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A B S T R A C T

Micro-scale isotopic compositions determined by micro-beam in situ analysis techniques are expected to provide
new information for the understanding of ore genesis. Here we use the Maozu (∼20 Mt of sulfide ore, grading
7.25 wt% Zn and 4.15 wt% Pb) Zn-Pb deposit in the Upper Yangtze Zn-Pb metallogenic province as a case study,
utilizing NanoSIMS in situ S, femtosecond LA-MC-ICPMS in situ Pb and conventional bulk Sr isotopes, as well as
field data, aimed to reveal its origin and ore formation process. NanoSIMS in situ δ34S values of sulfide minerals
from the Maozu deposit have a wider range (+5.9–+20.7‰) than that of bulk δ34S values (+9.9–+19.9‰).
Such S isotope signatures reflect the enrichment of heavy S isotopes in ore-forming fluids, and further indicate
the source of S is multiple reservoirs (e.g. marine evaporites, coeval seawater, and metamorphic rocks/fluids). Pb
isotopic ratios of galena determined by LA-MC-ICPMS in situ techniques have a narrower range
(206Pb/204Pb=18.20–18.21, 207Pb/204Pb= 15.69–15.71 and 208Pb/204Pb= 38.40–38.43) than that of bulk Pb
isotopic ratios (206Pb/204Pb=18.13–18.38, 207Pb/204Pb= 15.64–15.69 and 208Pb/204Pb=38.22–38.58). This
implies that in situ Pb isotopes can truly reflect the source of Pb, which is due to impurities enclosed by sulfide
crystals and pollutants introduced by chemical analysis could significantly affect the quality of the bulk Pb
isotopic data. Compared with previously reported Pb isotopic data of potential source rocks (i.e. late Permian
Emeishan basalts, Paleozoic ore-bearing sedimentary rocks and Proterozoic basement metamorphic rocks), the in
situ Pb isotopic data are significantly different from those of basalts, but are similar to those of both basements
and sediments. This means that metal-rich fluids were mainly derived from and/or flowed through basements
and sediments. Sphalerite separates have initial Sr isotopic ratios (0.711–0.719) that are distinctly different from
those of ore formation age-corrected basalts (87Sr/86Sr200 Ma=0.704–0.708) and basements (87Sr/86Sr200
Ma=0.724–0.729), whereas partly overlap with those of age-corrected sediments (87Sr/86Sr200
Ma=0.707–0.714). Such Sr isotope signatures suggest that hydrothermal fluids were predominantly derived
from and/or flowed through basements and sediments with a certain influence from basalts. Hence, the Maozu
deposit has complex source rocks that are related to the local geological setting. The mixing of metal-rich fluids
(related to basements and sediments, and even basalts) and S-bearing fluids (associated with multiple S re-
servoirs) plays a key role in the formation of sulfide ores. Therefore, the Maozu deposit, formed during Early
Mesozoic (∼196Ma), is an epigenetic Zn-Pb deposit that hosts in carbonate rocks, occurs along fault-fold
structures, and has a mixed source of mineralizing elements and associated fluids.

1. Introduction

The Maozu Zn-Pb deposit, located in the western margin of the
Yangtze Block (Fig. 1a), is an important part of the Upper Yangtze Zn-
Pb metallogenic province in South China (Fig. 1b; Zhou et al., 2018a).
This province consists of> 400 carbonate-hosted Zn-Pb deposits (Liu

and Lin, 1999; Zhou et al., 2013a; Wang et al., 2014) and accounts for
27% of total Zn+ Pb resources in China (Zhang et al., 2015). In this
province, several giant Zn-Pb deposits (> 1Mt of Pb+Zn metal re-
serves) have been identified, including the world-class Huize (∼30 Mt
of sulfide ores, grading 25–35wt% Zn+Pb: Zhou et al., 2001; Bao
et al., 2017), Maoping (∼25 Mt of sulfide ores with mean grades of
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15–35wt% Zn+Pb: Wei et al., 2015), Daliangzi (∼30 Mt of sulfide
ores, grading 10–12wt% Zn+Pb: Zheng and Wang, 1991), Tian-
baoshan (∼20 Mt of sulfide ores at mean grades of 10–15wt% Zn+Pb:
Zhou et al., 2013b; Sun et al., 2016), Maozu (∼20 Mt of sulfide ores
with mean grades of 7.25 wt% Zn and 4.15 wt% Pb: Zhou et al., 2013c)
and Nayongzhi (∼20 Mt of sulfide ores, grading 1.11–15.65 wt% Zn
and 0.59–0.97 wt% Pb: Jin et al., 2016; Zhou et al., 2018b) Zn-Pb de-
posits. Among these deposits, the Maozu Zn-Pb deposit is characterized
by: a) sulfide ores are structurally controlled by fault-fold tectonic
systems and stratigraphically host in carbonate rocks of late Ediacaran
(Figs. 1–3); b) sulfide ores have a spatially association with continental
flood basalts of the Emeishan large igneous province (ELIP) (Figs. 1–3);
c) sulfide ore bodies mainly occur in stratiform, veined or lentiform
shape (Fig. 3b); and d) the ore-forming fluids having low-moderate
temperatures (153–248 °C: Liu, 2009) and low salinities (2.8–5.3 wt%
NaCl equiv.: He et al., 2006). Hence, some studies interpreted the
Maozu Zn-Pb deposit as a type of sedimentary exhalative (SEDEX) or
sedimentary reworking (e.g. Chen, 2002; He et al., 2006), whereas
other researches considered it to be a Mississippi Valley-type (MVT)
deposit (e.g. Liu, 2009; Jin et al., 2015). On the other hand, considering
the Zn-Pb deposit and the ELIP exists a certain genetic relationship,
there are also studies suggested that it may be a new unique SYG-type
(e.g. Bao et al., 2013; Zhou et al., 2013c; Xu et al., 2014; Zheng et al.,
2015). Such a new type of carbonate-hosted epigenetic Zn-Pb deposits

is associated with igneous activities and occurs within compressional
zones of passive margin tectonic setting (Zhou et al., 2018a,c), which
are significantly different from those of typical MVT deposits (Leach
et al., 2005, 2010). Therefore, the origin of the Maozu Zn-Pb deposit is
still debated and its ore formation processes also need a more detailed
investigation.

Sulfur (S) and lead (Pb) are two key ore-forming elements in Zn-Pb
sulfide ore deposits, so their isotopes can be used to directly trace the
sources of mineralizing elements and associated fluids (Ohmoto, 1972;
Deloule et al., 1986; Kesler et al., 1994; Carr et al., 1995; Leach et al.,
2005; Muchez et al., 2005; Anderson, 2008; Zhou et al., 2014a, 2016a).
However, some crucial metallogenic information indicated from S and
Pb isotopes is often masked by conventional whole-rock chemistry
analysis, as impurities enclosed by sulfide crystals and/or pollutants
introduced by chemical analysis could distinctly affect the quality of the
determined data (Peevler et al., 2003; Ripley et al., 2010; LaFlamme
et al., 2016; Jin et al., 2016; Bao et al., 2017; Tan et al., 2017; Zhou
et al., 2018c). Such detailed information is crucial for the under-
standing of the formation of hydrothermal ore deposits. Micro-beam
analysis techniques have been widely used to do in situ isotope analysis
(Ikehata et al., 2008; Steinhoefel et al., 2009; Zhang et al., 2014; Yuan
et al., 2015; Bao et al., 2016). Secondary ion mass spectroscopy (SIMS)
and laser-ablation multi-collector inductively coupled plasma mass
spectroscopy (LA-MC-ICPMS) are the two main equipment in the field

Fig. 1. a: Regional tectonic setting of the western Yangtze Block, highlighting the study area; b: Geological sketch map of the Upper Yangtze Zn-Pb metallogenic
province (modified from Liu and Lin, 1999; Zhou et al., 2018a), showing the distribution of Zn-Pb deposits, faults, strata and igneous rocks.
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of micro-scale analysis (Li et al., 2010; Schmitt et al., 2010; Souders and
Sylvester, 2010; Paul et al., 2011; Resano et al., 2013; Tang et al., 2014;
Hauri et al., 2016).

Through integrated NanoSIMS in situ S, femtosecond LA-MC-ICPMS
in situ Pb and conventional bulk Sr isotopic data, as well as detailed
field data, this study aims to: a) trace the origin of mineralizing fluids;
b) reveal the processes of Pb-Zn mineralization; c) determine the ge-
netic relationship between Zn-Pb mineralization and the basalts of the
ELIP; and d) built a new metallogenic model. These outcomes for un-
derstanding the formation of carbonate-hosted epigenetic Zn-Pb de-
posits and prospecting exploration have extensive significance.

2. Geology of the Maozu deposit

2.1. Regional geology

South China Block comprises of the Cathysia and Yangtze blocks, of
which the latter is tectonically bounded by the Cathysia Block to south,
the Sanjiang Orogenic Belt to the southwest and the Songpan-Ganzê
Orogenic Belt to the northwest (Fig. 1a). The strata exposed in the
western margin of the Yangtze Block consist of Proterozoic metamor-
phosed and folded basement complexes, and Paleozoic-Cenozoic cover
sequences (Liu and Lin, 1999; Huang et al., 2004; Li et al., 2015; Zhou
et al., 2014b, 2016b). The Proterozoic folded basements are composed
of Meso- to Neoproterozoic metamorphic rocks that were later intruded
by igneous rocks of Neoproterozoic and Mesozoic (Fig. 1b; Hu, 1999;
Zhou et al., 2014c; Hu et al., 2017). The cover sequences are made up of
sediments of Ediacaran-Triassic marine-facies and Jurassic-Quaternary
continental facies (Zheng and Wang, 1991; Zhou et al., 2018a), and a
few igneous rocks (mainly are the basalts of the ELIP) (Zhou et al.,
2002). The marine sediments are mainly clastic rocks, carbonates and
black shales, and are rich in gypsum-bearing evaporites and organic
matters (Zhou et al. 2013d, 2018a; Liu et al., 2017a). Among these
sedimentary rocks, platform carbonate sequences host> 400 Zn-Pb
deposits, > 50% of which are hosted in carbonate rocks of late Edia-
caran to early Cambrian (e.g. the Tianbaoshan, Maozu and Nayongzhi

deposits: Zhou et al., 2013b,c, 2018b; Jin et al., 2016; Sun et al., 2016;
Zhu et al., 2016) and Devonian to Carboniferous (e.g. the Maoping and
Huize deposits: Wei et al., 2015; Bao et al., 2017). Structures are well-
developed in the western Yangtze Block and have undergone Hercy-
nian, Indosinian and Yanshanian orogenic events, and even Himalayan
Orogeny (Qiu et al., 2016; Hu and Zhou, 2012; Hu et al., 2017; Zhou
et al., 2018a). Sedimentation, magmatism and mineralization in the
western margin of the Yangtze Block are strictly controlled by several
regional deep-seated structures (Liu and Lin, 1999; Zhou et al., 2014c,
2018a), such as the Anninghe-Lvzhijiang and Xiaojiang faults (Fig. 1a).

A principal feature of the western Yangtze Block is the occurrence of
the late Permian ELIP (∼260Ma) and its continental flood basalts,
which covers an area of ∼0.7× 106 km2 (e.g. Zhou et al., 2002; Jian
et al., 2009; Li et al., 2017; Liu et al., 2017b; Wang et al., 2018). An-
other principal feature of the western Yangtze Block is the occurrence of
the Upper Yangtze Zn-Pb metallogenic province and its> 400 Zn-Pb
sulfide ore deposits, which covers an area of ∼0.2×106 km2 and have
a spatially association with the flood basalts of the ELIP (e.g. Liu and
Lin, 1999; Huang et al., 2010; Zhang et al., 2015; Zhou et al., 2018a).
The Upper Yangtze Zn-Pb province is an important part of the giant
South China low-temperature metallogenic domain (Hu et al., 2017)
and has been the major source of base metals in China in the past
several decades (Liu and Lin, 1999; Zhou et al., 2013a; Li et al., 2016).

After eruption of the ∼260Ma flood basalts of the ELIP, the
Indosinian Orogeny (257–200Ma) caused the closure of Paleotethys
and the collision between the western margin of the Yangtze Block and
the adjacent blocks (Reid et al., 2007; Hu and Zhou, 2012; Qiu et al.,
2016). This event resulted in faulting and folding that controlled the
distribution of carbonate-hosted epigenetic Zn-Pb deposits in the Upper
Yangtze metallogenic province (e.g. Liu and Lin, 1999; Wang et al.,
2014; Zhang et al., 2015; Zhou et al., 2018b). Timing of ore formation
in the Upper Yangtze province is jointly constrained by model ages of
Pb isotopes, and sphalerite/pyrite Rb-Sr, calcite/fluorite Sm-Nd and
bitumen Re-Os isochron ages, which are between 245 and 192Ma with
a peaked age range of 230–200Ma (e.g. Guan and Li, 1999; Li et al.,
2007; Lin et al., 2010; Mao et al., 2012; Zhou et al., 2013a,c, 2015;

Fig. 2. Geological sketch map of the Maozu metallogenic district (modified from Liu and Lin, 1999), exhibiting the distribution of Zn-Pb deposits, strata, faults and
basalts.
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Zhang et al., 2015; Hu et al., 2017). For example, Sm-Nd dating of
hydrothermal calcite from the Maozu deposit yields an isochron age of
196 ± 13Ma (Zhou et al., 2013c). This means that the Zn-Pb miner-
alization in the study region may be a response of the Indosinian Or-
ogeny and the closure of Paleotethys.

2.2. Local geology

The Maozu deposit is located 48 km north Qiaojia City in NE
Yunnan Province and is situated in the northwestern part of the Upper

Yangtze province (Fig. 1b). The exposed strata in the Maozu region are
Proterozoic, Ediacaran to Devonian, Permian to Triassic, Cretaceous
and Neogene (Fig. 2). The Proterozoic strata are Meso- to Neoproter-
ozoic Kunyang Group, which is composed of low-grade metamorphic
rocks, such as phyllite and sandstone (Liu and Lin, 1999). These rocks
are unconformably overlain by the late Ediacaran Dengying Formation
that mainly consists of carbonate rocks. In turn, the Dengying Forma-
tion carbonate rocks are overlain by Cambrian strata that dominantly
comprise of carbonate rocks, sandstone and black shales. These sedi-
mentary rocks of Ediacaran and Cambrian are overlain by Silurian-

Fig. 3. a: Geological map of the Maozu Zn-Pb deposit (modified from Zhou et al., 2013c), displaying the distribution of Zn-Pb ore bodies, strata, faults, folds and
basalts; b: A–B cross-section map of the Maozu deposit (modified from Zhou et al., 2013c), showing the occurrence of Zn-Pb ore bodies, strata, faults, folds and
basalts.
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Ordovician strata that predominantly consist of sandstone, shale and
carbonate rocks. Silurian-Ordovician sedimentary rocks are overlain by
sandstone and carbonate rocks of Devonian, which are in turn un-
conformably overlain by early Permian strata that mainly consist of
sandstone, shale and carbonate rocks (Zhou et al., 2013c). Early Per-
mian sedimentary rocks are unconformably overlain by late Permian
basalts of the ELIP, which are in turn unconformably overlain by
Triassic sedimentary rocks. The Triassic rocks are unconformably
overlain by Cretaceous strata that are dominantly composed of sand-
stone and shale. The sporadically distributed Neogene strata in this
region are made up of continental sediments (Fig. 2).

Structures are mainly the Maozu reverse fault and Choushuijing
normal fault (Fig. 2), as well as several folds (Fig. 3a). The flood basalts
of the ELIP are the only igneous rocks in this region (Fig. 2). About 10
carbonate-hosted Zn-Pb deposits have been discovered until now
(Fig. 2), such as the Maozu, Dongping and Baimachang deposits, of
which the Maozu deposit that contains ∼20 Mt of sulfide ores with
mean grades of> 10wt% Pb+Zn is the largest one.

Zhou et al. (2013c) has extensively described the geology of the
Maozu ore deposit, therefore only a brief account of the local geology is
given here. In the Maozu mining area, the exposed strata include
Ediacaran, Cambrian and Permian (Fig. 3a and b). The late Ediacaran

Dengying Formation mainly consists of dolostone and limestone, which
are conformably overlain by dolostone, limestone, sandstone and black
shales of Cambrian. The basalts of late Permian unconformably overlie
sedimentary rocks of Cambrian and Ediacaran Dengying Formation. In
the Maozu mining area, the Maozu reverse fault is the most important
ore-controlling fault structure, which trends NE in the north part, but
NW in the south part, with>30 km long (Figs. 2 and 3). The Dengying
Formation and Cambrian sedimentary rocks formed the Ganshulin and
Baika synclines, and Hongfadong and Changpo anticlines (Fig. 3a and
b). The axial trend of the Ganshulin, Baika and Hongfadong fold
structures is N20°E, whereas the Changpo anticline trends N40°E.

2.3. Mineralization

Sulfide ore bodies in the Maozu mining area are lithologically
hosted in the Dengying Formation dolostone and structurally occur
within a kilometer-scale fault-fold tectonic system (Fig. 3a). Four stra-
tiform or lentiform ore bodies have been identified in the upper section
of the Dengying Formation, which are 440–850m long, 221–725m
wide and 2.63–5.09m thick, grading 0.77–6.11 wt% Pb and
3.85–11.48 wt% Zn. The Zn/Pb ratios have a range from 5 to 9. Five
stratiform or lentiform ore bodies have been recognized in the lower

Fig. 4. Photographs display the main features of sulfide ores, gangue minerals, faults and wall rocks. a: Massive sulfide ore and its boundary with carbonate rocks; b:
Massive sulfide ore, sphalerite (Sp) and galena (Gn) form densely massive aggregate; c: Fluorite (Flr) veins and banded sulfide veins occur along fractures within
carbonate rocks, which are dislocated by reverse fault; d: Banded ore, sulfide and dolomite/calcite (Dol/Cal) form banded veins within dolostone, which are inserted
by post-ore Cal veins; e: Sulfide veins present along fractures within carbonate rocks and disseminated Sp in wall rocks, as well as post-ore Dol/Cal veins crosscut
sulfide veins; f: Veined ore, sulfide vein and disseminated Sp within dolostone; g: Disseminated Sp and sulfide veins in carbonate rocks and post-ore Dol/Cal veins
filled fractures within carbonate rocks; h: Disseminated ore, disseminated Sp in siliceous dolostone; i: Steeply-dipping sulfide vein occurs along dip fault within
carbonate rocks; j: Sp and Gn form densely massive aggregate, which is filled by Flr vein; k: Post-ore hydrothermal Flr, Cal and barite (Br) within carbonate rocks; l:
Gn enclosed by Flr; m: Syn-ore Dol/Cal veins and sulfide veins, as well as disseminated Sp within carbonate rocks; n: Syn-ore Dol/Cal veins and sulfide veins within
syncline; o: Br coexists with Cal; p: Post-ore Dol/Cal vein fills or cements salt-collapse structure.
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section of the Dengying Formation, which are 240–930m long,
45–346m wide and 1.73–8.29m thick, with grades of 1.13–7.2 wt% Pb
and 3.61–12.27 wt% Zn. The Zn/Pb ratios have a range of 3–5. Ore
bodies in the two sections are occurred along bedding-plane structures
within the Dengying Formation (Fig. 3b). In addition, two veined ore
bodies occur within steeply-dipping fault zone (Fig. 4i and j), which are
60–94m in length, 47–80m in width and 4.04–5.96m in thickness,
grading 1.36–4.4 wt% Pb and 5.24–8.36 wt% Zn. Ore bodies of this type
trend dominantly N20-43°W. The total Pb+Zn sulfide ore reserves are
∼20Mt with average grades of 4.15 wt% Pb and 7.25 wt% Zn (Liu,
2009). In addition, this deposit also contains abundant elements of Ag,
and Ga, Cd and Ge, which host dominantly in galena and sphalerite,

respectively (Liu, 2009; Zhou et al., 2013c; Zheng et al., 2015).
Sulfide ores in stratiform, lentiform and veined ore bodies are made

up mainly of sphalerite, galena, and pyrite as ore minerals, and calcite,
dolomite, quartz, fluorite and barite as gangue minerals (Figs. 4 and 5).
Sulfide ores occur as either massive (Fig. 4a and b), banded (Fig. 4c and
d), veined (Fig. 4e and f) or disseminated (Fig. 4e, g and h and m)
structure. The veined and disseminated sulfide ores generally occur
surrounding the massive and banded ones in space (Fig. 4a and h). In
massive ore, sulfide minerals are densely distributed (Fig. 4b); in
banded ore, ore sulfides and gangue minerals form inter-bedded veins
(Fig. 4d); in veined ore, sulfides form centimeter-scale veins and occur
in fracture within dolostone (Fig. 4m and n); and in disseminated ore,

Fig. 5. Main textural features of hydrothermal minerals under microscope and scanning electron microscope (SEM). a: Granular pyrite (Py) coexists with fine- to
medium-grained sphalerite (Sp), both of which are cemented by dolomite/calcite (Dol/Cal); b: Fine-grained Py is cemented by Dol/Cal, which coexists with medium
granular Py and Sp; c: Coarse-grained Gn coexists with fine-grained Sp and quartz (Qtz), as well as Dol/Cal, of which Gn shows stress deformation texture; d: Coarse
granular Sp coexists with Py, Dol and Qtz; e: Coarse-grained Gn coexists with fine-grained Py and coarse granular Dol that forms solid-solution texture with Cal; f:
Veined Gn fills into fracture within Dol; g: Fluorite (Flr) vein fills into fracture within Sp; h: Coarse granular Gn has stress deformation texture and is filled by Cal vein;
i: Granular Sp, Py and Cal are cemented by Dol; j: Veined Gn and Qtz fill into fracture within Sp; k: Fine granular Py, Qtz and Gn are enclosed by Dol that coexists with
medium-grained Gn, and is cemented by veined Gn; l: Fine granular Py and Gn are enclosed by Dol that contains Cal solid-solution.
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sulfides occur as single crystal or speckle aggregate that has star-like
distribution in dolostone (Fig. 4h and l). Most hydrothermal minerals
have granular (Fig. 5a, b and i), embayment (Fig. 5c, d), filled
(Fig. 5e–g and f), enclosed (Fig. 5h, i), solid-solution (Fig. 5e, i and l) or

stress deformation (Fig. 5c and h) texture. For example, sphalerite is
fine- to medium-grained and coexists with granular pyrite (Fig. 5a) or
galena (Fig. 5c), as well as is enclosed by calcite/dolomite (Fig. 5i) or is
filled by fluorite (Fig. 5g), galena or quartz (Fig. 5j); granular pyrite is

Fig. 6. The selected area in pyrite and sphalerite for in situ S isotope analysis with homogeneous isotopic compositions (such as 32S, 34S, 75As and 63Cu32S mapping).
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enclosed and filled by calcite/dolomite (Fig. 5a and l); granular galena
has stress deformation texture (Fig. 6e and h); eutectic sphalerite and
galena form embayment texture (Fig. 5c); and calcite and dolomite
usually form solid-solution texture (Fig. 5e, i and l). These hydro-
thermal minerals formed during sulfide ± calcite/dolomite ±
quartz ± fluorite (Figs. 4 and 5) and calcite/dolomite ± quartz ±
fluorite ± barite (Fig. 4k and o) two mineralization phases.

2.4. Wall rock alteration

Wall rock alteration such as carbonatization (dolomite ± calcite),
silicification (quartz), fluoritization (fluorite) and baratization (barite)
is well-developed in the Maozu mining area. Carbonatization formed
coarse-granular recrystallized dolostone (Fig. 4a), or dolomite/calcite
cements (Fig. 4d, g and o, p); silicification generated silicified dolostone
(Fig. 4h) or quartz cements (Fig. 5j); fluoritization occurred as fluorite
cements (Fig. 4j) or fragments (Fig. 4l); and baratization formed barite
fragments (Fig. 4k). Among these altered minerals, the dolomite/cal-
cite, quartz and fluorite are often spatially associated with Zn and Pb
sulfide minerals and are important ore prospecting clues.

3. Samples and analytical methods

3.1. Samples

Hand specimens of sulfide ores were sampled from the main stra-
tiform Zn-Pb ore bodies in the Maozu ore district through underground
mining tunnels. These samples have a variety of structures, including
massive, banded, veined and disseminated ores (Tables 1–3). On the
basis of microscope observation and scanning electron microscopy
(SEM) analysis, ten polished thin sections (main ore formation stage)
were selected for micro-scale in situ S (NanoSIMS) and Pb (LA-MC-
ICPMS) isotope analyses. In addition, three sphalerite separates were
handpicked from three samples of sulfide ores (main stage) under bi-
nocular for Rb-Sr (TIMS) isotope analyses. Pyrite and sphalerite were
selected for NanoSIMS in situ S isotope analysis, due to those two sulfide
minerals have standard samples. In addition, the in situ Pb isotopic
ratios of pyrite and sphalerite were not determined by LA-MC-ICPMS,
because of the high Hg contents within them that could dramatically
affect the quality of the obtained data (Bao et al., 2016, 2017; Tan et al.,
2017).

3.2. Analytical methods

3.2.1. In situ S isotope analysis
In situ S isotopic compositions were determined using a CAMECA

NanoSIMS at the Key Laboratory of Earth and Planetary Physics,

Institute of Geology and Geophysics, Chinese Academy of Sciences. This
instrument has three different settings for Faraday cups/electron mul-
tiplier detectors to meet the diverse requirements of spatial resolution.
The standard-sample-standard bracketing method was used to calibrate
the instrumental mass fractionation. Target spots of homogeneous iso-
topes (such as 32S, 34S and 75As in Fig. 6) within sulfide crystals were
selected for micro-scale S isotope analysis in order to obtain the cred-
ible data. International standards included Balmat (pyrite and spha-
lerite) and CAR-123 (pyrite), and internal standards included PY-1117
(pyrite), CS-01 (pyrite), JC-14 (sphalerite) and MY09-12 (sphalerite).
The analytical error was 0.2‰ (1σ). Details of NanoSIMS instrument
parameters and S isotope analysis were available in Zhang et al. (2014)
and Zhou et al. (2018b).

3.2.2. In situ Pb isotope analysis
In situ Pb isotope analysis was performed using a Nu II MC-ICPMS

combined with a 266 nm femtosecond laser ablation system at the State
Key Laboratory of Continental Dynamics, Northwest University. The
polished thin sections needed to clean with milli-Q water (18.2 MΩ·cm)
before Pb isotope analysis. Laser ablation was made of 20 s background
collection followed by 50 s signal collection. Spot size of laser ablation
is 15 μm. 100% output energy:> 600 μJ; 100% energy density: 6 J/
cm2; laser frequency: 5–50 Hz; and ablation way: line 3 μm/s. 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 analysis of NIST SRM 610 glass standard yielded highly reli-
able 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. Details of LA-MC-ICPMS instrument parameters and Pb
isotope analysis were available in Bao et al. (2016) and Zhou et al.
(2018c).

3.2.3. Rb-Sr isotope analyses
Rb-Sr isotope analyses were completed using GV Isoprobe-T thermal

ionization mass spectrometer (TIMS) at the Beijing Research Institute of
Uranium Geology. The separation and purification of Rb and Sr from
matrix elements were accomplished using Spec-Sr ion exchange resin.
The procedure blank is 6 pg (10−12 g) for Rb and 5 pg for Sr. The mass
fractionation was calibrated using an 88Sr/86Sr ratio of 8.37521. The
repeated analysis of NBS 987 standard yielded highly reliable and re-
producible results with a mean 87Sr/86Sr ratio of 0.710244 ± 5 (2σ,
n=15). The uncertainty (2σ) is 0.005% for 87Sr/86Sr and 2% for
87Rb/86Sr. Details of Rb-Sr isotope analyses were available in Li et al.
(2005) and Zhou et al. (2013a).

Table 1
In situ and bulk S isotopic compositions of sulfides from the Maozu deposit.

No. Structure Mineral δ34S/‰ Source No. Mineral δ34S/‰ Source

MZ14-21-1 Banded ores Sphalerite +16.2 This paper; NanoSIMS in situ Mao-11 Sphalerite +13.9 Liu and Lin (1999)
MZ14-21-2 Sphalerite +17.0 Mao-8-2 Sphalerite +11.5
MZ14-21-3 Sphalerite +17.0 Mao-8-2 Galena +8.8
MZ14-21-4 Sphalerite +17.1 Mao-3 Pyrite +19.9
MZ14-21-5 Pyrite +5.9 Mao-2 Barite +30.4
MZ14-21-6 Pyrite +6.2 M-1 Sphalerite +10.7 Liu (2009)
MZ14-30-1 Massive ores Sphalerite +15.9 M-2 Galena +11.9
MZ14-30-2 Pyrite +11.2 MZ-5 Sphalerite +13.4 Zhou et al. (2013c)
MZ14-44-1 Massive ores Sphalerite +8.4 MZ-11 Sphalerite +13.5
MZ14-44-2 Sphalerite +9.6 MZ-40 Galena +9.9
MZ14-58-1 Veined ores Pyrite +14.6 MZ-21 Galena +15.4
MZ14-58-2 Pyrite +17.8 MZ-36 Galena +13.9
MZ14-77-1 Disseminated ores Pyrite +20.7 MZ-38 Galena +19.2
MZ14-77-2 Sphalerite +16.3 MZ-34 Galena +12.1
MZ14-77-3 Pyrite +19.2 MZ-37 Galena +14.2
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4. Analytical results

4.1. In situ δ34S values

In situ and previously reported bulk δ34S values are listed in Table 1
and are shown in Figs. 7 and 8. Sulfide crystals have NanoSIMS in situ
δ34S values ranging from +5.9 to +20.7‰ (mean +14.2‰), of which
pyrite crystals have δ34S values ranging from +5.9 to +20.7‰
(average +13.7‰), and δ34S values of sphalerite range from +8.4 to
+17.1‰ (average +14.7‰) (Fig. 7). It is clear that there is no sig-
nificant difference in the in situ δ34S values between pyrite and spha-
lerite crystals. In addition, there is no significant difference of sulfur
isotopic compositions among different types of ores (Table 1). On the
other hand, compared with bulk δ34S values of sulfides
(+8.8–+19.9‰, mean +13.45‰; Liu and Lin, 1999; Liu, 2009; Zhou
et al., 2013c), in situ S isotopic data have a much wider range (Fig. 8a
and b).

4.2. In situ Pb isotopic ratios

In situ and previously reported bulk Pb isotopic ratios are presented
in Table 2 and are shown in Figs. 9 and 10. Galena crystals have LA-MC-
ICPMS in situ 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios ranging
from 18.20 to 18.21, 15.69 to 15.71, and 38.40 to 38.43, respectively. It
is clear that there is no obvious difference of Pb isotopic ratios among
different types of ores (Table 2). Compared with bulk Pb isotopic data
(206Pb/204Pb=18.13–18.38, 207Pb/204Pb= 15.64–15.69, and
208Pb/204Pb=38.22–38.58; Zhou et al., 2013c), in situ Pb isotopic data
have a much narrower range (Figs. 9 and 10).

4.3. Rb-Sr isotopic ratios

This study and previously reported Rb-Sr isotopic ratios are listed in
Table 3 and are shown in Fig. 11. Sphalerite separates have very low
concentrations of Rb (0.075–0.103× 10−6) and relatively low Sr con-
tents (0.313–3.14×10−6). 87Rb/86Sr and 87Sr/86Sr ratios of sphalerite
separates range from 0.095 to 0.833 and 0.712634 to 0.714869, re-
spectively. There is no obvious change trend of Sr isotopic ratios among
different types of ores (Table 3). Although influenced by some factors,
sphalerite Rb-Sr isotope system did not yield ideal isochron age, pre-
vious Sm-Nd dating of hydrothermal calcite suggested that the Maozu
deposit was likely formed at ∼200Ma (Zhou et al., 2013c). Therefore,
using this age to correct the initial Sr isotopes, we obtain the
87Sr/86Sr200 Ma ratios of all sphalerite separates, which have a range
from 0.711 to 0.719 (Fig. 11). Such initial Sr isotope signatures indicate
that sphalerite is rich in radiogenic Sr isotopes.

5. Discussion

5.1. Source of reduced S and its formation mechanism

5.1.1. A single S source or multiple S reservoirs?
It is well-known that the δ34S values of S-bearing minerals in hy-

drothermal systems are mainly depending on their sources and frac-
tionation (Ohmoto and Goldhaber, 1997; Hoefs, 2015; Seal et al., 2000;
Rye, 2005; Sharp, 2017). Previous studies of S isotopes in sulfide and
sulfate minerals suggested that S in MVT deposits can be derived from
various sources, including evaporites, H2S reservoir gas, connate sea-
water, organically bound S, diagenetic pyrite, and even mantle- or
metamorphism-derived S (Jones et al., 1996; Chi and Savard, 1997;
Leach et al., 2010; Bai et al., 2013; Zhou et al., 2013d, 2018a; Zhu et al.,
2016). Among these sources, mantle-derived S has δ34S values ranging
from −3 to +3‰ (Chaussidon et al., 1989); δ34S values of igneous
rocks range from −5 to +15‰ (Ohmoto, 1972; Seal et al., 2000);
metamorphic rocks/fluids have δ34S values ranging from −20 to
+20‰ (Ohmoto, 1986; Seal, 2006); ancient (Cambrian-Permian)Ta
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seawater has δ34S values rang of +10 to +35‰ (Claypool et al., 1980;
Sharp, 2017); H2S in oil-gas reservoir has δ34S values rang of +5 to
+20‰ (Zhu et al., 2014); and gypsum-bearing evaporites within the
regional sedimentary strata having δ34S values of +22 to +28‰ (Zhou
et al., 2013c,d).

Based on the bulk S isotopic data (Fig. 8a and b), Zhou et al. (2013c)
suggested that the source of S is marine evaporites within the regional
sedimentary strata. Compared with the above main S reservoirs, although
both bulk (+8.8–+19.9‰) and in situ S isotopic data (+5.9–+20.7‰)
are significantly higher than those of magma-derived S, they are similar to
those of metamorphic rocks/fluids and marine-derived S (include H2S
reservoir gas, evaporites and connate seawater) (Fig. 8b and c). In addi-
tion, geological survey exhibited that Meso- to Neoproterozoic basements
(low-grade metamorphic rocks) and Paleozoic sedimentary cover se-
quences (rich in gypsum and barite, δ34S=+22–+28‰; late Ediacaran
coeval seawater, δ34S=+20–+35‰) are well-developed in the study
region (Figs. 1 and 3) (Liu and Lin, 1999; Huang et al., 2004; Bai et al.,
2013; Zhou et al., 2013d, 2018a; Liu et al., 2017a). Hence, metamorphic
rocks/fluids and/or marine-derived S could be the source of S in the ore-
forming fluids.

It has been well-documented that δ34Sbarite > δ34Sfluid > δ34Ssulfide
if the hydrothermal minerals contain barite (Ohmoto, 1972; Ohmoto
et al., 1990; Zhou et al., 2013c). Hence, the δ34Sfluid value should be at
least higher than the minimum or average δ34Ssulfide value determined
by in situ and bulk analyses (Fig. 8) as recorded by the paragenetic
association of barite in post-ore phase (Fig. 4k and o; Zhou et al. 2013c),
i.e. δ34Sfluid>+5.9 or +8.8‰ (minimum in situ and bulk δ34Ssulfide
values, respectively), and even +13.8‰ (mean value of all measured
data). In addition, post-ore barite has a δ34S value of +30.4‰ (Fig. 8b;
Liu and Lin, 1999) that is higher than those of sulfides formed at main
stage (δ34S=+5.9–+20.7‰; Fig. 8b), which is due to the relatively
oxidized environment at the post-ore stage (Liu, 2009; Zhou et al.,
2013c) or mixing of another kind of fluid that was different from the
fluid for Pb-Zn mineralization. The post-ore mineral assemblage shows
that barite coexists with calcite (Fig. 4k and o), and the CeO isotopic
compositions, and REE contents and patterns of post-ore calcite are
similar to those of syn-ore calcite (Bao et al., 2013; Zhou et al., 2013c).
This means that the fluid mixing should occur at syn-ore stage and there
is no another fluid mixed at the post-ore stage. Hence, the δ34S values of
barite precipitated from the same ore-forming fluids should approx-
imate to the total δ34S values of the ore-forming fluids, i.e.
δ34Sbarite≈ δ34S∑S (Ohmoto et al., 1990). This implies that the δ34Sfluid
value is similar to the δ34S∑S value that is +30‰ or so. This rules out a
single source of metamorphic rocks/fluids supplied the majority of S.
On the other hand, other potential sources (H2S reservoir gas, evapor-
ites and coeval seawater) are related to marine sulfate, which have
followed a variety of geochemical pathways that cause diverse isotope
fractionation (Trudinger et al., 1985; Seal, 2006). Hence, given that
reduced S is completely derived from gypsum-bearing evaporites, as
thermochemical sulfide reduction (TSR) (see below) can generate up to
+15‰ of Δ34Ssulfate-sulfide value (Machel et al., 1995; Ohmoto and
Goldhaber, 1997), so the theoretical δ34Ssulfide values could change

from +7‰ to +28‰, which can match with the observed in situ δ34S
values (+5.9–+20.7‰) (Fig. 7 and 8a-b) and S isotopic compositions
of H2S within oil-gas reservoir (Zhu et al., 2014). Similarly, if S is totally
sourced from connate seawater, the theoretical δ34Ssulfide values
(+5–+35‰) generated by TSR can also match well with the de-
termined in situ δ34S values (+5.9–+20.7‰) (Figs. 7 and 8a–c) and S
isotopic compositions of H2S within oil-gas reservoir (Zhu et al., 2014).
Therefore, integrated all the geological (Figs. 1–3) and geochemical
(Figs. 7–12) evidence (see below), the most reasonable is that S in ore-
forming fluids was derived from or flowed through multiple reservoirs
(i.e. metamorphic rocks/fluids, gypsum-bearing evaporites, coeval
seawater and H2S reservoir gas).

5.1.2. Thermochemical or bacterial sulfate reduction?
It is well-known that the reduction of marine sulfate occurs either

through abiotic thermochemical or bacterially mediated processes
(Ohmoto et al., 1990; Machel et al., 1995; Hoefs, 2009). The process of
thermochemical sulfate reaction (TSR), can produce sulfate-sulfide
fractionations that range from 0‰ to as much as +15‰ (Worden et al.,
1995; Ohmoto and Goldhaber, 1997; Zhu et al., 2014), whereas those
associated with bacterial sulfate reduction (BSR) typically range from
+15 to +60‰ (Goldhaber and Kaplan, 1975; Basuki et al., 2008).
Moreover, both TSR and BSR are temperature-dependent. BSR has been
documented at temperatures up to 110 °C (Jørgensen et al., 1992), but
the optimum range is between 30 and 40 °C (Seal, 2006). In contrast,
TSR occurs at temperatures> 100–140 °C and can produce abundant
S2− with relatively stable δ34S values (Ohmoto et al., 1990; Machel
et al., 1995). As the range of fluid inclusions homogenization tem-
peratures (153–248 °C: Liu, 2009) is distinctly higher than that of
bacteria survive, but which is benefit to TSR, so BSR played an insig-
nificant role in the formation of S2−. In addition, the Maozu deposit
contains ∼20 Mt of sulfide ore reserves, which need a large number of
S2− (Zhou et al., 2013c). Hence, TSR produced the majority of S2− from
SO4

2 in the Maozu deposit.

5.1.3. S isotope fractionation
As shown in Fig. 7, the sphalerite crystals have in situ δ34S values

(+15.9-+17.1‰) higher than those of paragenetic pyrite
(+5.9–+11.2‰) (Fig. 7a and b) or lower than those of paragenetic
pyrite (+19.2–+20.7‰) (Fig. 7d). In addition, previously reported
bulk δ34S values of pyrite, sphalerite and galena (Fig. 8a and b) also do
not show the feature of δ34Spyrite > δ34Ssphalerite > δ34Sgalena that
would be expected for equilibrium fractionation of S isotopes (Ohmoto,
1972). Such S isotope signatures reflect that S isotopes in the miner-
alizing system occurred disequilibrium fractionation among pre-
cipitated sulfides, at least locally. Therefore, the δ34S values of sulfides
(especially pyrite) could not stand for the δ34Sfluids, as discussed above.
In addition, previous studies suggested that the change of physical and
chemical conditions (T, Eh, and pH, etc.), or insufficient time for iso-
tope equilibrium can result in disequilibrium fractionation (Seal, 2006;
Sharp, 2017). Furthermore, fluid mixing (see below) at early hydro-
thermal phase could cause the change of ore-forming environments in

Table 3
Bulk Rb-Sr isotopic ratios of sulfides from the Maozu deposit.

No. Structure Mineral Rb/10−6 Sr/10−6 87Rb/86Sr 87Sr/86Sr 2σ 87Sr/86Sr 200 Ma Source

MZ-5 Sphalerite 0.05 0.33 0.4704 0.718700 0.000017 0.71745 Zheng et al. (2015)
MZ-18 Sphalerite 0.06 2.86 0.0588 0.710785 0.000013 0.71061
MZ-21 Sphalerite 0.1 0.36 0.8497 0.720965 0.000012 0.71868
MZ-34 Sphalerite 0.06 0.92 0.1834 0.716921 0.000010 0.71638
MZ-37 Sphalerite 0.18 10.02 0.0519 0.711738 0.000014 0.71159

MZ14-21 Banded ores Sphalerite 0.09 0.313 0.833 0.714869 0.000015 0.71250 This paper
MZ14-42 Veined ores Sphalerite 0.075 1.01 0.215 0.712634 0.000011 0.71202
MZ14-60 Disseminated ores Sphalerite 0.103 3.14 0.095 0.713121 0.000014 0.71285

(87Sr/86Sr)t= 87Sr/86Sr− 87Sr/87Rb (eλt− 1), λRb= 1.41× 10−11 t−1, t=200Ma (Zhou et al., 2013a,b, 2015).
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Fig. 7. In situ δ34S values in sphalerite and paragenetic pyrite.
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hydrothermal systems and generate rapid precipitation of sulfides
(Leach et al., 2005; Zhou et al., 2013a, 2014b). Hence, the variations of
S isotopes during sulfide precipitation in the Maozu deposit (Figs. 7 and
8) was likely controlled by both dynamic and thermodynamics frac-
tionations.

5.2. Sources of ore-forming metal

5.2.1. Implication from in situ Pb isotopes
The low U/Pb and Th/Pb ratios of galena suggest that the de-

termined Pb isotopic ratios should approximate to the initial Pb isotopic
compositions of mineralized fluids (Carr et al., 1995; Pass et al., 2014;
Zhou et al., 2014b; Tan et al., 2017). Compared with the previous re-
ported bulk Pb isotopic data (Table 2; Zhou et al., 2013c), the much
narrower range of in situ Pb isotopic data (Figs. 9 and 10) suggests that
in situ Pb isotopic data can truly reveal the source of Pb, because of bulk
Pb isotopic data can be significantly affected by impurities enclosed by
sulfides (such as diverse impurities in galena; Fig. 4c and h), and pol-
lutants introduced by chemical analysis. This further indicates that Pb is
derived from a single or well-mixed source (Fig. 9). In the plot of
207Pb/204Pb vs. 206Pb/204Pb (Fig. 9a), all the in situ Pb isotopic data plot
above the Pb evolution curve of average upper crust, and fall into the
field of modern lower crust, implying a clearly crustal source of Pb
(Zartman and Doe, 1981). In addition, in the diagram of 208Pb/204Pb vs.
206Pb/204Pb (Fig. 9b), all the in situ Pb isotopic data fall into the
overlapped field of modern lower crust and orogen, also indicating a
crustal Pb source (Zartman and Doe, 1981).

Three potential metal source rocks have been identified in the study
region, i.e. the Meso- to Neoproterozoic metamorphic rocks, Paleozoic
sedimentary rocks, and the late Permian basalts of the ELIP (Zheng and
Wang, 1991; Zhou et al., 2013b, 2018a; Bao et al., 2017; Tan et al.,
2017). Compared with basements, sediments and basalts, at a given
206Pb/204Pb ratio (Fig. 9a), galena crystals display higher 207Pb/204Pb

ratios than those of ore formation age-corrected basalts (∼200Ma:
Zhou et al., 2013c). This rules out the possibility of basalts as a single
source provided the majority of Pb. Furthermore, in situ Pb isotopic data
fall into the overlapped field of age-corrected sediments and basements
(Fig. 9a) (∼200Ma: Zhou et al., 2013c), revealing that both of them
can singly supply the Pb. Therefore, integrated all the geological
(Figs. 1–3) and geochemical (Figs. 7–11) evidence (see above and
below), we interpret that Pb in the mineralizing fluids was mainly
originated from and/or flowed through a mixed source of basements
and sediments.

5.2.2. Implication from Rb-Sr isotopes
Due to no more suitable minerals and dating methods for base metal

sulfide ore deposits, Rb-Sr dating of sphalerite is still the most reliable
constraint on ore formation ages (Nakai et al., 1990; Brannon et al.,
1992; Christensen et al., 1995; Li et al., 2005; Zhou et al., 2015).
However, the real status of Rb and Sr in sphalerite is unclear and its Rb-
Sr isotopic dating is very difficult. In this study, although we do not
obtain the ideal sphalerite Rb-Sr isotopic age, Sr isotopes can be used to
trace the sources and/or evolutions of ore-forming fluids (Yang and
Zhou, 2001; Deng et al., 2015; Beaudoin and Chiaradia, 2016).

In order to use Sr isotopes of hydrothermal minerals for tracing, we
need to know their initial 87Sr/86Sr ratios (Deng et al., 2000; Gromek
et al., 2012; Zhou et al., 2013a). Syn-ore hydrothermal calcite Sm-Nd
isochron dating yields an isotopic age of 196 ± 13Ma (Zhou et al.,
2013c), which is similar to the peaked ages (230–200Ma) of Pb-Zn
mineralization in the Upper Yangtze metallogenic province (Mao et al.,
2012; Zhou et al., 2013a,c, 2015; Zhang et al., 2015). Hence, ∼ 200Ma
was used to calculate the initial 87Sr/86Sr ratios of sphalerite separates
and potential metal source rocks (i.e. basalts, sediments and basements)
(Huang et al., 2004; Zhou et al., 2014b). All the sphalerite separates
have 87Sr/86Sr200 Ma ratios ranging from 0.711 to 0.719, which are
significantly higher than those of ore formation age-corrected basalts

Fig. 8. a: Histogram of in situ and bulk S isotopic compositions (Liu and Lin, 1999; Liu, 2009; Zhou et al., 2013a); b: A comparison of δ34S values between S-bearing
minerals and metamorphic rocks/fluids (Ohmoto, 1986; Seal, 2006), mantle-derived S (Chaussidon et al., 1989), late Ediacaran seawater (Claypool et al., 1980), and
evaporites (Huang et al., 2004; Zhou et al., 2013d); c: A comparison of S isotopes between sulfides and the evolution of seawater (Claypool et al., 1980).
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(87Sr/86Sr200 Ma= 0.704–0.708; Table 4; Fig. 11; Huang et al., 2004;
and upper mantle: 0.704 ± 0.002; Faure, 1977), but are distinctly
lower than those of age-corrected basements (87Sr/86Sr200
Ma= 0.724–0.729; Table 4; Fig. 11; Li and Qin, 1988; Chen and Ran,
1992). On the other hand, sediments have 87Sr/86Sr200 Ma ratios ranging
from 0.707 to 0.714 (Table 4; Fig. 11; Hu, 1999; Deng et al., 2000; Shi
et al., 2003; Jiang and Li, 2005; Zhou et al., 2013b, 2014b, 2018a),
which partly overlap with those of sphalerite separates (Fig. 11).

Neither basements, sediments nor basalts contain the Sr isotopic
ratios that can match well with those of sphalerite separates (Fig. 11),
implying that the ore-forming fluids were probably derived from or
flowed through a mixed source. As our in situ S and Pb isotopic data rule
out the possibility of basalts as a main source of mineralizing elements
and associated fluids (Figs. 7–10), so such Sr isotope signatures of
sphalerite separates indicate that the mineralizing fluids were most

likely sourced from and/or flowed through basements and sediments,
with a certain influence from basalts (Fig. 11). Furthermore, it is worth
pointing out that among these sediments, early Cambrian black shales
contain high radiogenic Sr isotopes with 87Sr/86Sr200 Ma ratios range of
0.712–0.714 (Table 4, Jiang and Li, 2005), which are much more si-
milar to those of sphalerite separates. This means that black shales have
played an important role in the formation of Zn-Pb sulfide ores in the
Upper Yangtze province, i.e. they not only act as a key geochemical
barrier, but also supply parts of ore-forming materials.

5.3. Ore formation process

The new evidence of in situ S-Pb and bulk Sr isotopic data
(Figs. 7–11) suggests that the Maozu deposit has no significantly genetic
relationship with Emeishan magmatism. However, we could not rule

Fig. 9. Plots of 207Pb/204Pb vs. 206Pb/204Pb (a) and 208Pb/204Pb vs. 206Pb/204Pb (b). A brief comparison of the modern MORB, Pelagic sediment, Oceanic island
volcanic rocks, Upper Crust and Lower Crust (Zartman and Doe, 1981), and whole-rock of basements, carbonates and basalts (age-corrected at 200Ma; Huang et al.,
2004; Li et al., 2007; Yan et al., 2007; Zhou et al., 2013b, 2014b); Solid lines enclose 80% of all data points for each field, and dashed lines enclose probable average
values. Upper Crust (U), Orogen Belt (O), Mantle (M) and Lower Crust (L).
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out the contribution from basalts completely through Pb and Sr isotopes
(Figs. 9 and 11). In contrast, the spatially association between Pb-Zn ore
bodies and basalts (Fig. 3b) suggests that the basalts maybe play a
certain role in the formation of the Maozu deposit. Our previous studies
suggested that the ELIP provided volatiles and elevated background
geothermal gradient, and its basalts acted as an impermeable and
protective layer (Zhou et al., 2018a,c). Hence, the formation of the
Maozu deposit has indirect links with the ELIP, which are different from
typical MVT deposits that have no spatial and temporal relationship
with igneous activities (Leach et al., 2005). Moreover, the low-mod-
erate temperatures (153–248 °C: Liu, 2009) and low salinities
(2.8–5.3 wt% NaCl equiv.: He et al., 2006) of the Maozu deposit are also
different from basin brines-related MVT deposits that have low tem-
peratures (90–200 °C) and high salinities (10–30 wt% NaCl equiv.)
(Leach et al., 2010). Furthermore, the ore-controlling reverse fault-fold
tectonic systems (Fig. 3a and b) and high ore grades (> 10wt%
Pb+Zn), as well as abundant Cd, Ge and Ga, suggesting that the me-
tallogenic characteristics of the Maozu deposit are really different from
those of typical MVT deposits (Leach et al., 2005, 2010). Hence, in-
tegrated fluid compositions, geochronology and field data, the Maozu
deposit was considered to be an epigenetic carbonate-hosted and fault-
fold system-controlled deposit that formed during Early Mesozoic
(196Ma: Zhou et al., 2013c).

In summary, this paper proposes a comprehensive metallogenic

model: a) During 263–259Ma, the underplating and eruption of the
basalts of the ELIP provided fluids and elevated background geothermal
gradient, which facilitate and enhance the mobilization and extraction
of ore-forming elements (e.g. Pb, Zn and Ag) from Proterozoic base-
ments; b) Driven by the Indosinian Orogeny (257–200Ma), the base-
ment-derived fluids (as suggested by Pb-Sr isotopes, Figs. 9 and 11)
migrated upward along several regional deep faults (such as Anninghe
and Xiaojiang faults, Fig. 1b), and then released into secondary struc-
tures within Paleozoic sedimentary rocks (Figs. 1–3); and c) These
metal rich fluids were trapped by the Maozu reverse fault-fold tectonic
systems (Figs. 2 and 3) and mixed with multiple reservoirs S-bearing
fluids (as indicated by S isotopes, Figs. 7 and 8). Such a fluid mixing
process heated the sulfate-bearing fluids and then resulted in the for-
mation of S2− from SO4

2− by TSR, and caused rapid sulfide pre-
cipitation at ∼196Ma (Zhou et al., 2013c). In addition, there is no
another fluid mixed in the late phase indicates the post-ore minerals

Fig. 11. A comparison of 87Sr/86Sr200 Ma ratios between sphalerite separates
and potential metal source rocks (upper mantle, basalts, sediments and base-
ments). Whole-rock Sr isotopic data are from Faure (1977), Cong (1988), Li and
Qin (1988), Chen and Ran (1992); Hu (1999), Deng et al. (2000), Huang et al.
(2004), Jiang and Li (2005), Shi et al. (2013) and Zhou et al. (2013a,b, 2014b,
2018a).

Fig. 10. Plot of 208Pb/206Pb vs. 207Pb/206Pb. Bulk Pb isotopic data are from
Zhou et al. (2013c).

Table 4
Sr isotopic ratios of whole-rock of sediments, basements, and basalts (and Upper Mantle) in the Upper Yangtze metallogenic province.

No. Rock 87Rb/86Sr 87Sr/86Sr 87Sr/86Sr 200Ma Reference

Late Permian Emeishan flood Basalts 0.7039–0.7078 (n=85, mean 0.7058) Huang et al. (2004)
D11 Early Permian limestone 0.001 0.7075 0.7075 Zhou et al. (2014b, 2018a)
D12 Early Permian limestone 0.001 0.7073 0.7073
LMG-9 Early Permian limestone 0.001 0.7079 0.7079 Deng et al. (2000)
D8 Late Carboniferous limestone 0.007 0.7100 0.7100 Zhou et al. (2013a)
D9 Late Carboniferous limestone 0.020 0.7100 0.7099
D35 Early Carboniferous dolostone 0.010 0.7101 0.7101 Zhou et al. (2014b)
D36 Early Carboniferous dolostone 0.001 0.7099 0.7099
D13 Early Carboniferous dolostone 0.001 0.7093 0.7093 Hu (1999)
D14 Early Carboniferous dolostone 0.001 0.7087 0.7087
D15 Early Carboniferous dolostone 0.006 0.7093 0.7093
D6 Late Devonian limestone 0.0511 0.7085 0.7083 Zhou et al. (2013a)
D7 Late Devonian limestone 0.0003 0.7088 0.7088
LMG-11 Middle Devonian dolostone 0.1325 0.7105 0.7101 Deng et al. (2000)
D3 Middle Devonian sandstone 0.7365 0.7132 0.7111 Zhou et al. (2013a)
Early Cambrian carbonate rocks 0.7084–0.7099 (n=16, mean 0.7091) Shi et al. (2013)
Early Cambrian black shales 0.7120–0.7136 (n=2, mean 0.7128) Jiang and Li (2005)
D1 Late Ediacaran dolostone 0.0019 0.7083 0.7083 Zhou et al. (2013a)
D2 Late Ediacaran dolostone 0.059 0.7098 0.7096
Neo- to Mesoproterozoic metamorphic rocks 0.7243–0.7288 (n=5, mean 0.7266) Cong (1988), Li and Qin (1988), Chen and Ran (1992)
Upper Mantle 0.704 ± 0.002 Faure (1977)

(87Sr/86Sr)t= 87Sr/86Sr− 87Sr/87Rb (eλt− 1), λRb= 1.41× 10−11 t−1, t=200Ma (Zhou et al., 2013a,b, 2015).
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were precipitated from a relatively closed system. During the ore for-
mation process, tectonic regime changed from compression to extension
during Early Mesozoic facilitated the excretion of two kinds of ore-
forming fluids, reverse fault-fold tectonic systems were beneficial to
trap these fluids, black shales acted as geochemical barrier and pro-
vided parts of ore-forming elements, and the ELIP provided volatiles
and its basalts acted as an impermeable and protective layer, all of
which enabled the giant accumulation of Pb-Zn ores in the Upper
Yangtze metallogenic province (Zhou et al., 2018a,b).

6. Conclusions

In situ S isotopic data indicate that S was derived from multiple
reservoirs. TSR played a key role in the formation of S2−. Both dynamic
and thermodynamic fractionations jointly controlled the variations of S
isotopes in sulfide minerals. In situ Pb and bulk Sr isotopic data imply
that the ore-forming elements and associated fluids were mainly de-
rived from a mixed source of basements and sediments, with a certain
influence from the basalts of the ELIP. The change of tectonic regime
from compression to extension during Early Mesozoic, the trap of re-
verse fault-fold tectonic systems, and the fluid mixing process played a
crucial role in the formation of the carbonate-hosted epigenetic Zn-Pb
deposits in the Upper Yangtze metallogenic province.
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