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ARTICLE INFO ABSTRACT

The giant Dongshengmiao Cu-Zn-Pb-S deposit is the most representative Proterozoic sedimentary exhalative
(SEDEX) deposit in China. A detailed investigation of Pb isotope compositions of sulfides from various types of
ores and associated host rocks has been carried out to determine the genetic relationships among different ore
types and to provide important insights on whether younger fluids have contributed mineralizing materials in
the formation of the Dongshengmiao Cu-Zn-Pb ores. The substantial similarity of the Pb isotope composition
between the studied stratiform Cu-Zn-Pb and S orebodies suggests that the bulk of the Dongshengmiao Cu-Zn-Pb
ores belong to the same polymetallic metallogenic system with the syngenetic S ores of the Proterozoic age.
Comparatively, vein-type ores show relative scattered Pb isotope signatures that fall along a well-correlated
linear trend, whereas their less radiogenic end member projects towards the Pb isotope compositions of the
overlying stratiform main orebody. In addition, the overall Pb isotope compositions of these vein-type ores have
shown an apparent overlap and similar trend with the radiogenic disseminated pyrites in the mica schists,
indicating their radiogenic Pb most likely originated from host rocks as well. The scatter of Pb isotope com-
positions of the Dongshengmiao Cu-Zn-Pb ores shows that lead was not homogenized regionally during sub-
sequent metamorphism, ruling out the possibility of a deposit-scale remobilization. Furthermore, the significant
difference and lack of intermediate Pb isotope values between the previously studied Hercynian feldspars and
the bulk of the Dongshengmiao sulfide ores suggest that a significant introduction of metals from, or over-
printing by, fluids derived from Hercynian magmatism is unlikely to have played an important role in the metal
endowment. Taken together, all sulfide orebodies associated with various ore types in the Dongshengmiao de-
posit belong to an integrated and progressive hydrothermal ore-forming system of the Proterozoic age, and a
portion of the vein-type ores and associated disseminated pyrites experienced a minor addition of evolved rock
lead during subsequent greenschist face metamorphisms.
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1. Introduction

The Paleoproterozoic Langshan-Zhaertai basin (Zhaertai Group) of
northern China hosts several strata-bound Zn-Pb deposits, which are
largely hosted within a sequence of carbonaceous mica schist and
marble deposited in an E-W trending marginal rift setting (Li et al.,
2007). The Dongshengmiao deposit, with reserves of 4.83 million tons
(Mt) of Zn at an average grade of 2.85% Zn, 0.96 Mt of Pb at 0.67% Pb
and 0.11 Mt of Cu at 0.86% Cu (Long, 2009), represents the largest
known Cu-Zn-Pb deposit in the Langshan-Zhaertai area. It has been
exploited since the early 1970s, down to 500 m below the surface. The
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Dongshengmiao deposit shows many features that are characteristic of
sedimentary exhalative (SEDEX) deposits, including the predominantly
metasedimentary host rocks, the stratiform feature of the orebodies, the
presence of layered sulfides and barites, and the highly positive sulfur
isotope composition (83*S: +15%o ~ + 40%o; Xia and Zhao, 1990; Ding
and Jiang, 2000; Gao et al., 2015).

The giant Dongshengmiao deposit is a complex polymetallic hy-
drothermal deposit characterized by a wide range of styles. Previous
studies have shown strong texture contrasts between the S ore and Cu-
Zn-Pb ore (Xia, 1992; Zhang et al., 2010; Gao et al., 2014; Zhong et al.,
2015a). Massive S ore is the most voluminous style of mineralization
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and is widely regarded as being of syngenetic origin, whereas the me-
tallogenic processes of the most economical Cu-Zn-Pb ore, as well as its
possible genetic links to the syngenetic S ore, still remain controversial.
Traditionally, the characteristic brecciated Cu-Zn-Pb ores at Dong-
shengmiao have been interpreted as a syngenetic proximal facies and
the breccias were regarded as the result of the boiling of hydrothermal
fluids (Xiu, 1987). The associated vein-type ores are considered feeders
of the overlying stratiform orebodies (Jiang, 1994). In this model,
sulfide ores in the Dongshengmiao deposit were slightly modified
during subsequent metamorphism and deformation (Li et al., 1986; Xia,
1992; Jiang, 1994; Zhou et al., 2012). However, large-scale fluid-as-
sisted remobilization of preexisting mineralizing materials from sur-
rounding rocks or early-formed orebodies has been proposed to account
for the Dongshengmiao Cu-Zn-Pb mineralization by some recent studies
(Zhang et al., 2010; Zhong et al., 2015a; Zhong and Li, 2016). In this
model, the parental sulfides have been almost totally redistributed
during regional metamorphism and deformation. Remarkably, some
studies have stressed that younger fluids may also contribute miner-
alizing materials in the formation of the Dongshengmiao Cu-Zn-Pb ores
to explain an unusually great Cu endowment compared to most SEDEX-
type deposits (Peng et al., 2007a,b; Zhong and Li, 2016). For example,
based on the study of decrepitating temperatures of fluid inclusions,
Peng et al. (2007a) proposed that Hercynian magmatic overprinting
was responsible for the vein-type ores. Zhong and Li (2016) also em-
phasized that the abnormally enriched Cu in the Dongshengmiao de-
posit was derived from the source of metamorphic fluid during the early
Cretaceous period based on thermodynamic modeling.

Deciphering the genetic relationships between different orebodies
and ore types in a large polymetallic hydrothermal deposit is vital for
establishing the deposit's metallogenesis. Pb isotope analysis for ore
deposits can be a powerful tool in this respect (Mukasa et al., 1990;
Velasco et al., 1996; Marcoux, 1998; Anderson et al., 2002; Ayuso et al.,
2014; Potra and Macfarlane, 2014). Previous Pb isotopic studies of the
Dongshengmiao deposit (Li et al., 1986; Ding and Jiang, 2000) pro-
vided valuable source and approximate age information. However,
these studies focused mainly on regional characteristics concerning
several deposits where the types of samples used for Pb isotope analyses
were not clearly specified. Thus, the results are of limited use in de-
termining the genetic relationships among different ore types in the
same deposit. Furthermore, no Pb isotope investigation has been per-
formed on Cu ores to date.

In this study, Pb isotope compositions of the vein-type ores and
stratiform massive orebodies (S ore, Zn-Pb ore and Cu ore) from dif-
ferent stratigraphic positions, together with disseminated pyrites in the
Dongshengmiao deposit are investigated to determine their genetic
relationships. In particular, we present the first Pb isotope data of
chalcopyrite samples in order to determine whether younger fluids
have played an important role in the unusually great Cu endowment at
Dongshengmiao.

2. Geological setting
2.1. Regional geology

The Langshan-Zhaertai polymetallic ore belt is situated in the wes-
tern part of the northern margin of the Northern China Craton (NCC)
and extends for approximately 600 km from west to east. Numerous
deposits of variable types and sizes occur in this area, including four
large or giant and more than ten medium-sized sediment-hosted Cu-Zn-
Pb deposits which are suggested to be from the Mesoproterozoic age
(Ding and Jiang, 2000; Zhong et al, 2015a), as well as many Cu-Au
deposits which are dated to the early Permian age (Zhong et al., 2015b).
This study focuses on the Dongshengmiao deposit, which is located in
the southwest margin of the Langshan-Zhaertai ore belt and connected
to the northeast margin of the Alxa block (Fig. 1).

The oldest rocks exposed in this area are Archean basement rocks,
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which consist mainly of high-grade metamorphosed basaltic and sedi-
mentary rocks from 2.65 ~ 2.51 billion years ago (Ding and Jiang, 2000;
Zhong and Li, 2016). Proterozoic strata, the Zhaertai Group, un-
conformably overlie the Archean basement. Sandstones of the Zhaertai
Group contain detrital zircon populations from approximately 2500
million years ago (Ma), indicating that the provenance of the Zhaertai
Group is Archean basement rocks (Li et al., 2007). A single zircon U-Pb
dating of volcanic rocks intercalated within the Zhaertai Group gives a
deposition age of ca. 1750 Ma (Li et al., 2007), which is consistent with
the whole rock Sm-Nd model age of the metabasalt rocks
(tom = 1767-1867 Ma; Peng and Zhai, 1997). Thus, it is believed that
the Zhaertai Group is largely late Paleoproterozoic in age (Bai, 1993;
Peng and Zhai, 1997; Li et al., 2007; Gong et al., 2016). The Zhaertai
Group, which hosts the sulfide deposits, underwent greenschist face
metamorphisms during the Shinagan orogeny in the late Mesoproter-
ozoic period (Zhang, 2004). Recently, Zhong and Li (2016) suggested
that the early Cretaceous metamorphism associated with orogeny has
played an important role in the formation of ore deposits. Nearly all of
the Proterozoic strata in the Langshan-Zhaertai area are unconformably
overlain by Cretaceous-Quaternary terrestrial sedimentary strata
(Fig. 1), which are mostly composed of red sandstone, conglomerate,
and mudstone. Paleozoic sedimentary strata rarely appear in this area,
except for some Carboniferous-Permian marine strata (Fig. 1).

Proterozoic magmatic rocks are volumetrically minor in the
Langshan-Zhaertai area (Bao et al.,, 2018), while younger intrusive
rocks constitute a large part of this area (Fig. 1), including Late Pa-
leozoic biotite granite, granodiorite and intermediate intrusive rocks.
The emplacement of voluminous Permian granitoids may represent the
main tectonic-thermal event in the northern margin of the NCC. Recent
studies have revealed that almost all of the Permian granitoids in the
northwestern margin of the NCC share similar geochemical character-
istics, including enrichment in large ion lithophile elements (LILEs),
depletion in Nb and Ta, and high radiogenic Hf isotopic signatures (Hu
et al.,, 2015, and references therein). Early Permian granitoids are
widely exposed in the northwest of the Dongshengmiao deposit and
separated from the Cretaceous red sandstone layer by a thrust fault
(Fig. 1B; Hu et al., 2015; Zhong and Li, 2016). Lithological units of the
volumetrically huge granitoids at Dongshengmiao mainly include
quartz diorite and porphyritic granite (287 ~275 Ma; Hu et al., 2015).
In addition, minor monzogranite (259.4 * 3.3Ma; Wu et al., 2013)
and granodiorite (228 * 4 Ma; Liu, 2012) have been reported near the
Dongshengmiao deposit.

2.2. Geology of the Dongshengmiao deposit

The Dongshengmiao sub-basin is generally interpreted to be a local,
structurally controlled graben related to the spreading of the Langshan
rift in the Paleoproterozoic age (Jiang, 1993). The boundary of the
Dongshengmiao deposit is controlled by regional deep faults that re-
activated in an extensional environment (Fig. 1B; Peng et al., 2007a).
The tectonic feature of the Dongshengmiao deposit is characterized by
several northeast-trending thrust faults that generally dip northwest
(Fig. 1B). Synsedimentary fault, as reflected by the thickness and facies
changes, has been recorded in the Dongshengmiao deposit by early
studies (Jiang, 1994; Peng and Zhai, 2004).

The ore-hosting sequence in the Dongshengmiao deposit, the
Zhaertai Group, comprises both meta-sedimentary and minor meta-
volcanic rocks with a total thickness greater than 1317 m (Jiang, 1993;
Peng and Zhai, 2004). Based on lithology and ore-bearing features, the
Zhaertai Group in the mining area is traditionally subdivided into three
formations (Ding and Jiang, 2000). From the bottom up, the lowest
Shujigou Formation mainly comprises quartzites and mica schists, in
which Cu-bearing minerals, such as chalcopyrite, chessylite, zigueline
and malachite, can be commonly observed (Jiang, 1993). The Zen-
glongchang Formation consists mainly of pure marbles, with phos-
phoric metasandstone at the bottom. The lower part of the Agulugou
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Formation is dominated by carbonaceous mica schist with minor in-
terbedded marble. The amount of graphite is relatively high in carbo-
naceous mica schists, which host extensive vein-type mineralization, as
well as pervasive disseminated pyrites. In addition, meta-volcanic rocks
and tuffs are intercalated mainly at the bottom of this part (Jiang, 1993;
Rui et al., 1994; Peng and Zhai, 1997; Peng et al., 2007c). These alkali-
enriched meta-volcanic rocks are dominated by rhyolitic to rhyodacitic
meta-volcanic rocks and minor metabasalt rocks, which display bi-
modal features (Peng and Zhai, 1997). The upper part of the Agulugou
Formation is composed of layer-shaped carbonaceous marble, which is
interbedded with carbonaceous phyllite, biotite quartz schist, carbo-
naceous mica schist and several siderite layers.

3. Mineralization and alteration

The mineralization in the Dongshengmiao deposit took place gen-
erally parallel to sedimentary beddings at specific stratigraphic

horizons (Fig. 2). Most orebodies are commonly lenticular or stratiform
on a large scale, and three Cu-Zn-Pb orebodies (9# ~11#) locally cut
across different lithological units of the host rocks. Diverse miner-
alization styles at Dongshengmiao were strongly controlled by litho-
logic units. S (predominantly pyrite) ore was mainly confined to car-
bonate-dominant parts of ore-bearing sequences, such as the
Zenglongchang Formation and the upper part of the Agulugou Forma-
tion, whereas nearly all Pb-Zn ores and most Cu ores were hosted by
carbonaceous mica schist in the lower part of the Agulugou Formation
(Fig. 2).

The stratiform sulfide orebodies at Dongshengmiao can be divided
into two sub-groups on the basis of their stratigraphic horizons, ore
types and vertical metal zoning (Xia, 1992; Jiang, 1994). Basal strati-
form mineralization includes the Cu ores in the Shujigou Formation and
three adjacent S orebodies (1#, 7# and 8#) in the Zenglongchang
Formation (Fig. 2). These stratiform orebodies contain minor sphalerite
but no barite and siderite. By contrast, sulfide orebodies (9# ~ 11#, 2#,
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Cu mineralization
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Fig. 3. Petrographic characteristics of the basal Cu-S ores in the Shujigou and Zenglongchang Formations. Abbreviations: Py = pyrite; carb = carbonate; A ~ B.
Stratiform Cu orebody hosted by the basal quartzites; C. Carbonate rocks occur in the S ore (hand specimen).

and 3# ~5#; Fig. 2) in the Agulugou Formation contain approximately
80% of the metal reserves of the Dongshengmiao deposit. In the vertical
direction, metal abundance in the several genetically related orebodies
in the Agulugou Formation varies from Cu to Zn-Pb to Fe (Ba) from the
bottom up, and mineral associations change from chalcopyrite + pyr-
rhotite + sphalerite to galena + sphalerite + pyrite to
pyrite + barite + siderite.

All ore types of the Dongshengmiao deposit have been affected by
variable degrees of metamorphic recrystallization and local mobiliza-
tion. Most massive ores are strongly recrystallized. A portion of the Cu-
Zn-Pb ores occurs in seemingly epigenetic positions relative to S ore
could be resulted by local remobilization. In addition, subsequent re-
mobilization events could be responsible for the mineralized veinlets
and associated fissure mineralization hosted by carbonaceous mica
schist.

3.1. Cu-S ores in the Shujigou and Zenglongchang formations

This stratiform Cu orebody in the lowest quartzites (Fig. 3A) is re-
garded as the early stage of the Dongshengmiao sulfide mineralization
(Jiang, 1993). Cu-bearing minerals, such as chalcopyrite, chessylite,
zigueline and malachite (Fig. 3B), are commonly observed in the
quartzites of the Shujigou Formation. Three stratiform S orebodies oc-
curred in the marbles of the Zenglongchang Formation. The hanging
rocks and footwall rocks of these S orebodies are characterized by vein-
type sulfide mineralization and intense sericitization. Silicified marble
strips are commonly observed (Fig. 3C). These silicified strips have a
certain orientation, roughly parallel to the sedimentary strata (Fig. 3C),
which have been interpreted as dissolution-collapse breccias (Gao et al.,
2014). These striped silicified rocks, which are different from irregular-
shaped synsedimentary breccias, are the result of sulfide minerals
partly replacing carbonate minerals.

3.2. Cu-Zn-Pb ores in the Agulugou Formation

The most economically important Cu ores (Fig. 4A, B, and C) and
Zn-Pb ores (Fig. 4D, E, and F) at Dongshengmiao are mainly composed
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of three strata-bound orebodies (9# ~11#) hosted by the carbonaceous
mica schist and the overlying main orebody (2#; Fig. 2). Several ore
layers within a single orebody are more or less interconnected (Fig. 2;
Xiu, 1987; Jiang, 1993). The main orebody (2#) occurred at the bottom
of the upper carbonate-dominant part, and it is roughly conformable
with the lithological boundaries (Fig. 2). This economically most im-
portant orebody has a long lateral extent (more than 1 km long) with an
average thickness of ca. 15m.

Brecciated structures are commonly observed in high grade Cu-Zn-
Pb ores (Fig. 4A, D, and E), which have been interpreted as a syngenetic
proximal facies, and the breccias were regarded as the result of the
boiling of hydrothermal fluids (Xiu, 1987). These brecciated Cu-Zn-Pb
ores from 9# ~11# orebodies and brecciated Zn-Pb ores from 2#
orebody form a funnel-shaped breccia zone (Fig. 2) in the Dong-
shengmiao deposit, which may extend for more than 300 m of depth
with a metal association dominated by Cu, Zn and Pb, and the ores are
thought to result from multistage reactivated synsedimentary faulting
(Jiang, 1993; Peng et al., 2000). These brecciated ores consist pre-
dominantly of sphalerite, pyrrhotite, galena and chalcopyrite, with a
minor amount of pyrite. The angular fragments are composed of car-
bonaceous marble, mica schist and marble (Fig. 4). In addition, some
fragments are cemented by sphalerite, pyrrhotite and galena (Fig. 4A),
and sulfide-filling microfractures are well-developed within fragments
(Fig. 4F). Sphalerite distributed along grain boundaries of carbonate
minerals, and replaced the host carbonate (Fig. 4F). That is, the re-
placement of host dolomite, open space filling, and cementation of
fragments derived from dissolution collapse are the common types of
the Dongshengmiao brecciated Cu-Zn-Pb ores.

Vein-type sulfide ores have low grades, but they still constitute an
important ore resource in the Dongshengmiao deposit. The principal
ore minerals are pyrrhotite, chalcopyrite, sphalerite, galena and minor
pyrite. Most minerals are anhedral, irregularly granular in shape. The
chalcopyrite and pyrrhotite bearing veins are most common, however,
sphalerite and galena deposited in spaced cleavages and in veins
(Fig. 4G). Vein-type sulfide ores (mainly Cu ores) hosted by carbonac-
eous mica schist has a close association with the funnel-shaped breccia
zone, making it difficult to eliminate such veins as subsurface feeders
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for the overlying stratiform orebody, which was suggested by Jiang
(1993, 1994). In addition, subsequent remobilization events could be
responsible for the fissure mineralization hosted by carbonaceous mica
schist (Fig. 4G). Irregular-shaped disseminated pyrite was corroded and
replaced by pyrrhotite, forming a residual metasomatic texture
(Fig. 4H). However, based on the study of decrepitating temperatures of
fluid inclusions, Peng et al. (2007a) proposed that Hercynian magmatic
overprint was responsible for the vein-type ores.

3.3. S ores in the Agulugou formation

Three stratiform S orebodies occur in the upper carbonate-dominant
part of the ore-bearing sequence (3# ~ 5#; Fig. 2). Siderite layers can be
observed in the footwall or hanging rocks of these S orebodies (Fig. 2).
These S orebodies show clear evidence of syngenetic mineralization,
including stratiform morphology (Fig. 2). Massive and banded struc-
tures are predominant in these S ores, and banded S ore (Fig. 5A) is
regarded as a key criterion for the recognition of syngenetic miner-
alization. Although a portion of massive S ores recrystallized during
regional metamorphism, syngenetic fine-grained pyrites can be com-
monly observed. Pyrite comprises the most abundant sulfide at Dong-
shengmiao, and pyrrhotite is also commonly observed in these massive
or banded S ores (Fig. 5A). In addition, some mineralized veinlets,
mainly including pyrrhotite (Fig. 5B), sphalerite and galena, can be
observed in S ore. These veinlets may be associated with the late re-
mobilization suggested by early researchers (Li et al., 1986; Zhong and
Li, 2016). Various carbonates, quartz and barite (Fig. 5C, D) are
common gangue minerals. Barite is commonly peripheral to or strati-
graphically above the deposit, representing a distal sedimentary facie of
the Dongshengmiao deposit (Miu and Ran, 1992).

3.4. Alteration
The host rocks of the Dongshengmiao deposit show intense hydro-

thermal alteration, including carbonatization, silicification, sericitiza-
tion, chloritization and alkali feldspathization. Silicification and
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Fig. 4. Petrographic characteristics of the Cu-Zn-Pb
ores in the Agulugou Formation. Abbreviations:
Sp = sphalerite; Gn = galena; Po = pyrrhotite;
Cp = chalcopyrite. Other abbreviations are the same
as those in Fig. 3. A. Brecciated Zn-Cu ore; B. Chal-
copyrite disseminated in quartz-carbonate rock; C.
Chalcopyrite-pyrite veins in carbonaceous mica
schist; D. Brecciated Zn-Pb ore and massive S ore; E.
Brecciated Zn-Pb ore with fragments of host rocks; F.
Zn-Pb ore hosted by carbonate; G. Sulfide deposited
in spaced cleavages and in veins; H. Irregular-
shaped pyrite was corroded and replaced by pyr-
rhotite, forming a residual metasomatic texture.

Fig. 5. Petrographic characteristics of the stratiform S ores in the Agulugou
Formation. Abbreviations: Ba = barite. Other abbreviations are the same as
those in Figs. 3 and 4. A. Banded S ores comprising mainly pyrite and pyr-
rhotite; B. Pyrrhotite veinlets in S ore; C. S-Ba ore (hand specimen); D. Barite
precipitated with pyrite.

sericitization are closely related to sulfide mineralization. Silicified wall
rocks are commonly observed near or within S orebodies (Fig. 3C).

4. Materials and methods

A total of 32 samples of sulfide mineral separates were selected for
Pb isotopic analysis (Table 1), including pyrite (n = 12), chalcopyrite
(n = 13), pyrrhotite (n = 5) and galena (n = 2). These sulfide minerals
represent the different ore types described above, including vein-type
ores (n = 17) and massive S ores (n = 6) and Cu ores (n = 2) from
different stratigraphic positions, together with disseminated pyrites
(n = 7). Pb isotope data of brecciated Zn-Pb ores (n = 10) from the



Z. Gao et al. Precambrian Research 317 (2018) 230-240

Table 1

Pb isotope data and the U, Th, and Pb content (ppm) of sulfides from the Dongshengmiao deposit.
Sample No. Sample Description 206pp/209pp  207pp/204pp,  208p}209pp U Th Pb Model age® (Ma) Reference
massive sulfide
sulfide ore in the Agulugou Formation
ZK3603-238 Pyrite massive S ore, 4# 15.396 15.181 35.528 0.140 0.360 160 1775 This study
ZK3603-390A  Pyrite brecciated Zn-Pb ore, 2# 15.166 15.150 35.326 0.430 0.190 4498 1925 Gao et al. (2018)
ZK3603-390A  Pyrrhotite brecciated Zn-Pb ore, 2# 15.162 15.144 35.326 0.510 0.280 7550 1918 Gao et al. (2018)
WC12-3B Galena brecciated Zn-Pb ore, 2# 15.157 15.150 35.310 1933 Gao et al. (2018)
DSM12-2 Galena brecciated Zn-Pb ore, 2# 15.164 15.153 35.317 1931 Gao et al. (2018)
DSM12-16 Galena brecciated Zn-Pb ore, 2# 15.162 15.152 35.316 1932 Gao et al. (2018)
DSM12-18 Galena brecciated Zn-Pb ore, 2# 15.154 15.148 35.300 1932 Gao et al. (2018)
WC12-1 Pyrite brecciated Zn-Pb ore, 2# 15.170 15.149 35.326 1920 Gao et al. (2018)
WC12-3B Pyrite brecciated Zn-Pb ore, 2# 15.160 15.145 35.316 1922 Gao et al. (2018)
WC12-1 Sphalerite brecciated Zn-Pb ore, 2# 15.167 15.150 35.324 1924 Gao et al. (2018)
WC12-3B Sphalerite brecciated Zn-Pb ore, 2# 15.158 15.145 35.314 1924 Gao et al. (2018)
ZK3603-390b  Pyrite massive S ore, 2# 15.197 15.158 35.363 0.350 0.270 6079 1911 This study
ZK3603-380 Pyrite massive S ore, 2# 15.202 15.151 35.356 0.060 0.200 646 1895 This study
D-8 Pyrite massive S ore, 5# 15.202 15.144 35.281 1883 Ding and Jiang,2000
average 15.187 15.151 35.336 1909
basal Cu-S ore
ZK3603-667 Pyrite massive S ore, 1# 15.107 15.109 35.112 1909 This study
ZK3607-670B  Pyrrhotite massive S ore, 1# 14.974 15.066 34.987 1958 This study
ZK3607-670A  Pyrite massive S ore, 1# 14.963 15.064 34.975 0.080 0.290 2241 1964 This study
D-15 Pyrite massive S ore, 8# 15.171 15.182 35.435 1972 Ding and Jiang (2000)
990-2 Chalcopyrite  basal Cu ore 14.953 15.047 35.162 0.18 0.72 239 1944 This study
960-2 Chalcopyrite  basal Cu ore 15.159 15.109 35.137 0.1 0.12 677 1862 This study
average 15.055 15.096 35.135 1935
vein-type ore
13-2 Chalcopyrite — quartz-carbonate vein, 11# 15.231 15.151 35.337 <0.05 <0.05 17.7 This study
13-3 Chalcopyrite —quartz-carbonate vein, 11#  15.266 15.156 35.388 0.21 0.1 8.82 This study
13-20 Chalcopyrite in mica schists, 11# 15.270 15.161 35.389 This study
13-28 Chalcopyrite — quartz-carbonate vein, 11#  15.205 15.148 35.330 <0.05 <0.05 148 This study
13-30 Chalcopyrite in mica schists, 11# 15.187 15.147 35.325 0.27 0.45 1391 This study
13-32 Chalcopyrite quartz-carbonate vein, 11# 15.531 15.198 35.659 <0.05 <0.05 6.98 This study
13-33 Chalcopyrite  in mica schists, 11# 15.252 15.160 35.371 0.17 0.27 2014 This study
13-35 Chalcopyrite in mica schists, 11# 15.253 15.158 35.364 0.08 0.08 1935 This study
DSM12-111 Chalcopyrite  in mica schists 16.293 15.316 36.328 This study
DSM12-112 Chalcopyrite  in mica schists 15.713 15.203 35.709 This study
DSM12-113 Chalcopyrite  in mica schists 15.302 15.164 35.408 This study
ZK3607-370 Pyrrhotite in mica schists 16.441 15.338 36.637 This study
ZK3607-520B  Pyrrhotite in mica schists 16.036 15.274 36.125 This study
ZK3607-530B  Pyrrhotite in mica schists 15.272 15.173 35.397 This study
ZK3603-380 Pyrrhotite vein in Zn-Pb ore 15.441 15.191 35.597 This study
13-27 Galena in mica schists, 11# 15.204 15.153 35.336 This study
ZK3603-600 Galena in mica schists 15.237 15.168 35.369 This study
D-3 Galena in carbonate slate 15.656 15.178 36.682 Li et al. (1986)
D-1 Sphalerite in carbonaceous dolomite 16.301 15.320 36.194 Li et al. (1986)
D-2 Sphalerite in marble 15.335 15.151 35.400 Li et al. (1986)
D-4 Sphalerite in marble 15.742 15.202 35.759 Li et al. (1986)
D-5 Sphalerite in carbonaceous slate 15.415 15.145 35.253 Li et al. (1986)
D-6 Sphalerite in marble 15.732 15.221 35.771 Li et al. (1986)
D-7 Sphalerite in marble 15.728 15.234 35.826 Li et al. (1986)
average 15.543 15.196 35.665
disseminated pyrite in mica schists
DSM12-57 Pyrite in mica schists 15.857 15.247 35.926 This study
ZK3607-400 Pyrite in mica schists 16.168 15.254 35.956 This study
ZK3607-490 Pyrite in mica schists 15.316 15.169 35.439 This study
ZK3607-430 Pyrite in mica schists 17.540 15.482 37.590 This study
ZK3607-500 Pyrite in mica schists 15.295 15.159 35.391 This study
ZK3607-520A  Pyrite in mica schists 15.782 15.239 35.875 This study
ZK3607-530A  Pyrite in mica schists 15.233 15.168 35.361 This study
average 15.884 15.245 35.934

2 Model ages (Million years) according to Stacey and Kramers (1975).

Dongshengmiao main orebody have been reported in our recent study
(Gao et al., 2018). A majority of these samples are collected from drill
cores, and the others are from underground mines.

Sulfide minerals were handpicked under a binocular microscope
from hand-specimens. Separated sulfide minerals were then crushed
and pulverized in an agate mortar, followed by digestion using a mix-
ture of distilled HNO3; and HCl. After incipient dryness, decomposed
samples were redissolved in HBr. Pb was separated and purified by
conventional ion-exchange chromatography on columns containing

AG1-X8 exchange resin (Li et al., 2015). Pb isotope ratios were mea-
sured using a Multi-Collector ICP-MS (MC-ICP-MS; Nu Instruments) at
the Laboratory of Isotope Geology, Ministry of Land and Resources of
China (He et al., 2005). Samples were Tl-doped to facilitate corrections
for instrumental mass bias based on an exponential dependence on
mass law, largely similar to the procedure described by Belshawa et al.
(1998) and Zhu et al. (2000). Repeat analyses of the NBS 981 Pb iso-
topic standard gave a reproducibility (20) of
208ph/206ph = 2,16736 + 0.00066,
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207pp/2%6ph = 0.91488 .00028,
206pp/20ph = 16.9386 .0131, *°7pb/**Pb = 15.4968 + 0.0107,
and 2°%pb/2**Pb = 36.7119 + 0.0331 at the 25D level.

The concentrations of U, Th and Pb were measured for pyrite,
chalcopyrite, sphalerite and pyrrhotite using inductively coupled
plasma mass spectrometry (ICP-MS) performed at the National
Research Center for Geoanalysis, China. Approximately 50 mg of
sample powder was dissolved with HNO3-HF at 190 °C in Teflon bombs
for 24 h. After cooling, the Teflon vessels with the resulting solution
were heated on a hotplate until dry. Subsequently, HNO3; was added,
and the sample was heated again until dry to drive out HF. Finally, the
material was redissolved in 5mL of HNO3; (8 mol/L) and diluted to
50 mL with deionized water. The obtained solution was used for ICP-MS
(TJA PQ-ExCell) analysis, with relative standard deviations for U, Th
and Pb within 5% based on replicate measurements of standard sam-
ples.

+
=+

(=]

5. Results
5.1. Pb isotope data

All Dongshengmiao sulfide Pb isotope data obtained in this study
are shown in Table 1 and plotted in Fig. 6, together with those from Li
et al. (1986), Ding and Jiang (2000) and Gao et al. (2018). The overall
results of Pb isotope compositions show a wide range in 2°°Pb/2°*Pb
(14.928-16.441), 27Pb/?*Pb (15.045-15.338) and 2°°Pb/*°*Pb
(34.975-36.637), comparable with those reported for Tanyaokou,
30 km to the west (Fig. 1A; Ding and Jiang, 2000).

In more detail, Pb isotope ratios of the massive sulfides com-
prising stratiform orebodies are characterized by a relative un-
radiogenic isotope composition (*°°Pb/2%*Pb = 14.963-15.396;
207pp/294ph = 15.064-15.181; 2°°Pb/?°*Pb = 34.975-35.528). The
results of Pb-Pb model ages calculated for massive sulfide samples
using the two-stage model of Stacey and Kramers (1975) are ca.
1950 Ma-1750 Ma (Table 1), in agreement with the single zircon U-
Pb age (ca. 1750Ma; Li et al., 2007) and the whole rock Sm-Nd
model age of the metabasalt rocks from the host sequence
(tpm = 1767-1867 Ma; Peng and Zhai, 1997).

In terms of mean Pb isotope compositions, our data suggest that
basal stratiform Cu-S orebodies in the Shujigou and Zenglongchang
Formations have less radiogenic Pb compositions than the other or-
ebodies that occurred in the Agulugou Formation (Table 1). Chalco-
pyrite samples from the basal Cu-bearing quartzites have similar Pb
isotope compositions as the ore sulfides from the adjacent 1# and 8# S
orebodies (Table 1; Fig. 7). Pb isotope data for ore sulfides from the
brecciated Zn-Pb ores collected from different positions of the main
orebody vary marginally, with 2°°Pb/2%*Pb = 15.154-15.167,
207pb/?%*Pb = 15.148-15.153 and *°®*Pb/***Pb = 35.300-35.326,
which are similar to those of massive pyrites also from the main ore-
body (*°°Pb/?°*Pb = 15.197-15.202; 2°7Pb/?°*Pb = 15.151-15.158;
208pp/20pp = 35.356-35.363).

By contrast, Pb isotope compositions of vein-type ores form a linear
trend and show a wider range of values, with 2°°Pb/2°*Pb ranging from
15.187 to 17.540, 2°’Pb/?**Pb ranging from 15.147 to 15.482, and
208pt, /204ph ranging from 35.325 to 37.590 (Table 1; Fig. 6). Pb isotope
data of disseminated pyrites cover a similar range to those of vein-type
sulfides but extend towards even more radiogenic compositions
(Table 1; Fig. 7). Pb isotopic data of disseminated pyrites and vein-type
ores form a single line with a slope of 0.1427 (r* = 0.9634) on the
diagram of 2°7Pb/?°*Pb vs. 2°°Pb/2°*Pb (Fig. 6).

5.2. Contents of U, Th and Pb in sulfides
The results (Table 1) showed that the Dongshengmiao sulfides

(sphalerite, pyrrhotite, pyrite and chalcopyrite) have high-Pb but low-U
content (< 0.51 ppm). Very low U/Pb (< 0.001, with one exception of
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Fig. 6. Pb isotope compositions of various sulfides from the Dongshengmiao
deposit. Data of sulfides are from Table 1 and data of Hercynian feldspars are
from Zhu et al. (2006). Disseminated pyrites were collected from mica schists in
the lower part of the Agulugou Formation; sphalerite vein, galena vein, pyr-
rhotite vein and chalcopyrite vein refer to sphalerite, galena, pyrrhotite and
chalcopyrite collected from vein-type ores in the orebodies of 9# ~11# or mica
schists; massive galena, massive sphalerite, massive pyrrhotite, massive pyrite
and massive chalcopyrite refer to galena, sphalerite, pyrrhotite, pyrite and
chalcopyrite collected from stratiform orebodies (1#, 2#, 4#, 5#, and 8# and
basal Cu orebody). Note that the Pb isotope compositions of vein-type ores in
carbonaceous mica schist are more radiogenic and more scattered relative to
massive ore sulfides from stratiform orebodies in both the 2°’Pb/?°*Pb vs.
206pp,/204ph plot (A) and the 2°8Pb/2%*Pb vs. 2°°Pb/2%Pb plot (B).

0.02) and Th/Pb (< 0.003, with one exception of 0.01) ratios indicate
that the addition of radiogenic Pb after the formation of these sulfides is
negligible, and no age correction is needed.

6. Discussion
6.1. Genetic relationship between the stratiform Cu-Zn-Pb and S orebodies

The effectiveness of the Pb isotope system in unraveling multistage
sulfide mineralization events (Brevart et al., 1982; Paiement et al.,
2012) and determining different metal sources (Romer and Wright,
1993; Kinnaird et al., 2002; Beaudoin, 1997; Haest et al., 2010) was
demonstrated by early researchers in the studies of some large poly-
metallic metallogenic systems. Stratiform S orebodies are widely re-
garded as being of syngenetic origin, whereas the metallogenic pro-
cesses of the most economical Cu-Zn-Pb ore, as well as its possible
genetic links to the syngenetic S ore of the Proterozoic age, still remain
controversial. A large-scale remobilization has been proposed to ac-
count for the formation of the Dongshengmiao Cu-Zn-Pb orebodies by
some recent studies (Zhang et al., 2010; Zhong et al., 2015a; Zhong and
Li, 2016). In this model, the parental sulfides have almost been totally
redistributed during regional metamorphism and deformation;
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Fig. 7. Pb isotope compositions of sulfides from different ore horizons of the
Dongshengmiao deposit. Data are from Table 1. a, basal Cu ore (Shujigou
Formation); b, lower S orebodies (1# and 8#; Zenglongchang Formation); c,
strata-bound Cu-Zn-Pb orebodies (9# ~11#) hosted by carbonaceous mica
schists (lower part of the Agulugou Formation), which contain pervasive dis-
seminated pyrites; d, Dongshengmiao main orebody (2#); e, upper S orebodies
(3# ~ 5#; upper part of the Agulugou Formation). Note that Pb isotope data of
disseminated pyrites cover a similar range to those of vein-type ores but extend
towards even more radiogenic compositions.

therefore, whether different ore types at Dongshengmiao were origin-
ally formed during a single continuous metallogenic process still re-
mains ambiguous.

As shown in Table 1 and Fig. 7, the analyses of various sulfides from
the  brecciated Cu-Zn-Pb  ores are  tightly  clustered
(?°°pb/2%*Pb = 15.154-15.167) and similar to those of the syngenetic
massive pyrites (2°°Pb/?**Pb = 15.197-15.202) from the same strati-
graphic position (Dongshengmiao main orebody), which are char-
acterized by a very unradiogenic isotope composition and a Paleopro-
terozoic Pb-Pb model age. Furthermore, basal chalcopyrite samples
collected from the Shujigou Formation have similar Pb isotope com-
positions to the massive ore sulfides from the adjacent stratiform S
orebodies in the Zenglongchang Formation (Table 1; Fig. 6). These
characteristics rule out any possibility that extraneous metals from
younger hydrothermal fluids associated with either Permian orogeny or
Cretaceous orogeny (Peng et al., 2007a; Zhong and Li, 2016) were in-
volved in the formation of brecciated or massive Cu-Zn-Pb ores. In
addition, the great similarity of the S isotope composition of Cu-Zn-Pb
ores and syngenetic S ores (Gao et al., 2015) also indicates a single
continuous metallogenic process. Otherwise, these Cu-Zn-Pb ores would
have different isotope compositions with syngenetic S ores from the
same stratigraphic position because of the mobilization at different
periods and/or derivation from different sources.

As noted above, massive sulfide orebodies at Dongshengmiao can be
divided into two sub-groups on the basis of their stratigraphic horizons,
ore types and vertical metal zoning (Fig. 2; Xia, 1992; Jiang, 1994).
Accordingly, basal Cu-S ores have less radiogenic Pb compositions than
the other sulfide ores that occurred in the Agulugou Formation (Fig. 7).
This shift may be related to Pb radiogenic growth in the underlying
basement, or the upper Agulugou stratabound mineralization may have
interacted with increasing crustal Pb, characterized by elevated
206pp,/204ph values, during the formation of the Dongshengmiao de-
posit. Some evidence suggests the former. On the one hand, obvious
epigenetic features of Cu-Zn-Pb ores in the Agulugou Formation in-
dicate that these base metal ores may represent a discrete influx of ore
fluid separated in time from basal stratiform Cu-S orebodies in the
Shujigou and Zenglongchang Formations; on the other hand, no sys-
tematic change in Pb isotope ratios with stratigraphic position is ob-
served in multiple ore horizons in the Agulugou Formation (Fig. 7),
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likely indicating a very minor involvement of rock Pb during the for-
mation of stratiform orebodies. The very minor involvement of upper-
crustal material during formation of the deposit was also responsible for
the exceedingly unradiogenic Pb signature.

6.2. Constraints on the origin of vein-type ores

Notwithstanding their lower grades, vein-type sulfide ores still
constitute an important ore (especially Cu ore) resource in the
Dongshengmiao deposit. Therefore, it is important to investigate the
genetic relationship between the vein-type ores and stratiform orebody
in order to establish the deposit's metallogenesis. Although Pb isotope
compositions of vein-type ores are more radiogenic and more scattered
relative to those of massive ore sulfides both in the 2°°Pb/2°*Pb vs.
206p/204ph and the 2°7Pb/2%*Pb vs. 2°°Pb/2%*Pb diagrams (Fig. 6), the
less radiogenic end member of these vein-type ores projects towards the
Pb isotope composition of the overlying Dongshengmiao main orebody
(Fig. 6). Approximately half of the vein-type Cu-rich ores have similar
Pb isotope compositions to the overlying Proterozoic syngenetic ores
(Fig. 7). It is thus possible that these unradiogenic sulfide veins ori-
ginally contained Pb isotope compositions that resembled those from
the overlying stratiform orebodies. Notably, the linear trend shown by
vein-type ores suggests that they may include an extraneous contribu-
tion of lead in addition to a lead source common to stratiform or-
ebodies.

Based mainly on the results from decrepitating fluid inclusions,
Peng et al. (2007a) suggested that Hercynian granitic magmatic fluids
overprinted the Proterozoic exhalative mineralization. Although the
Hercynian granitoids at Dongshengmiao are volumetrically large, there
is no robust evidence in support of a significant input of metals (Xia,
1992; Jiang, 1993). The most reliable initial Pb isotope compositions of
the Hercynian granitoids in the Langshan district were obtained from
the feldspar minerals (Zhu et al., 2006) because these minerals nor-
mally have the lowest U/Pb and Th/Pb ratios and relatively little
radiogenic Pb has been incorporated over time from 238y, 235y, and
232ThH decay (e.g., Gancarz and Wasserburg, 1977; Kamber and
Moorbath, 1998). However, Pb isotope ratios of the bulk of the sulfide
ores at Dongshengmiao (all massive and approximately half of sulfide
veins) are characterized by an unradiogenic isotope composition and a
Paleoproterozoic Pb-Pb model age, which are significantly different
than those of the Hercynian feldspars in the Langshan district
(?°°pb/2°pb = 18.179-18.303; Zhu et al., 2006). Thus, Pb isotope
signatures of these Hercynian feldspars would be too high to explain the
radiogenic Pb admixed in the vein-type ores observed in this study
(Fig. 6). The lack of intermediate Pb isotope values (a significant Pb
isotope gap) between the Hercynian feldspars and the vein-type ores
(Fig. 6) is also evidence that the radiogenic signature of these veins does
not represent Hercynian granitic overprinting. On the other hand, even
if their radiogenic end-member was represented by the radiogenic Pb
derived from the Hercynian magmatism, a very minor proportion
(~10%) of the Hercynian granitic input in the formation of the vein-
type sulfide ores can be estimated by their means (Table 1). In addition,
early Permian granitoids widely occurred in the northwest of the
Dongshengmiao deposit and have no obvious spatial relationship with
Cu ores, which mainly occurred as a cystic-shaped breccias zone and
associated sulfide veins in the Agulugou Formation, together with the
basal stratiform Cu orebody (Jiang, 1993). The chemical and H-O iso-
tope compositions of ore-fluids during Cu-Zn-Pb mineralization did not
have characteristics of magmatic hydrothermal fluids (Miu and Ran,
1992; Zhong and Li, 2016). Our recent Fe and S isotope studies (Gao
et al., 2015, 2016) also indicated that vein-type ores and associated
disseminated pyrites in mica schist were unlikely to have a significant
granitic input. Consequently, these characteristics suggest that addition
of radiogenic Pb during Hercynian magmatism to account for the highly
radiogenic nature of the vein-type ores is deemed unlikely.

Although Dongshengmiao has been subjected to only relatively low-
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grade metamorphism (lower greenschist facies; Zhong et al., 2015a),
previous studies suggested that the Dongshengmiao deposit experi-
enced metamorphic temperatures in the range of 250-450 °C (Miu and
Ran, 1992) and penetrative ductile deformation (Zhong et al., 2015a).
It would not be unreasonable to think that mobilized host rock lead
contributed to vein-type ores during regional metamorphism as inferred
by Ding and Jiang (2000). As noted above, carbonaceous mica schist
hosts vein-type ores, as well as pervasive disseminated pyrites. In this
study, the highly radiogenic nature of disseminated pyrite in carbo-
naceous mica schist can easily be explained by the addition of evolved
rock lead during metamorphic crystallization. Noteworthy Pb isotopic
overlap exists between vein-type ores and disseminated pyrites (Fig. 6;
Fig. 7), suggesting that the radiogenic lead in sulfide veins was most
likely derived from surrounding host rocks rather than external metal
sources.

In terms of Pb isotope compositions relative to massive or brecciated
ores, the vein-type Cu-rich ores and disseminated pyrites are more
susceptible to the effect of Pb from their host-rocks during greenschist
face metamorphisms. Thus, different ore types in the Dongshengmiao
deposit have been affected by variable degrees of metamorphic re-
crystallization and local mobilization. As noted above, the low U/Pb
and Th/Pb ratios of the Dongshengmiao sulfides imply that the radio-
genic Pb growth from U and Th decay after the formation of these
sulfides is negligible. Therefore, the scatter of Pb isotope compositions
of the Dongshengmiao Cu-Zn-Pb ores shows that lead was not homo-
genized regionally during subsequent metamorphism, which seems not
to be supportive of a deposit-scale remobilization. It seems plausible
that mobilized host rock lead had contributed to a portion of the vein-
type ores and disseminated pyrites during a local and small-scale re-
mobilization. Therefore, significant amounts of metals from younger
fluids, inferred to have overprinted the Proterozoic mineralization
during a large-scale remobilization (Zhong and Li, 2016), is unlikely.

6.3. A Genetic model

6.3.1. Age of stratiform sulfide orebodies

As noted above, Pb isotope ratios of various massive ore sulfides
from stratiform orebodies are characterized by a relative unradiogenic
isotope composition (*°°Pb/?*'Pb = 14.963-15.396). The results of Pb-
Pb model ages calculated for massive sulfide samples using the two-
stage model of Stacey and Kramers (1975) are from ca. 1950 Ma to
1750 Ma (Table 1), in agreement with the single zircon U-Pb age (ca.
1750 Ma; Li et al., 2007) and the whole rock Sm-Nd model age of the
metabasalt from the host rocks (tpy = 1767-1867 Ma; Peng and Zhali,
1997). Combining U-Pb zircon, detrital ziron, Sm-Nd model and fossil
ages (Bai, 1993; Li et al., 2007; Peng and Zhai, 1997; Gong et al., 2016),
we may conclude that the bulk of the sulfide mineralization at Dong-
shengmiao occurred at the late Paleoproterozoic.

Obviously, younger fluids with normal crustal Pb abundance in
Phanerozoic time (Leach et al., 1998) also unlikely played an important
role in the Cu-Zn-Pb endowment at Dongshengmiao. Consequently,
significant amounts of Pb (and therefore likely S and other metals) from
younger fluids, inferred to have overprinted the Proterozoic miner-
alization during either Permian orogeny or Cretaceous orogeny (Peng
et al., 2007a; Zhong and Li, 2016), is not favored.

6.3.2. Metallogenic process

Pb isotope ratios of the massive sulfides comprising multiple ore
horizons are characterized by a relative unradiogenic isotope compo-
sition. Importantly, the substantial similarity of the Pb isotope com-
position between the stratiform Cu-Zn-Pb and S orebodies suggests that
the bulk of the Cu-Zn-Pb ores belong to the same polymetallic me-
tallogenic system with the syngenetic S ores of the Proterozoic age.

As noted above, stratiform orebodies at Dongshengmiao can be di-
vided into two sub-groups on the basis of their stratigraphic horizons,
ore types and vertical metal zoning (Fig. 2; Xia, 1992; Jiang, 1994).
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Accordingly, basal stratiform Cu-S orebodies in the Shujigou and Zen-
glongchang Formations have less radiogenic Pb compositions than the
other sulfide orebodies that occurred in the upper Agulugou Formation
(Fig. 6; Fig. 7), which is related to either Pb radiogenic growth in the
source rocks or the growing introduction of host rock Pb during for-
mation of the Dongshengmiao deposit. Our Pb isotope data lean to-
wards the former scenario, namely, that two main mineralization
events in the Proterozoic were likely involved in the formation of the
Dongshengmiao deposit because no systematic change in Pb isotope
ratios with stratigraphic position is observed in multiple ore horizons in
the Agulugou Formation (Fig. 7). Basal Cu-S ores, which formed during
the early mineralization event, present the Pb isotope compositions of
the original ore-bearing fluid in the Dongshengmiao SEDEX miner-
alizing system. By contrast, different ore types in the Agulugou For-
mation were largely formed during a single continuous metallogenic
process. In the vertical direction, metal abundance in this formation
varies from Cu to Zn-Pb to Fe (pyrite, pyrrhotite and siderite) from
bottom to top. Mineralization in the Agulugou Formation is associated
with multiple adjacent orebodies and may represent a discrete influx of
ore fluid separated in time from basal Cu-S ores by a considerable in-
terval to allow for deposition of ~500 m carbonaceous shale.

The above processes are consistent with the conventional SEDEX
model involving focused circulations of hydrothermal fluids, which
could form various ore styles during a long-term metallogenic event.
Different ore types have been affected by variable degrees of meta-
morphic recrystallization and local mobilization, whereas the
Dongshengmiao mineralizing system has unlikely been affected by a
significant input from, or overprinting by, younger fluids. A small part
of the sulfide veins and disseminated pyrites experienced a minor ad-
dition of evolved rock lead during greenschist face metamorphisms.
Meanwhile, the radiogenic sulfide veins and associated disseminated
pyrites in this study constitute a very minor ore resource at
Dongshengmiao. Therefore, the significant introduction of external
metals from younger fluids inferred by earlier researchers (Peng et al.,
2007a; Zhong and Li, 2016) remains to be clarified by future studies.

7. Conclusions

The substantial similarity of the Pb isotope compositions between
the main types of Cu-Zn-Pb ores and massive S orebodies suggests that
the bulk of the Cu-Zn-Pb ores at Dongshengmiao belong to the same
polymetallic metallogenic system with the syngenetic S ores of the
Proterozoic age, whereas noteworthy Pb isotope overlap exists between
the vein-type ores and associated disseminated pyrites suggests that the
radiogenic lead in sulfide veins was most likely derived from sur-
rounding host rocks rather than external metal sources.
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