and
is enclosed by chalcopyrite-II (Fig. 4j) and/or coexists with chalcopyrite-I
(Fig. 5h). Sphalerite-II shows granular texture and coexists with chalco-
pyrite-II (Fig. 4j, l and 5k) and/or is surrounded by galena-III (Fig. 4b-c).
Sphalerite-III is coarse grained and includes granular galena-II and pyrite
(Fig. 4a), and/or coexists with galena-III (Fig. 4b-f) and chalcopyrite-III
(Fig. 4f). Galena-I occurs as a fine grained aggregates and is enclosed by
tetrahedrite and chalcopyrite-II (Fig. 5b-c, e-h). Galena-II has a granular
and corrugated texture and is enclosed by sphalerite-III (Fig. 4a) and/or
coexists with chalcopyrite-II (Fig. 5l). Galena-III occurs as corrugated
texture and coexists with sphalerite-III (Fig. 4b-f), and/or veined aggregate
inserts in tetrahedrite, chalcopyrite-I and chalcopyrite-II (Fig. 5a-d, k).
More details about mineral paragenesis are listed in Table 1.

Wall rock alteration includes carbonate (calcite and dolomite), si-
licate, chlorite and ferrite. These alteration styles can be divided into
two stages: (i) the pre-ore alteration stage of carbonate, silicate and
chlorite that formed veined calcite/dolomite, banded silicification or

silicified dolostone (Fig. 3a, e, f) and chlorite (Zhang, 2017), respec-
tively, and (ii) the post-ore alteration stage of carbonate, silicate and
ferrite that formed fine veined calcite/dolomite, quartz and oxidized
ores (Fig. 3a), respectively. These altered minerals are a zoned from
ores to wall rocks, i.e. from sulfide or oxidized ores to chlorite, then to
quartz or silicified dolostone, and then to quartz veinlets (Zhou et al.,
2013c; Zhang, 2017).

4. Samples and analytical methods

Fifty samples were collected mainly from the Cu ores (Fig. 2b) and
Pb-Zn ores. Eleven chalcopyrite and 1 sphalerite separates were chosen
from these Cu ores, and 4 sphalerite separates were collected from the
Pb-Zn ores by micro-drill for bulk sulfur isotope analysis. Six thin sec-
tions of the Cu and Pb-Zn ores were used for in-situ S and Pb isotope
analyses. Analyses of bulk and in-situ S isotopes were completed at the
Institute of Geochemistry, and Institute of Geology and Geophysics,
Chinese Academy of Sciences, respectively. Analysis of in-situ Pb

Fig. 4. (a) Granular galena (Gal-II) coexists with fine-grained pyrite (Py) and is enclosed by sphalerite (Sp-III); (b) Sp-II is included in Gal-III that coexists with fine-
grained Py and Sp-III; (c) Sp-II is contained by Gal-III that coexists with Sp-III, calcite (Cal) and quartz (Qtz); (d) Veined Gal-III fills into Cal and Qtz, and coexist with
Sp-III; (e) Veined Gal-III and granular Sp-III fill into Cal and Qtz; (f) Disseminated chalcopyrite (Ccp-III) within Sp-III that coexists with Gal-III and Qtz; (g) Fine-
grained Sp-I is enclosed in Ccp-II that is packed by veined tetrahedrite (Ttr); (h) Granular Ccp-I is wrapped by Ttr; (i) Granular Ccp-I coexists with Ttr; (j) Granular Py
is included in Ccp-II that coexists with Sp-II; (k) Fine-grained Ttr and arsenopyrite (Apy) are wrapped by Ccp-II; (l) Granular Ccp-I is enclosed in Sp-II that coexists
with Ccp-II. Abbreviations refer to Whitney and Evans (2010).
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isotopes was carried out at the State Key Laboratory of Continental
Dynamics, Northwest University. The detailed analytical methods are
listed in Appendix A.

5. Analytical results

5.1. Sulfur isotopic compositions

Bulk and in-situ sulfur isotopic compositions of chalcopyrite and
sphalerite are presented in Table 2, and Figs. 6e-f and 7a-b. Chalco-
pyrite crystals have NanoSIMS in-situ δ34S values of +3.2–+4.6‰
(Fig. 6e-f); Chalcopyrite and sphalerite separates have bulk δ34S values
of +1.7–+5.5‰ (Table 2), of which the former has δ34S values of
+3.9–+5.5‰ and the latter has δ34S values ranging from +1.7 to
+3.9‰ (Fig. 7a). Among these data, chalcopyrite-I and chalcopyrite-II

separates have δ34S values ranging from +3.2 to +4.6‰ and +5.2 to
+5.5‰, respectively; sphalerite-II and sphalerite-III separates have
δ34S values of +1.7‰ and +2.9–+3.9‰, respectively (Fig. 7b).

5.2. In-situ Pb isotopic ratios

In-situ Pb isotopic ratios of chalcopyrite and galena are presented in
Table 3 and Figs. 8 and 9. Sulfide crystals have in-situ
206Pb/204Pb=18.43–18.48, 207Pb/204Pb=15.72–15.77 and
208Pb/204Pb=38.77–38.93 with μ (238U/204Pb) values of 9.7–9.8
(Zartman and Doe, 1981), of which chalcopyrite crystals have in-situ
206Pb/204Pb ratios of 18.43–18.48, 207Pb/204Pb ratios of 15.72–15.76
and 208Pb/204Pb ratios of 38.78–38.89, and galena crystals have in-situ
206Pb/204Pb=18.44–18.48, 207Pb/204Pb=15.74–15.77 and
208Pb/204Pb=38.77–38.93. In-situ Pb isotopic ratios of chalcopyrite-I,

Fig. 5. (a-c) Granular galena (Gal-I) coexists with tetrahedrite (Ttr), together with granular arsenopyrite (Apy) are enclosed in chalcopyrite (Ccp-II), which is packed
by veined Gal-III; (d) Veined Gal-III fills into Ttr that coexists with Ccp-II; (e) Gal-I aggregates and granular Apy within Ttr that coexists with Ccp-II; (f) Granular Apy
is wrapped by Gal-I that is enclosed by Ttr and Ccp-II; (g) Fine-grained Gal-I is included by Ttr that coexists with Ccp-II; (h) Granular Ccp-I, Sp-I, Gal-I and Ttr coexist
with granular Apy; (i) Franular Ccp-I coexists with Ttr; (j) Granular Gal-I and Ttr is enclosed by granular Ccp-II; (k) Veined Gal-III is included by Sp-II that coexists
with Ccp-II; (l) Granular Gal-II coexists with Ccp-II and veined Gal-III fills into Ttr. Abbreviations refer to Whitney and Evans (2010).
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chalcopyrite-II, galena-I, galena-II and galena-III are listed in Table 3
and are shown in Figs. 8 and 9.

6. Discussion

6.1. An involving hydrothermal system

The newly-discovered Cu ores in Tianbaoshan contain granular
sphalerite grains that coexist with or are enclosed by aggregate chal-
copyrite (Figs. 4 and 5), suggesting that in the Cu ores, sphalerite-I
formed simultaneously with chalcopyrite-I, while chalcopyrite-II
formed after sphalerite-I. Furthermore, the Cu ores contain galena (i)
micro-veinlet aggregates that fill fractures within chalcopyrite, tetra-
hedrite and arsenopyrite; or (ii) granular forms that are enclosed by the
late stage minerals (Fig. 5a-l). This means that in the Cu ores, galena-II
formed after chalcopyrite-I. In addition, the chalcopyrite disease
structure (Barton and Bethke, 1987) in sphalerite of the Pb-Zn ores
(Fig. 4f) indicates that chalcopyrite-III formed simultaneously with
sphalerite-III. Although the presence of low-angle contacts between
sphalerite and galena/chalcopyrite in both the Pb-Zn and Cu ores may
indicate a metasomatic or replacement association (Fig. 4b, j, l; Barton
and Bethke, 1987; Frost et al., 2002; Tomkins et al., 2007), chalcopyrite
has a much more obvious coeval paragenetic relationship to sphalerite
and galena (Figs. 4 and 5). Hence, the Cu and Pb-Zn sulfides in Tian-
baoshan appear to be co-genetic and were the products of different
phases in an evolving hydrothermal system. This association of the Cu

Table 2
Sulfur isotopic compositions of the Tianbaoshan Pb-Zn-(Cu) deposit, South
China.

No. Location/Mineral δ34SCDT/‰ Note

TB14-4-01 2064m, Ccp-I +4.6 NanoSIMS in situ
TB14-4-02 2064m, Ccp-I +3.9
TB14-4-03 2064m, Ccp-I +4.0
TB14-40-01 2014m, Ccp-I +3.2
TB14-4 2064m, Ccp-I +4.16 Bulk
TB14-21 2036m, Ccp-II +5.18
TB14-23 2036m, Ccp-II +5.38
TB14-24 2036m, Ccp-II +5.34
TB14-27 2036m, Ccp-II +5.43
TB14-28 2036m, Ccp-II +5.41
TB14-28* 2036m, Ccp-II +5.40
TB14-32 2036m, Ccp-II +5.25
TB14-34 2064m, Ccp-II +5.54
TB14-35 2036m, Ccp-II +5.38
TB14-36 2036m, Ccp-I +4.12
TB14-40 2014m, Ccp-I +3.93
TB14-2 2064m, Sp-III +3.88
TB14-2* 2064m, Sp-III +3.82
TB14-7 2044m, Sp-II +1.69
TB14-9 2044m, Sp-III +3.44
TB14-12 2036m, Sp-III +2.86
TB14-20 2036m, Sp-III +3.31

Ccp-chalcopyrite; Sp-sphalerite.
*Samples are used for procedural repeats.

Table 1
Mineral paragenesis in the Tianbaoshan Pb-Zn-(Cu) deposit, South China.

Ttr-tetrahedrite; Apy-arsenopyrite; Py-pyrite; Ccp-chalcopyrite; Gal-galena; Sp-sphalerite; Pyrg-pyrargyrite; Qtz-
quartz; Cal-calcite; Dol-dolomite; Lm-limonite; Cer-cerussite; Ssn-smithsonite; Hmp-hemimorphite. Abbreviations
refer to Whitney and Evans (2010). Less; More.
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and Pb-Zn is different from that of MVT deposits in Missouri, USA
(Burstein et al., 1993), the Wieloch deposit, Germany (Pfaff et al., 2009)
and the Capricorn deposit, Australia (Muhling et al., 2012), which do
not contain Cu sulfide ores.

Previous studies classified the Tianbaoshan deposit as a MVT de-
posit (Wang et al., 2000; Zhang et al., 2015). However, this deposit
displays a set of features that differ from the typical MVT deposits. For
example, sulfides precipitated from a Ca2+-Mg2+-Cl−-HCO3

− hydro-
thermal system with relatively high temperatures (Cu stage: 370–300 °C
and Zn-Pb stage: 250–120 °C) and low salinities (< 10wt% NaCl equiv.:
Wang et al., 2000; Zhang, 2017) in Tianbaoshan. This is significantly
different from typical MVT deposits that are related to basin brines
(Leach et al., 2005, 2010), which are characterized by low temperatures
(90–200 °C) and high salinities (> 10wt% NaCl equiv.). In addition,
the Tianbaoshan deposit has much higher ore grades (> 10wt%
Pb+Zn) than typical MVT deposits (< 10wt% Pb+Zn). Only a few
MVT deposits (such as the Viburnum Trend in the USA) are rich in Cu

(Leach et al., 2005), but the Tianbaoshan deposit not only contains
abundant Cu but also has discrete Cu ore bodies (Fig. 2b). Moreover,
MVT deposits are not associated with igneous activities (e.g. Leach
et al., 2010), whereas the Tianbaoshan Pb-Zn-(Cu) deposit has a spatial
and genetic association with the ELIP. Furthermore, the Tianbaoshan
deposit is structurally controlled by compressional tectonism as evi-
denced by the presence of reverse faults and folds (Figs. 1 and 2),
whereas MVT deposits commonly occur along normal faults (Leach
et al., 2005, 2010). Therefore, the Tianbaoshan deposit is not a typical
MVT deposit, and represents a unique new type of epigenetic carbo-
nate-hosted sulfide deposits in the Upper Yangtze province.

6.2. Sources of sulfur and metals

6.2.1. Sources of sulfur
All the main sulfide separates (pyrite, sphalerite and galena) from

the Pb-Zn ores have bulk δ34S values of −1.1–+7.3‰ (Wang et al.,

Fig. 6. (a-d) The best target areas selected for in-situ sulfur isotope analysis that have homogeneous isotopic compositions; (e-f) In-situ δ34S values for chalcopyrite.
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2000; Zhou et al., 2013c; Sun et al., 2016; Zhu et al., 2016; Zhang,
2017; this study). Such sulfur isotope signatures suggest that the δ34S∑S-
fluids value was +4.7‰ or +4.2‰ (Wang et al., 2000; Zhu et al., 2016),
on the basis of lack of sulfates. Our new in-situ and bulk δ34S values of
chalcopyrite-I and chalcopyrite-II range from+3.2 to +5.5‰ (Table 2;
Figs. 6e-f and 7), which are similar to the δ34S∑S-fluids value. As we have
shown the Cu and Pb-Zn ores are co-genetic, so the source of sulfur for
the Cu ores should be the same to that of the Pb-Zn ores. Three sources
of sulfur have been proposed: (i) a mixed sulfur source of marine sul-
fate, which has undergone thermochemical sulfate reduction (TSR) and
bacterial sulfate reduction (BSR) (Wang et al., 2000); (ii) a single sulfur
source of evaporated marine sulfate by TSR (Zhou et al., 2013c); and
(iii) a mixed sulfur source of magmatic sulfur, which was leached from
Proterozoic basement volcanic rocks, and sedimentary sulfur (Zhu
et al., 2016).

In Fig. 1b, the Proterozoic igneous rocks within the Tianbaoshan
Formation (ca. 1 Ga; Geng et al., 2007) are much older than the Tian-
baoshan deposit, and the Permian Emeishan flood basalts were also
erupted (ca. 260Ma; Zhou et al., 2002) prior to the sulfide miner-
alization. Those igneous rocks have δ34S values of −3–+3‰
(Chaussidon et al., 1989; Seal, 2006; Zhu et al., 2016). Hence, we
cannot preclude the possibility that reduced sulfur leached from these
igneous rocks. On the other hand, it has been confirmed that TSR can
produce a fractionation of +10–+20‰ between evaporated sulfates
and sulfides in MVT hydrothermal systems (Claypool et al., 1980;
Ohmoto et al., 1990; Machel et al., 1995; Worden et al., 1995; Ohmoto

and Goldhaber, 1997). The evaporated marine sulfates within ore-
hosting strata having δ34S values of +20–+28‰ (Liu and Lin, 1999;
Zhou et al., 2013b, 2014b). Hence, if the fractionation was +20‰
(Ohmoto et al., 1990), the resulting δ34S values of sulfides would be
0–+8‰, which is in accord with the determined data (−1.1–+7.3‰).
In contrast, the relatively high temperature of hydrothermal fluids (Cu
stage: 370–300 °C and Pb-Zn stage: 250–120 °C; Wang et al., 2000;
Zhang, 2017) exclude BSR, which is restricted to temperature of<
110 °C and could result in a larger sulfur isotope fractionation (up to
+40‰; Jørgenson et al., 1992; Basuki et al., 2008). Therefore, a mixed
sulfur source consisting of a magmatic sulfur component related to the
nearby igneous rocks and a reduced sulfur component generated by TSR
from evaporated sulfates can explain the observed sulfur isotopes
(Table 2; Figs. 6e-f and 7a-b). Such a mixed sulfur source can also ex-
plain the increased δ34S values through the paragenetic sequence
(Fig. 7b), as sedimentary sulfur was gradually included with the mag-
matic sulfur (derived from igneous rocks). On the other hand, in TSR, a
shift in temperatures can also produce higher δ34S values of chalco-
pyrite than paragenetically related sphalerite (Fig. 7b) (Seal, 2006;
Hoefs, 2009 and references therein).

6.2.2. Sources of metals
The geological records suggests that the ~156–166Ma (Zhang,

2017) diabase dykes post-date sulfide mineralization (Fig. 1c and 2a-b),
so the formation age of the Tianbaoshan deposit should be older than
156–166Ma. In addition, tectonic analyses (Zhang et al., 2006) and
geochronological studies (Li et al., 2007; Zhou et al., 2013a, 2013b,
2015; Zhang et al., 2015; Hu et al., 2017) suggest that the carbonate-
hosted Pb-Zn deposits in the Upper Yangtze province were formed
during the Early Mesozoic (230–200Ma). Hence, 200Ma was used to
correct the initial Pb isotopic ratios of potential source rocks is suitable
(Carr et al., 1995; Muchez et al., 2005; Pass et al., 2014; Zhou et al.,
2018a).

The chalcopyrite and galena crystals have similar in-situ Pb isotopic
ratios determined by LA-MC-ICPMS that display a narrow range and
high μ values (9.7–9.8) (Table 3; Fig. 8). Chalcopyrite and galena of
different ore formation phases are characterized by higher 207Pb/204Pb
ratios at given 206Pb/204Pb ratios comparable to the ore-forming age-
corrected (200Ma) Proterozoic basement metamorphic rocks (Fig. 8).
Their 207Pb/204Pb ratios are also significantly higher than those of the
age-corrected (200Ma) late Permian continental flood basalts of the
ELIP, plotting above the Pb evolution curve of upper continental crust
(Fig. 8). In addition, the 206Pb/204Pb ratios of these chalcopyrite and
galena crystals are slightly more radiogenic than those of the age-cor-
rected (200Ma) host carbonate rocks of the Dengying Formation at
given 207Pb/204Pb ratios (Fig. 8). These Pb isotope characteristics sug-
gest a well-mixed source of Pb, and the mineralizing elements of both
the Cu and Pb-Zn ores were related to basement rocks and sedimentary
rocks, and even basalts, as suggested by geological records (Figs. 1b-c
and 2a-b) and S isotopes (Figs. 6 and 7). Furthermore, the gradual in-
crease in Pb isotopic ratios from the early to late stage precipitated
sulfides (Fig. 9) further suggests that the sedimentary rocks with high
Pb isotopic ratios contribute more metal Pb to the hydrothermal fluids
at the late stage than the early stage along.

6.3. Implications for the regional metallogeny

There are> 400 Pb-Zn deposits in the Upper Yangtze province, so
why has such a significant Cu mineralization occurred at Tianbaoshan?
We considered that the local geological setting determined the combi-
nation of mineralizing elements. For example, the exposed Proterozoic
basement rocks in Tianbaoshan (Figs. 1 and 2) contain sulfur-rich ig-
neous rocks and have high Cu-Pb-Zn background values (e.g. Wang
et al., 2000), which are considered to be the crucial sources of miner-
alizing elements (sulfur and metals; Zhu et al., 2016; Bao et al., 2017;
Zhou et al., 2018a). In addition, the nearby basalts of the ELIP are also

Fig. 7. (a) Histogram of sulfur isotopic compositions for the Tianbaoshan de-
posit; (b) Variation of sulfur isotopes from the early sulfide phases to the late
ones.
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the possible sources of sulfur and metals, as evidenced by in situ S-Pb
isotopes (Figs. 6–9). Furthermore, some deposits in the Upper Yangtze
province close to the basement rocks and basalts are rich in Cu, and
even appear Cu and Ni minerals, for example the Fule deposit (Zhou
et al., 2018b). In contrast, some deposits far from the basement and
basalts contain rare Cu, such as the Nayongzhi deposit (Zhou et al.,
2018c).

We interpret the regional Pb-Zn-(Cu) metallogeny as follows: (i) The
geothermal gradients in the western margin of the Yangtze Block, South
China were elevated by underplating and eruption of the Permian flood
basalts of the EILP through heating (Zhou et al., 2018a). This event
provided fluids and heat that caused the extraction of ore-forming
elements from Proterozoic basement rocks and Paleozoic sedimentary
rocks, and then resulted in the formation of hot and cold mineralizing

Table 3
Femtosecond (fs) LA-MC-ICPMS in situ Pb isotopic ratios of the Tianbaoshan Pb-Zn-(Cu) deposit, South China.

No. Location Mineral 206Pb/204Pb 1 s 207Pb/204Pb 1 s 208Pb/204Pb 1 s μ

TB14-27-01 2036m Ccp-I 18.453 0.002 15.740 0.002 38.840 0.005 9.74
TB14-27-02 2036m Ccp-II 18.465 0.004 15.752 0.004 38.865 0.010 9.76
TB14-27-03 2036m Ccp-I 18.442 0.005 15.732 0.005 38.809 0.013 9.72
TB14-27-04 2036m Ccp-I 18.452 0.007 15.738 0.006 38.827 0.014 9.73
TB14-27-05 2036m Ccp-I 18.447 0.007 15.732 0.006 38.812 0.015 9.72
TB14-27-06 2036m Ccp-I 18.445 0.006 15.730 0.005 38.809 0.014 9.72
TB14-27-07 2036m Ccp-I 18.458 0.004 15.745 0.003 38.852 0.008 9.74
TB14-27-08 2036m Ccp-I 18.454 0.002 15.741 0.002 38.836 0.004 9.74
TB14-27-09 2036m Ccp-I 18.455 0.001 15.743 0.001 38.846 0.004 9.74
TB14-27-10 2036m Ccp-I 18.446 0.002 15.732 0.002 38.808 0.005 9.72
TB14-27-11 2036m Ccp-I 18.455 0.002 15.744 0.002 38.851 0.006 9.74
TB14-27-12 2036m Ccp-I 18.444 0.004 15.730 0.003 38.816 0.009 9.72
TB14-27-13 2036m Ccp-I 18.450 0.001 15.737 0.001 38.828 0.004 9.73
TB14-27-14 2036m Ccp-I 18.453 0.003 15.741 0.003 38.838 0.007 9.74
TB14-27-15 2036m Ccp-I 18.431 0.008 15.715 0.007 38.780 0.018 9.69
TB14-27-16 2036m Ccp-II 18.467 0.002 15.755 0.002 38.878 0.005 9.76
TB14-34-01 2064m Ccp-II 18.473 0.001 15.741 0.001 38.868 0.004 9.73
TB14-34-02 2064m Ccp-II 18.476 0.001 15.742 0.001 38.874 0.004 9.74
TB14-34-03 2064m Ccp-II 18.476 0.001 15.741 0.001 38.872 0.003 9.74
TB14-34-04 2064m Ccp-II 18.477 0.002 15.742 0.002 38.876 0.005 9.74
TB14-34-05 2064m Ccp-II 18.477 0.001 15.742 0.001 38.874 0.003 9.74
TB14-34-06 2064m Ccp-II 18.474 0.001 15.739 0.001 38.868 0.004 9.73
TB14-34-07 2064m Ccp-II 18.482 0.002 15.747 0.002 38.892 0.006 9.75
TB14-34-08 2064m Ccp-II 18.477 0.001 15.745 0.002 38.879 0.005 9.74
TB14-34-09 2064m Ccp-II 18.470 0.001 15.740 0.001 38.863 0.004 9.73
TB14-34-10 2064m Ccp-II 18.470 0.001 15.740 0.001 38.862 0.004 9.73
TB14-34-11 2064m Ccp-II 18.480 0.002 15.753 0.002 38.894 0.007 9.76
TB14-34-12 2064m Ccp-II 18.475 0.002 15.745 0.002 38.874 0.006 9.74
TB14-34-13 2064m Ccp-II 18.474 0.001 15.743 0.002 38.867 0.005 9.74
TB14-34-14 2064m Ccp-I 18.465 0.002 15.736 0.002 38.844 0.005 9.73
TB14-34-15 2064m Ccp-II 18.469 0.003 15.740 0.003 38.860 0.007 9.73
TB14-34-16 2064m Ccp-II 18.468 0.002 15.740 0.002 38.856 0.006 9.73
TB14-6-01 2044m Gal-II 18.474 0.003 15.759 0.003 38.886 0.008 9.77
TB14-6-02 2044m Gal-I 18.445 0.002 15.749 0.002 38.835 0.005 9.75
TB14-6-03 2044m Gal-II 18.466 0.002 15.760 0.002 38.888 0.006 9.77
TB14-6-04 2044m Gal-II 18.469 0.002 15.753 0.002 38.880 0.006 9.76
TB14-6-05 2044m Gal-III 18.482 0.003 15.761 0.003 38.914 0.008 9.77
TB14-6-06 2044m Gal-III 18.482 0.003 15.764 0.003 38.931 0.007 9.78
TB14-6-07 2044m Gal-II 18.472 0.002 15.755 0.002 38.897 0.006 9.76
TB14-6-08 2044m Gal-III 18.477 0.002 15.759 0.002 38.919 0.007 9.77
TB14-6-09 2044m Gal-II 18.468 0.002 15.753 0.002 38.876 0.006 9.76
TB14-6-10 2044m Gal-III 18.479 0.003 15.761 0.003 38.910 0.008 9.77
TB14-6-11 2044m Gal-III 18.481 0.003 15.763 0.003 38.922 0.007 9.78
TB14-6-12 2044m Gal-III 18.482 0.003 15.762 0.003 38.909 0.007 9.78
TB14-6-13 2044m Gal-II 18.475 0.003 15.755 0.003 38.873 0.007 9.76
TB14-6-14 2044m Gal-II 18.479 0.003 15.761 0.003 38.884 0.008 9.77
TB14-6-15 2044m Gal-II 18.470 0.003 15.755 0.003 38.872 0.007 9.76
TB14-6-16 2044m Gal-III 18.482 0.003 15.765 0.003 38.912 0.009 9.78
TB14-30-01 2064m Gal-I 18.442 0.003 15.747 0.003 38.793 0.007 9.75
TB14-30-02 2064m Gal-I 18.445 0.002 15.748 0.002 38.790 0.006 9.75
TB14-30-03 2064m Gal-I 18.452 0.003 15.752 0.003 38.808 0.008 9.76
TB14-30-04 2064m Gal-I 18.445 0.003 15.746 0.003 38.793 0.007 9.75
TB14-30-05 2064m Gal-I 18.448 0.003 15.747 0.003 38.795 0.007 9.75
TB14-30-06 2064m Gal-I 18.441 0.002 15.741 0.002 38.774 0.006 9.74
TB14-30-07 2064m Gal-I 18.447 0.002 15.748 0.002 38.793 0.006 9.75
TB14-30-08 2064m Gal-I 18.442 0.002 15.747 0.002 38.792 0.006 9.75
TB14-30-09 2064m Gal-II 18.470 0.002 15.755 0.002 38.883 0.006 9.76
TB14-30-10 2064m Gal-III 18.480 0.003 15.763 0.003 38.917 0.008 9.78
TB14-30-11 2064m Gal-III 18.482 0.003 15.765 0.003 38.929 0.007 9.78
TB14-30-12 2064m Gal-III 18.484 0.003 15.764 0.003 38.916 0.007 9.78
TB14-30-13 2064m Gal-II 18.477 0.003 15.757 0.003 38.880 0.007 9.77
TB14-30-14 2064m Gal-II 18.481 0.003 15.763 0.003 38.891 0.008 9.78
TB14-30-15 2064m Gal-II 18.472 0.003 15.757 0.003 38.879 0.007 9.77
TB14-30-16 2064m Gal-III 18.483 0.003 15.767 0.003 38.919 0.009 9.79

Ccp-chalcopyrite; Gnal-galena. μ= 238U/204Pb.
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fluids, respectively. (ii) After eruption of the Permian Emeishan basalts,
the western Yangtze Block collided with adjacent blocks (such as Yidun
Arc) and caused the closure of the Paleo-Tethys Ocean (Zhang et al.,
2006; Reid et al., 2007; Hu and Zhou, 2012). Such an Indosinian Or-
ogeny provided a tectonic dynamic source for the migration of these
fluids. (iii) During the Early Mesozoic (230–200Ma), the tectonic re-
gime in the Upper Yangtze province shifted from compression to ex-
tension (Zhang et al., 2006; Qiu et al., 2016; Faure et al., 2017; Zhou
et al., 2018a), causing the excretion of these fluids along the regional
structures, such as the Anninghe and Xiaojiang faults (Fig. 1b). The

mixing of hot and cold fluids resulted in the rapid precipitation of the
early stage sulfides and the generation of reduced sulfur by TSR, and
then the extraction of partial ore-forming elements from the local rocks
(such as the Dengying Formation sedimentary rocks) through W/R
(water/rock) interaction (Fig. 9). During deposition, the Cu ores would
precipitate firstly, followed by the Pb-Zn ores. The sulfide rapid pre-
cipitation or a shift in temperatures of TSR is responsible for the var-
iation of sulfur isotopes (Figs. 6 and 7).

7. Conclusions

(1) Sulfur isotopes imply reduced sulfur was derived from a mixed
source of magmatic sulfur (derived from igneous rocks) and eva-
porated marine sulfate by TSR, and the variation of sulfur isotopes
results from either incorporation of different proportions of these
sources or a shift in temperatures of TSR.

(2) Lead isotopes suggest that both the Cu and Pb-Zn ores have the
same sources of metals and the variation of Pb isotopes indicates a
more radiogenic source (such as the Dengying Formation sedi-
mentary rocks) may be involved during the late stage.

(3) Both the Cu and Pb-Zn ores are co-genetic and they formed from an
evolving hydrothermal system that is related to the Emeishan large
igneous province and Indosinian Orogeny.

(4) The Tianbaoshan Pb-Zn-(Cu) deposit is interpreted as a new type of
carbonate-hosted epigenetic sulfide deposit, which has many
characteristics that are different from those of the typical MVT
deposits.
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Appendix A

Bulk S isotope analysis

Powders of sulfide separates (< 200 mesh) were mixed with copper
oxide (CuO) powder, and then heated to extract SO2 gas. Sulfur isotopic
compositions of the extracted SO2 were determined at the State Key
Laboratory of Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, using a Finnigan MAT-251 mass spec-
trometer. The 34S/32S ratios are expressed by the conventional δ34S
value in per mil relative to the Vienna Canyon Diablo Troilite (V-CDT)
standard. GBW 04,414 (δ34S=−0.07 ± 0.12‰) and GBW 04,415
(δ34S=+22.14 ± 0.15‰) Ag2S were used as the external standards.
The analytical uncertainty was±0.2‰ (2σ).

In-situ S isotope analysis

In-situ S isotope analysis was performed at the Key Laboratory of
Earth and Planetary Physics, Institute of Geology and Geophysics,
Chinese Academy of Sciences, using a CAMECA NanoSIMS. The mea-
surements were made using 3 different settings of the Faraday cups/
electron multiplier (EM) detectors, for meeting the diverse require-
ments of spatial resolution. The bracketing method of standard-sample-
standard was applied to correct for instrumental mass fractionation.
Target spots of the most homogeneous isotopes (e.g. 32S, 34S and 63Cu in

Fig. 8. Plot of 207Pb/204Pb vs. 206Pb/204Pb. Trends for the Upper Crust (U),
Orogenic Belt (O), Mantle (M) and Lower Crust (L) are from Zartman and Doe
(1981). Whole-rock Pb isotopic ratios are ore formation age-corrected at
200Ma.

Fig. 9. Variation of Pb isotopes from the early sulfide phases to the late ones in
the plots of 207Pb/204Pb vs. 206Pb/204Pb (a) and 208Pb/204Pb vs. 206Pb/204Pb
(b).
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Fig. 6a-d) were selected for determining the most credible sulfur iso-
topic data. International standards included Balmat and CAR 123, and
internal standards included CPY-1117 (chalcopyrite). The analytical
precision calculated from replicate analyses of the unknown samples
was better than 0.2‰ (1σ). The in-situ S isotopic compositions were
reported relative to the Vienna Canyon Diablo Troilite (V-CDT) stan-
dard. Details of NanoSIMS in-situ S isotope analysis techniques and
instrument parameters were described in Zhang et al. (2014) and Zhou
et al. (2018b, 2018c).

In-situ Pb isotope analysis

In-situ Pb isotope analysis was carried out using a Nu II MC-ICP-MS
instrument (Nu Instruments, Wrexham, UK) combined with a 266 nm
NWR UP Femto laser ablation system (ESI, USA) at the State Key
Laboratory of Continental Dynamics, Northwest University. Prior to
analysis, surface of sulfides was cleaned with Milli-Q (18.2MΩ·cm) pure
water using cotton bud to remove any contamination. Line scan ablation
consisted of background collection for 20 s followed by 50 s of laser
ablation for signal collection. Laser ablation parameters include spot size
of 15 μm for galena and 50 μm for chalcopyrite, 100% output energy
of>600 μJ, 100% energy density of 6 J/cm2, laser frequency of
5–50Hz, and ablation way of line 3 μm/s. A strong enough Pb signal was
possible for analyses of sulfide samples. The Tl (20 ppb, NIST SRM 997,
205Tl/203Tl=2.38890) and NIST SRM 610 glass were served as internal
and external standards, respectively. The repeated analyses of NIST SRM
610 glass standard yielded highly reliable and reproducible results
during the whole analytical process with mean 206Pb/204Pb, 207Pb/204Pb
and 208Pb/204Pb ratios of 17.052 ± 0.003, 15.515 ± 0.003 and
36.980 ± 0.007 (1 s, n=183), respectively. The details of LA-MC-
ICPMS in-situ Pb isotope analysis and instrument parameters were de-
scribed in Bao et al. (2016, 2017) and Zhou et al. (2018b).
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