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Laser-ablation ICPmass-spectroscopy has been used to investigate the geochemistry of sphalerite in a range of
nine Zn–Pb deposits in South China. The deposits, which are of different ages and belong to different
metallogenic provinces, have been assigned to the following genetic types: skarn (Hetaoping, Luziyuan),
syngenetic massive sulphide (Dabaoshan, Laochang and Bainiuchang) and Mississippi-Valley-type (Huize,
Mengxing, Niujiaotang) based on the features of the ore, even though their origin is heavily debated based on
other criteria. The giant Jinding deposit is considered separately. Sphalerite from each genetic class of deposit
shows a distinct chemical signature. Sphalerite from the skarn deposits is characterised by elevated, lattice-
bound concentrations of Co and Mn. The distal character of these skarn systems is reflected by the low In
content of sphalerite. The three syngenetic massive sulphide deposits feature sphalerite strongly enriched in
In, Sn and Ga, whereas the deposits of MVT-type are typically enriched in Ge, Cd, Tl and As. These divergent
characters are reflected in absolute element abundances as well as in element ratios.
Time-resolved depth profiles for sphalerite from the Chinese deposits confirm the presence of elements such
as Co, In, Ge, Ga, and Cd in solid solution, but the dataset expands the understanding of sphalerite mineral
chemistry by also indicating that other elements, whose ability to enter the crystal structure of sphalerite has
been previously debated (Ag, Sn, Tl, Sb), may also be in solid solution.
Sphalerite is a refractory mineral and trace element analysis of sphalerite shows promise as a tracer of ore
genesis even in overprinted ores. Systematic work on larger sample suites may help define the geochemical
signature of different metallogenic epochs in regions as geologically complex as South China and help resolve
the mechanism by which many of the debated ore deposits were formed.
ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Sphalerite is one of themost common sulphideminerals and by far
the economically most abundant source of zinc. The crystal structure
of sphalerite has long been recognised to accommodate a broad
variety of elements, the most significant of which are Fe and Cd. Many
elements enter the sphalerite structure via simple substitution of
similar-sized ions (Zn2+ ↔ Fe2+, Cd2+, Mn2+, Co2+ or S2− ↔ Se2−),
or by coupled substitution (e.g., Zn2+ ↔ Cu++In3+). Substitution
mechanisms for other elements commonly found in sphalerite (e.g.
Sn, Ag, Ga, and Ge) remain less well constrained and for others (e.g.,
Pb, Tl, As, Sb, and Bi), it is not entirely clear whether they enter the
sphalerite structure at all or are almost always present as inclusions of
discrete minerals. The reader is referred to the sizeable literature on
the minor and trace element geochemistry of sphalerite, including-
Fleischer (1955), Zhang (1987), Johan (1988), Huston et al. (1995),
Beaudoin (2000), Di Benedetto et al. (2005), Ishihara et al. (2006),
Ishihara and Endo (2007) and Cook et al. (2009).

It is only relatively recently, however, that widely available,
relatively inexpensive, precise analytical methods have been applied
to document and correlate trace element distributions in sphalerite
from a large number of ore deposits. Such work has confirmed
arguments first put forward more than 70 years ago (Oftedahl, 1940)
that the trace element endowment of sphalerite can, to a large extent,
be correlated with genetic type. Thus, sphalerite from SEDEX-style
massive sulphide deposits can be expected to show a different
signature from sphalerite in proximal skarns, epithermal vein
deposits or Mississippi-Valley-type (MVT) ores (Cook et al., 2009
and references therein).

http://dx.doi.org/10.1016/j.oregeorev.2011.03.001
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The purpose of the present contribution is two-fold. Firstly, we
expand the dataset for sphalerite described by Cook et al. (2009),
using near-identical methodology in the same laboratory to gain a
greater understanding of the range of trace elements in natural
sphalerite. Secondly, we test the usefulness of sphalerite mineral
chemistry to discriminate genetic type. To achieve this, we have
analysed sphalerite from nine Zn–Pb and polymetallic ores from
South China. Each of the selected deposits has been assigned to a
specific genetic type based on overall macroscale features, prevailing
ore textures and our evaluation of evidence presented in the
literature. There exists, however, substantial debate about the origin
of most, if not all, of the deposits we have selected, with a wide variety
Fig. 1. (a) Geological sketch map of South China showing the location and tectonic setting of
redrawn after Wang (1993), Zhou et al. (1998), C.Q. Zhang et al., 2005b; Hou et al. (2007)
of alternative explanations presented in both the Chinese and
international literature. These controversies are amplified by the
geological complexity of South China.

2. Regional geology and geodynamic evolution

South China hosts many thousands of base metal deposits and
smaller occurrences; some of these are world class giants, e.g., Jinding.
They vary in deposit style from skarn and Mississippi-Valley-type
(MVT) to stratabound and/or stratiform massive sulphides, the latter
including volcanic-hosted (VMS), sedimentary exhalative (SEDEX)
and sediment-hosted ores. The deposits under consideration are
the deposits studied. The inset (b) is an enlargement of the Sanjiang Fold Belt. Maps are
and Pan et al. (2009).



Table 1
Geological features of the ore deposits in Southern China from which sphalerite have been studied.

Deposit/type Province/
tectonic unit

Ore tonnage
(Mt)

Grade (wt.%) By-product
commodities

Orebody
morphology

Host lithology Mineralisation
age (Ma)

Formation
temperature
range (°C)

Salinity wt.%
NaCl equiv.

References

Pb+Zn
(wt.%)

Pb
(wt.%)

Zn
(wt.%)

Ag
(g/t)

Skarn
Hetaoping W. Yunnan, Sanjian

Fold System
N2 5–11 0.6–73 0.2–22.43 Cu, Ag Vein, massive

stratiform
Late Cambrian
Hetaoping Fm.
(marble, slate)

116.1±3.91

(Rb–Sr on silicate
inclusions in Py and Sp)

98–3062 1–11.82 1–2

aLuziyuan W. Yunnan, Sanjian
Fold System

1.9 1–2 2.7–4.6 Cu, Ag Vein, massive
stratiform

Late Cambrian
Shahechang Fm.
(marble)

Late Triassic4, Mid
Permian 266+5.4
(U–Pb on zircon)5

160–4206 3.5–16.16 4–6

Massive sulphide: SEDEX (S) and Volcanogenic massive sulphide (V)
Dabaoshan (S) N. Guangdong, Cathaysia

Terrane, S. China Fold System
1.5 2.3 5.2 61.9 Au, Ag, Cu Massive

stratiform,
lens-shaped

Mid-Late Devonian
Dongganglin Fm.
(limestone, sandstone)

Devonian7–8 280–4009–10 1.5–13.28 7–10

Laochang (V) W. Yunnan, Sanjian
Fold System

1.2 2.8 1.1–7.3 12–
179

Ag, In, Cd Massive
stratiform,
lens-shaped

Early Carboniferous–
Permian, Yiliu Fm.
(volcanics, carbonaceous rocks)

Early
Carboniferous11–12

160–35013 4.6–1713 11–13

bBainiuchang (S) S.E. Yunnan, Yangtze or
South China Craton

1.1 1.6 2.5 92 Cu, Sn Massive
stratiform,
vein

Mid Cambrian Tianpeng Fm.
(limestone, siltite)

Mid Cambrian 14–15 52–52016 11.5–17.116 14–16

Mississippi-Valley Type
Huize E. Yunnan, Yangtze Craton

or South China Craton
5 N25 Ag, Ge, Cd Massive

stratifom,
lens-shaped

Early Carboniferous, Baizuo Fm.
(dolomite, limestone)

225±15.3
(Sm–Nd on calcite)17;
176±2.5 (K–Ar on
clay minerals)18

110–38019

165–22020
6.2–22.119

6–1220
17–20

Niujiaotang E. Guizhou, Yangtze Craton
or South China Craton

0.35 5.9–24.5 Cd Lens-shaped
massive
stratiform

Early Cambrian,
Qingxudong Fm. (dolostone)

475–49921

(Pb age model on Sp)
101–14221 11–15.922 21–22

Mengxing W. Yunnan, Sanjian
Fold System

0.22 2.6–
23.4

Cd, Ag Massive
stratiform,
lens-shaped

Mid Silurian, Renhe Fm.
(limestone)

Triassic23–24 145–16123 No data 23–24

Sediment-hosted
Jingding W. Yunnan, Sanjian

Fold System
N200 1.3 6.1 Cd, Sr Tabular, vein,

massive
stratiform

Early Cretaceous, Jingxing Fm.
(sandstone, limestone)
Tertiary sediments

27–34
(apatite fission
track analysis)25;
72±4.4 (Re–Os Py)26

100–26027 1.6–1827 25–27

1Tao et al. (2010), 2Chen et al. (2005), 3Xue et al. (2008), 4Dong and Chen (2007), 5Ye et al. (2010), 6Xia et al. (2005), 7Yang (1997), 8Gu et al. (2007), 9Cai and Liu (1993), 10Xu et al. (2008), 11Hou and Li (1998), 12B.Y. Chen et al. (2000a,b), 13

Li and Tian (1995), 14Zhou et al. (1998), 15Zhu et al. (2010), 16X.M. Chen et al. (2000), 17Li et al. (2004), 18Z.L. Zhang et al. (2005), 19C.Q. Zhang et al. (2005a), 20Han et al. (2007), 21Wang (1993), 22Ye et al. (2000), 23Li et al. (1985), 24

Deng (1995), 25Li et al. (2000), 26Xue et al. (2003), 27Xue et al. (2007b).
a Considered as SEDEX type by Hou et al. (2007).
b Considered to be overprinted by hydrothermal activity relating to Yanshanian magmatism (J.S. Liu et al., 2007b; Zhu et al., 2008).
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hosted within three main terranes, each separated by major crustal
faults: Sanjing Fold Belt System, South China Craton and Cathaysian
Terrane (Fig. 1; e.g., Pan et al., 2009; Zaw et al., 2007). A brief
characterisation of these deposits is given in Table 1.

Five of the nine deposits are on the western part of South China
Terranewithin the Sanjing Fold Belt System (also called Sanjing Tethyan
Metallogenetic Domain; STMD). The STMD, with an area of about
160,000 km2 (Liu et al., 1993), is tectonically situated at the eastern
end of the Himalayan–Tethyan tectonic domain, at the junction
between the Tethyan Mountain Chain and the Circum-Pacific
Mountain Chain (Hou et al., 2007; Mo et al., 1994; Pan et al., 1997).
The evolution of STMD consists of the following four successive
stages: (i) Late Palaeozoic ocean spreading stage; (ii) Early Mesozoic
subduction stage; (iii) Late Mesozoic collisional (orogenic) stage; and
(iv) Cenozoic intracontinental orogenic stage (Mo et al., 1994). India–
Eurasia collision began before about 55 Ma and the subsequent post-
collisional events within the SDMT are considered to be most
important stages of its evolution. These relate to uplift of the
Himalayas and the Three River Cenozoic orogenic belt, and formed
three different structural styles, including: (1) thin-skinned thrust
fault and nappe structures developed form outcrop to regional scales,
especially in the Lanping–Simao basin; (2) regional high-temperature
strike-slip ductile shear zones; and (3) metamorphic core complexes
and graben or half-graben basins (Liu et al., 2004, 2006). Most of the
mineralization is associated with Cenozoic magmatic and tectonic
activity in the region (Hou et al., 2007). As one of the three major
volcanic regions in China, it is suggested that STMD is not only one of
the key areas for understanding global tectonics, especially Tethyan
tectonics, but also one of the World's giant metallogenic belts (Mo
et al., 1994).

The southernmost deposit, Laochang, is located within the
Changning Menglian suture zone and is hosted by Carboniferous
alkaline intermediate-mafic volcanics. This deposit that was formed
within a VMS system active during the Late Paleozoic. Some authors
relate the mineralisation to younger intrusions (Yanshanian–
Himalayan; approximately 120–45 Ma; Liu et al., 2010) emplaced
underneath the deposit (Pb-isotope models; B.Y. Chen et al., 2000a,b;
Xue, 1998). The other three deposits in the Sanjing Fold Belt System,
two medium size skarns (Hetaoping and Luziyuan) and a small MVT
deposit (Mengxing), are located north of Laochangwithin the Baoshan
Block. These are hosted within carbonaceous Early to Mid Paleozoic
sedimentary sequences. The two skarns are situated some 150 km
apart and mineralisation is considered related to nearby magmatic
intrusions of different ages. Whereas Hetaoping relates to Late
Yanshanian intrusions (Early Cretaceous), the southern skarn at
Luziyuan is considered to be either Late Triassic (Dong and Chen,
2007) or older, i.e., Mid Permian, based on accurate LA-ICPMS U–Pb
dating of zircons (Ye et al., 2010). Representing the Early Paleozoic
metallogenetic epoch in the Sanjing Fold Belt System, in which
mineralization is located in sedimentary basins containing carbona-
ceous formations, is the Mengxing Mississippi Valley-type (MVT)
deposit, located midway between the two skarns. Further north and
relating to the Himalayan epoch, the most important mineralizing
event in the STMD, is the super-giant (N200 Mt) sandstone-hosted
deposit at Jinding, hosted within Cretaceous and Tertiary terrestrial
sediments of the Lanping Basin. This deposit is the youngest and
largest sediment-hosted in the world (Xue et al., 2007a,b) and also
one of the highly debated in terms of its genesis.

The South China Craton (SCC) (or Yangtze Craton), is a major
Proterozoic block hosting some of the most important metallogenetic
units in China. Its basement is composed by several groups of
Proterozoic to Archean rocks, i.e., Kongling, Kangding, Sibao, and
Banxi (Li et al., 2002; Qiu et al., 2000; Xu et al., 2007; Zheng et al.,
2006). Craton boundaries with the North China and Indochina Blocks
are the Qin Lin-Dabie and the Song Ma Suture Zones, respectively
(Metcalfe, 2006; Pan et al., 2009). The SCC acted as a coherent
tectonic block also during the Phanerozoic, despite the fact that this
was a period of complex geological history with metamorphism,
granite emplacement, volcanism and rifting along the margins (Zaw
et al., 2007). In this study we consider three stratabound deposits in
the SCC associated with Early- (Huize and Bainiuchang) and Late
Paleozoic (Niujiaotang) orogenic events. The MVT district at Huize is
located towards the western margin of the SCC, in the Sichuan–
Yunnan–Guizhou Metallogenetic Region (Han et al., 2007) and
contains some of the largest and high-grade Zn–Pb orebodies in
China. The SEDEX deposit at Bainichang is located in the southern-
most part of the SCC, in the southeast Yunnan Tin-Polymetallic
Metallogenetic Belt. The Bainiuchang deposit was also overprinted
by hydrothermal fluids during the Yanshanian orogeny (J.S. Liu et al.,
2007; Zhu et al., 2008). The Niujiaotang MVT deposit is located in the
central part of the SCC in the Xiangxi–Qiandong Zn–Pb Metallogenetic
Belt.

Located on the south-eastern edge of the Yangtze Craton, and
striking NE, the Cathaysian Terrane (CT) (Fig. 1) is made up of several
Phanerozoic mobile belts. The northeastern boundary between SCC
and CT is the Jiangshao fault. Other boundaries are less well
constrained, but most geologists accept that the Jiangnan orogenic
belt represents the southwestern boundary. Although the age of the
CT basement is still much debated (Shen, 2006;Wang and Zhou, 2006,
Xu et al., 2007; Yu et al., 2007, 2009), it is generally suggested that the
CT is underlain by Palaeo- to Mesoproterozoic continental crust (Li,
1997; Chen and Jahn, 1998). The CT strata are dominated by
metamorphosed or non-metamorphosed Paleozoic to Mesozoic
sedimentary sequences and Mesozoic granite (Yu et al., 2007). The
Yuebei Basin (northern Guangdong Province) is located in the middle
of CT. The outer margins of the basin are dominated by pre-Devonian
metamorphic rocks, while its cover rocks are Late Palaeozoic,
Mesozoic and Cenozoic strata. Devonian strata are abundant in the
Yuebei Basin, which overlies the Caledonian unconformity. The basin's
edges are mostly controlled by EW- and NNE-trending linear
structures; the NNE-trending faults clearly control the distribution
of later magmatic intrusions and ore deposits in region, as well as
variation in paleogeography (Deng et al., 2005).

The SEDEX deposit at Dabaoshan is located within the Nanling
Region (Yuebei Basin) which formed in an intracontinental setting
during the Late Paleozoic on the folded Caledonian basement (Gu
et al., 2007). The nature of the Zn–Pb mineralisation is debated based
on Jurassic ages obtained from Pb-isotope models (e.g., Wang, 2006)
or association of the deposit with nearby granites of similar younger
ages (e.g., Luo, 1985).

The Yanshanian is the most important metallogenic era in China;
over 80% ofmetalliferous deposits in Chinawere formed in association
with large-scale magmatic activity during this period (Chen et al.,
2007). The Yanshanian is defined as a tectonic event associated with
the westerly oblique subduction of the Izanagi Plate under China's
Pacific margin during the Jurassic and Cretaceous (Dong et al., 2007,
Hua et al., 2005).

3. Deposit description

3.1. Skarn deposits

The two studied skarn deposits, Hetaoping and Luziyuan, are small
(N2 and 1.9 Mt, respectively) and are located within the Baoshan
Block and share several characteristics. They both have protoliths of
comparable Late Cambrian age and are positioned distal to the
causative intrusions; ~5 km to the N in the case of Hetaoping, and
10 km to the S at Luziyuan (Figs. 2 and 3, respectively). The basemetal
orebodies are narrow, ranging from 50 to 130 m in width, with
lengths varying from 600 to 1050 m, and relatively steep dip. The
orefields have strikes of 1.5 and 2 km respectively. At Luziyuan the
skarn include also a Fe-orebody consisting of limonite (alteration of



Fig. 2. (a) Geological map of the Hetaoping deposit, and (b) representative cross-section through the deposit. Redrawn after Chen et al. (2005), Zhu et al. (2006) and Tao et al. (2010).
The locations of samples used in our study are marked.
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magnetite). In both deposits mineralisation is fault-controlled; a N–S-
trending fault system is recognised in Hetaoping, whereas the fault-
system strikes NE–SW at Luziyuan.

The skarn halo surrounding the ore is narrow, approximately 3 to
10 m, and in both cases, consists of calcic garnet-pyroxene (diopside–
hedenbergite) assemblages with retrograde actinolite, tremolite,
epidote and chlorite. The Zn–Pb ore is enclosed within the pyroxene
Fig. 3. (a) Geological map of the Luziyuan deposit, and (b) representative cross-section A–B
(2006). The locations of samples used in our study are marked.
skarn close to the marble contact. The actinolite–tremolite skarn is at
the boundary between the ore and the pyroxene skarn (Dong and
Chen, 2007; Xia et al., 2005; Xue et al., 2006, 2008). Fluid inclusion
studies of quartz and calcite in ore samples indicate similar salinity
ranges for Hetaoping and Luziyuan, respectively (Table 1; Chen et al.,
2005; Xia et al., 2005); no boiling is recognised from these studies. The
temperature ranges are also relatively similar (Table 1), reaching
through the deposit. Redrawn after Bureau of Geology and Mining of Yunnan Province

image of Fig.�2
image of Fig.�3


Fig. 4. (a) Geological map of the Dabaoshan deposit, and (b) representative cross-section A–B through the deposit. Redrawn after Wang (2006). The locations of samples used in our
study are marked.
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upper limits at ~400 °C. Two mineralising stages are suggested for
Luziyuan based upon the temperature ranges. S, Pb, O and H isotope
studies on both deposits (Xia et al., 2005; Xue et al., 2008) suggest ore
deposition as a result of fluid mixing between magmatic-hydrothermal
fluids and surficial waters.

3.2. Massive sulphide: SEDEX and VMS

Unlike the skarns the three syngenetic massive sulphide deposits
studied here are spread throughout the three major terannes in South
China and are all associated with Paleozoic volcano-sedimentary
sequences (Fig. 1a; Table 1). The largest (1.5 Mt) is the Dabaoshan Zn–
Pb SEDEX deposit, located within the Nanling Region of the CT. The
massive sulphides are located at the contact between limestone of the
Devonian Donggangling Fm. and sandstone–shale sequences of the
Guitou Fm. (Fig. 4a,b). The orefield has a 2 km strike with NW–SE
orientation and consists of 40 lenses with lengths between 65 and
810 m and thicknesses of 5 to 33 m (Wang, 2006). Copper-pyritic ore is
found at the margins of some of the Zn–Pb ores. Two fault systems,
trending NW–SE and ENE–WSW, are present of which the former is
considered to control ore deposition. Some of the lenses are in direct
contact with younger Yanshanian intrusions that have associated W–

Moporphyry and skarnmineralisation (Fig. 4a,b). Small Pb–Zn veins are
also found in the northern part of the orefield. Recent age dating (Wang
et al., in press) has established a zircon 206Pb/238U age of 175.4±1.6 Ma
for the Yanshanian granodiorite and a Re–Os age of 163.9±1.3 Ma for
associated Mo mineralization.

The mineralising fluids generating the Dabaoshan deposit have a
complex, mixed signature based on O, H and S isotopes, i.e., mixing of
hydrothermal fluids associated with volcanic activity with seawater
or with biogenic S, respectively (e.g., Deng et al., 2005). Fluid
inclusions show moderate to high temperatures and salinities
(Table 1). He and Ar isotope studies of pyrites from the stratiform
lenses and veins indicate their different origins, i.e., concordant with
fluids in a SEDEX setting or associated with the Yanshanian granites,
respectively (Song et al., 2007). The seafloor SEDEX system has
evolved during rapid basin strike-slip extension stage in the Mid-Late
Devonian (Deng et al., 2005).

Laochang, situated in the Changning Menglian suture zone, in the
southern part of STMD (Fig. 1a,b), is another massive sulphide deposit
(1.2 Mt) with a syngenetic origin and has been considered to be of
VMS type (Hou et al., 2007). The deposit is hosted within a Lower
Carboniferous volcano-sedimentary sequence (Fig. 5a,b), located on
the margin of the Laochang caldera at the junction between SN- and
NW-trending basement faults. The deposit has a 1.6 km-strike and
200–400 m width, with NW–SE orientation. The orefield consists of
some 30 orebodies forming three groups separated by differences in
morphology/thickness and host sequence: I: stratiform lenses in

image of Fig.�4


Fig. 5. (a) Geological map of the Laochang deposit, and (b) representative cross-section through the deposit. Redrawn after Li et al. (1996). The locations of samples used in our study
are marked.
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trachyandesite tuffs belonging to the second cycle; II: stratiform veins
in trachyandesite tuffs of the third cycle; III: stratiform lenses in
overlaying limestone. Silver is exploited from Ag-rich galena in the
orebodies from group II (730–6900 ppmAg; Li and Tian, 1995). All the
samples analysed here come from group I ores (Fig. 5b). Pyrite-galena
ores with a strong sulphosalt component are found in the upper part
edge of this lens.

As in Dabaoshan, Yanshanian or younger granite intrusions occur
adjacent to/underneath the massive orebodies and they have
associated Cu–Mo veins that crosscut the volcanic sequence. Re–Os
dating of molybdenite from such veins gave an age of 43.7±0.78 Ma
(Li et al., 2010) which is concordant with the Rb–Sr age obtained from
sphalerite–pyrite grains in the massive ore (45±3.6 Ma; Long, 2009)
but much younger than U–Pb ages obtained from zircon in the nearby
granite (126.7±3.5 Ma to 529.3±13 Ma; Li et al., 2010). Fluid
inclusions show moderate to high temperatures and salinities
(Table 1). Lead, S, C, O and H isotopes show a mixed magmatic and
seawater signature for the VMS ore where the Pb may have been
leached from different strata in the basin. A second, different
magmatic signature is also recognised and this is associated with
the granite emplacement (e.g., Long, 2009).
The third syngeneticmassive sulphidedeposit isBainiuchang, a small
(1.1 Mt) SEDEX deposit located in the Yunnan Tin-Polymetallic
Metallogenetic Belt of the SCC (Fig. 1a), and hosted by Mid-Cambrian
sediments. The orebodies form stratiform lenses hosted within
dolomite, limestone and sandstone of the Tianpeng Fm. (Fig. 6). The
5 km-long, NW–SE-striking orefield is 2 km in width. The deposit
consists of 40 lenses grouped into 5 ore blocks. The lenses have length
between 50 and 500 m in thickness between 0.7 and 7 m. Our sampling
was undertaken in the Duimenshan orebody, one of the few areas
accessible in themine, which is currently in its final stages of operation.
Besides a large Ag reserve (N7000 t; Xie et al., 2009) the ores have also a
prominent Sn signaturewith reserves of 86,000 t Sn (J.S. Liu et al., 2007)
and a broad range of other elements noted (In, Cd, Ge, Ga; Xie et al.,
2009). The orefield is ~7 km SW of the large (~120 km2) Bozhushan
Yanshaniangranite and some smaller granite bodieswere intersected in
explorationdrillcores (J.S. Liu et al., 2007). As in theother twoareaswith
syngenetic massive sulphides, here there is a debate about the role of
granite-related fluids in formation of the basemetal ores. Stable isotope
studies show that the sulphides clearly relate to two distinct events, one
during the Mid Cambrian (SEDEX system) and a second during the
Yanshanian orogeny (Xie et al., 2009). Fluid inclusion studies show

image of Fig.�5


Fig. 6. (a) Geological map of the Bainiuchang deposit, and (b) representative cross-section. Redrawn after Xie et al. (2009).
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moderate to high temperature and relatively high salinities (Table 1;
X.M. Chen et al., 2000).

3.3. Mississippi-Valley-type deposits

Another group of sulphide deposits studied here, generally
smaller in size than the main syngenetic deposits discussed above,
Fig. 7. Geological map of the Huize depo
are epigenetic in origin and have been considered to be of MVT
type. The MVT deposits are all located in the same geographic
province, Yunnan, but belong to two main tectonic domains, SCC
and STMD. The MVT ores are hosted within carbonaceous
sequences from the Paleozoic basins which are widespread in the
region. Their age is, however, considered younger, possibly
spreading into the Mesozoic.
sit, redrawn after Han et al. (2007).
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The largest (5 Mt) is Huize, a Zn–Pb–(Ag) MVT district located in
the south-central part of the Sichuan–Yunnan–Guizhou Metalloge-
netic Region (Fig. 1a) on the south-western margin of the SCC and on
the eastern side of the Xiaojiang deep fault zone (Kang, 1982). The
Huize district is located within the Kuangshanchang fault system
(ESE–WNW trending), which is part of the regional Xiaojiang fault
zone. The ores are hosted within dolomite and limestone of the
Carboniferous Baizou Fm. The orefield has an ESE–WNW strike with a
length of ~10 km and a width of ~1.5 km (Fig. 7). The district contains
N50 orebodies constituting three deposits (oreblocks), separated by
Fig. 8. (a) Geological map of the Niujiaotang deposit, and (b) representative cross-section thr
study are marked.
faults with NNE–SSW orientation: Kuangshanchang to the SW (42
orebodies), Qilinchang (including Dashuijing; 8 orebodies) in the
central southern part and Yinchangpo to the NE (Han et al., 2007). The
most important are orebody 1 in the Kuangshanchang deposit and
orebodies X, VIII and VI in the Qilinchang deposit; our samples were
collected from the latter orebody. Orebody VI is the largest, with
N800 m strike, thicknesses between 0.7 and 40 m and N1200 m
extension along dip. Orebodies from the Qilinchang deposit are
located within an interstratified fault zone between the middle and
upper levels of the Baizou Fm. Orebody composition varies
ough the deposit. Redrawn after Chen et al. (1992). The locations of samples used in our
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gradationally from the upper (oxide) to deeper (sulphide) parts. Ore
grades are very high (N25 wt.% Zn+Pb) and are enriched in Ag, as
well as a range of other elements such as Ge, In, Ga, Cd and Tl (Han
et al., 2007).

Whereas the stratabound character of the deposits was recognised
and accepted by most authors, the origin of the metal sources has
been a long-lasting debate (see Han et al., 2007). Early classifications
of Huize, such as ‘sedimentary-reworked’ (e.g., Tu, 1988) or ‘Emeishan
basalt magmatic hydrothermal mobilisation and enrichment during
Indonisian–Yanshanian tectonic localisation’ (e.g., Huang et al., 2003)
suggested that the metal sources have a syngenetic component but
the mineralisation is the result of multi-stage hydrothermal events
associated with different orogenies. More recent studies (e.g., Zhou et
Fig. 9. (a) Geological map of the Mengxing deposit, and (b) representative cross-section A–B
al., 2001) assigned the Qilinchang deposit to a MVT-style genesis. The
latest fluid inclusion and isotope studies indicate a low temperature
range, b220 °C, relatively high salinities (Table 1) and suggest that the
fluids were mainly derived from the Kunyang Group basement rocks
and evaporite-bearing rocks in the cover strata (Han et al., 2007). Such
studies conclude that the sulphides are not of carbonate-replacement
type but rather represent deformed, carbonate-hostedMVT-type ores.

The second deposit discussed here is Niujiaotang, a small (0.35 Mt)
MVT deposit which is located at the southern margin of the Xiangxi–
Qiandong Zn–Pb Metallogenetic Belt, in SCC (Figs. 1a and 8). The
orefield lies parallel to the Zaolou fault system (NE–SW orientation)
which is related to the Mandong NE-trending regional fault. The
Zaolou fault is considered to have been active during the Mid-Late
. Redrawn after Li et al. (2005). The locations of samples used in our study are marked.
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Fig. 10. (a) Geological map of the Jinding deposit, and (b) representative cross-section A–B. Redrawn after Xue et al. (2007b).
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Caledonian orogeny. Niujiaotang is one of the largest of 10 deposits of
similar type in this belt and has been recently reviewed by Ye et al. (in
press). The ~3 km-long orefield strikes NE–SW and is 1.5 km in width
(Fig. 8). The ores form stratiform, horizontal lenses within the
Cambrian algae-bearing dolomite of the Qingxudong Fm. There are
some 10 orebodies grouped into four blocks separated from one
another by a series of faults perpendicular to the deposit strike.
Orebody IIb from the central, Zuowantian block (sampled for this
study), is the largest (500 m wide, 850 m long, with thicknesses from
0.3 to 20 m) and has a gentle dip towards SW. The deposit is Cd-rich
(mean 1.38 wt.%; Ye and Liu, 1999).

Fluid inclusion studies indicate involvement of low temperature
(b150 °C) and relatively high salinity (11 to 15.9 wt.% NaCl equiv.,
Table 1; Ye et al., 2000) fluids. Sulphur and Pb isotope studies (Ye et al.,
2005) indicate that the sulphur source is in theoil-fieldbrineswithin the
Qingxudong Fm., whereas the metals (Zn and Pb) are mainly derived
from the underlying strata (Early-Cambrian Wuxun Fm.). These
interpretations, as well as the Ordovician age (Pb-isotope model on
sphalerite; Table 1; Wang, 1993) suggested for the mineralisation, are
all concordant with an epigenetic origin for the massive sulphides.
Mengxing, the smallest (0.2 Mt) MVT deposit we have studied, is
located within the Baoshan Block from the STMD domain (Fig. 1a,b).
The ores are hosted within limestone of Mid-Silurian Renheqiao Fm.
and the orefield, ~3 km in length and ~500 m in width, has a NE–SW
to N–S strike is situated along amonocline structure (Fig. 9). There are
32 individual orebodies with lengths varying from 15 to 1200 m,
widths between 60 and 600 m, thicknesses between 0.25 and 10 m;
all with high-angle dips towards SW.

The mineralisation is considered to be of MVT-style based on the
stratiform and stratabound character of the ores and general geology
of the basin (Deng, 1995). Fluid inclusion studies indicate low-
temperature fluids with moderate salinities (Table 1; Li et al., 2005).

3.4. Sandstone-hosted deposits: Jinding

The last deposit under discussion, Jinding, is one of the largest and
youngest sediment-hosted Zn–Pb deposits in the world (N200 Mt).
Jinding is located in the northern part of the Lanping Basin from STMD
(Fig. 1a,b). The Lanping basin, filled with Cretaceous and Tertiary
terrestrial sediments, has developed as an intracontinental structure
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Table 2
Overview of samples investigated in this study, mineral assemblages and key ore textures.

Deposit, orebody,
sample no.

Location Ore
assemblage

Form and location of ore Ore textures

Hetaoping, orebody V/1
HTP-27 Mine 88, Level

1950 m
Sp, Gn, Py Massive Zn ore in actinolite skarn Replacement of Sp by Gn; late Py inclusions.

HTP-163 Mine 88, Level
1950 m

Sp, Gn, Py Massive Zn ore in marble Herring-bone texture Gn in Sp, ‘flower’-like intergrowths of Sp and
carbonate, late replacement of Sp by Py.

HTP-174 Mine 55, Level
2150 m

Sp, Cp, Py,
Gn, Bn

Massive Zn-Cu ore in marble Marginal replacement by Py, Cp and Bn; erratic Cp exsolutions in Sp.

Luziyuan, orebody II
LZY-47 Level 1360 m Sp, Gn, Cp, Py,

Apy, Mt,
minor Cos

Massive/patchy Zn ore in pyroxene skarn Gn–Cos intergrowths in Cp elongated domains; zoned and brecciated,
inclusions of Py and Apy

LZY-29 Level 1360 m Sp, Cp, Gn,
Py, Mrs

Massive/patchy Zn–Pb ore in marble Gn and Cp at the margin of Sp grains; Mrs formed by replacement of Po

LZY-61 Level 1360 m Sp, Py, Mt,
(Gn)

Massive Zn ore in actinolite skarn Inclusions of Mt, Py, Gn and actinolite

Dabaoshan, orebody 1, first layer of massive Zn ore
DBS-1 Level 650 m Sp, Gn, Py,

(Cp)
Massive Zn–Pb ore and
quartz-carbonate rock

Gn as inclusions in Py; late brecciation with replacement of ore by
gangue minerals; fractures crosscutting large Py and Sp; small Py
grains along discrete veinlets

DBS-2 Level 650 m Sp, Gn, Py,
Mt, (Cp)

Massive Zn–Pb ore and quartz-carbonate
rock

Highly porous margins of Sp with Mt replacement; erratic Cp exsolutions

DBS-6 Level 500 m Sp, Gn, Py,
(Cp, Apy)

Massive Zn–Pb ore in
carbonate rock;

Exsolution of Cp in Sp; Py as idiomorphic grains and porous aggregates;
ore is fractures and replaced by gangue minerals

Laochang, orebody I
LC09-109 Level 1625 m Sp, Py, Mrs,

Gn, (Cp)
Massive and disseminated Zn
ore in carbonate rock;

Complete replacement of Po byMrs; coarse Py is brecciated and replaced by
Gn, Cp and Mrs, especially along the grain boundaries with Sp; rare
exsolution of Cp in Sp

LC-18 Level 1910 m Sp, Gn Massive Zn–Pb ore in andesite tuff Discrete brecciation
LC-19 Level 1700 m Sp, Py, Mrs,

Gn, Cp, Po
Massive, coarse Zn–pyritic ore in andesite
tuff;

Po inclusions in Py; fine-grained, botryoidal Mrs with Py nucleating along
veinlets and within cores; strong brecciation of all ore minerals with
replacement of gangue minerals; marginal corrosion of Py with
replacement of Sp, Gn and Cp

Bainiuchang, Duimenshan orebody
BNC-3 Level 1480 m Sp, Gn, Py,

(Cp)
Massive Zn–Pb ore in limestone Dense, cleavage oriented exsolutions of Cp in Sp; Py replacement along

cleavages
BNC-10 Level 1480 m Sp, Gn, Po,

Mrs, Cp, Py
Massive Zn–Pb ore in limestone Partial replacement of Po by Mrs; Dense Cp exsolutions on Sp; Mrs with Py

cores; Strong brecciation with replacement of sulphides by gangue
minerals

Huize, orebody VI
HZF-1086 Level 1764 m-

section 12
Sp, Gn, (Py) Massive Zn–Pb ore in dolomite Sp has domains of high porosity outlined by fractures filled with fine-

grained Py and Gn; the same on discrete fractures throughout Sp
HZF-1062 Level 1764 m-

Section 8
Sp, Gn,
Py, (Hm)

Massive Zn–Pb–pyritic ore in dolomite Small-grained, idiomorphic Py, some skeletal-shaped overprinting the
Gn–Sp boundaries

HZF-1065 Level 1764 m-
Section 8

Sp, Gn, (Py) Massive Zn–Pb ore in dolomite; Dusty inclusions of Py in Sp; Py also along fractures in Sp

Niujiaotang, orebody II-b
B-6 Level 730 m Sp, Py,

(Grk, Gn)
Patchy Zn-pyritic ore from the oxidised zone
nearby major fault in dolomite

Masses of fine-grained Py; discrete fractures with Grk±Gn

B-10 Level 730 m Sp, Py, (Gn,
Grk)

Massive Zn–pyritic ore from the oxidised
zone nearby major fault in dolomite

Fractures with secondary, Cd-rich Sp and Grk±Gn

H-22 Level 650 m Sp, Py, (Gn) Nodular Zn–pyritic ore in dolomite Nodule zonation: dark cores to light-brownmargins; dusty inclusions of Gn
in Sp

Mengxing, orebody III
M-8 Level 920 m Sp, Py, Gn Banded Zn–Pb–pyritic ore in limestone Sp as idiomorph inclusions in coarse Py enclosed within masses of Gn;

Fluidised textures in massive Sp underlined by fringes of fine-grained Py
and gangue minerals (Qz and carbonate) also with interstitial replacement
by carbonate

M-11 Level 920 m Sp, Py, Gn Massive Zn ore grading into to interstitial Zn–
pyritic ore in limestone

Nodular Py–Sp bodies (consisting of fine-grained Py and rounded, porous
Sp) and skeletal Py in Gn; Py with collomorph texture growing into coarse,
idiomorph grains; Sp brecciated with fluidised domains; brecciated Sp
cemented by Gn and interstitial fine-grained Py and carbonate

(continued on next page)
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Table 2 (continued)

Deposit, orebody,
sample no.

Location Ore
assemblage

Form and location of ore Ore textures

Jinding
JD148 Beichang

orebody Level
2630 m

Py, Mrs,
(Sp, Gn)

Massive pyritic-base metal ore in carbonate
rock

Coarse Py/Mrs aggregates; overgrowths of fine Py on coarse cores;
brecciation followed by precipitation of interstitial Sp; Sp also as inclusions
in Py/Mrs

JD155-26 Paomaping
orebody Level
2380 m

Sp, Gn,
(Py, Mrs)

Disseminated Zn ore in ‘arkose’ cemented by
carbonate

Coarse grading into fine-grained Sp with interstitial Gn and carbonate; Sp
replacement after lamellar mineral; rounded, ‘strawberry’-like formations
in Sp outlined by carbonate; small, collomorph, skeletal and framboidal Py

Jinding
JD91-2 Jiayashan

orebody Level
2695 m

Sp, Gn, (Py) Disseminated Zn ore in carbonate rock Fine-grained, porous aggregates of Sp grading into sparse disseminations;
interstitial bodies of Gn; larger Gn with Sp inclusions along lineaments
spanning into the carbonate matrix; Py along fractures

JD150 Jiayashan
orebody Level
2585 m

Sp, Gn, (Py) Zn–Pb ore interstitial to sandstone Fine-grained aggregates of Sp with high porosity; in some grains this is
marginal to a more compact aggregate core; usually Gn on the margins of
such Sp aggregates; locally tendency towards idiomorphic edges; abundant
barite inclusions with dusty Gn in Sp

Apy—arsenopyrite; Cp—chalcopyrite; Gn—galena; Grk—greenockite; Hm—hematite; Mrs—marcasite; Mt—magnetite; Po—pyrrhotite; Py—pyrite; Sp—sphalerite.
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within the Changdu–Lanping–Simao micro-plate situated between
the Yangtze Plate to the E and the Tibet–Yunnan Plate to theW; these
domains are separated from one another by the Ailaoshan Red River
and Chongshan Cenozoic shear zones (Liu et al., 2011). The deep
crustal Lanping–Simao fault is in the centre of the basin (e.g., Jin et al.,
2003). Tectonic evolution of the basin includes the following five
tectono-magmatic stages (Liu et al., 2004, 2006, 2010):

1st stage — Regional shortening related to the Indian–Eurasian
collision; formation of wide, thin-skinned thrust faults
and nappe structures at different scales. Although
allochthonous rocks are predominantly Triassic, they
can locally be either older (Devonian or Ordovician) or
younger (Jurassic or Cretaceous), whereas the autoch-
thonous rocks are Jurassic to Paleocene;

2nd stage — Post-collisional high-K alkaline magmatic activity at 43–
30Ma along the eastern boundary of the Indochina Block
(Liang et al., 2007); formation of a large-scale Cu–Mo–Au
and Pb–Zn ore province (e.g., Dali) related to post-
collisional extension on the eastern side of the Ailaoshan
Red River Shear Zone;

3rd stage — Regional strike-slip shearing, forming upper crustal
brittle strike-slip faults in the basin and middle to
lower crustal ductile shear zones on both sides of the
basin at 35 to 21 Ma (Zhang et al., 2006);

4th stage — A regional extensional event in a fan-shaped area
between the Red River and Sagaing Faults in S.E. Asia
during the Early Miocene (J.L. Liu et al., 2007), forming
metamorphic core complexes, grabens, and half-
grabens;

5th stage — Right-lateral shearing associated with a shallow crustal
event at 8 Ma to present-day, mainly along the Red River
Fault.

The ore is mostly hosted within and at the boundary between
sandstone and limestone sequences of different ages, i.e., Paleocene
Yunlong Fm. in the footwall and Early-Cretaceous Jingxing Fm. in the
hanging wall (Fig. 10). There are more than 100 orebodies distributed
within six clusters around the JindingDome. Samplingwas undertaken
from three of the north-eastern clusters: Jiayashan, Beichang and
Paomaping; the former is the largest in the orefield (1450 m length,
1260 mdeepand10–70 m thick—making up about 40% of the total ore
mass at Jinding; Zhao, 2007). Most of the mineralisation in this part of
the deposit consists of secondary Zn-oxides (supergene enrichment in
the oxidation zone) whereas Beichang and Paomaping preserve more
of the primary sulphides. Whereas sandstone-hosted ores and their
supergene counterparts contribute to production at Jiayashan and
Beichang, limestone-hosted ores are the mainstay of mining in
Paomaping. Fluid inclusion studies of sphalerite and associated gangue
minerals give temperatures up to 300 °C, clustering around 110 to
150 °C, with widely varying salinities (Table 1; Xue et al., 2007a).
Sulphur isotope ratios vary widely and suggest that thermo-chemical
bacteria sulphate reduction assisted sulphide deposition (Xue et al.,
2007a).

The deposit genesis is strongly debated since the 1980s with
authors favouring either a syngenetic or epigenetic origin (see Xue
et al., 2007a for discussion). Deposit characteristics share features of
both types of mineralisation but many recent isotope, fluid inclusion
and fluid-flow modelling studies have shown that Jinding is rather
unique. In particular, the involvement of CO2-rich mantle sourced
fluids (fluid inclusions, Pb and noble isotopes studies) in an
intracontinental terrestrial basin with an active tectonics with respect
to plate collision are emphasised (Xue et al., 2007a,b). Dynamic
modelling of fluid flow in the basin shows that the overpressures
indicated by the CO2-rich inclusions (513–1364×105 Pa; Xue et al.,
2007b) cannot be produced by either sediment compaction or
thrusting. They can be explained instead by pressure building in the
basin during injection of mantle fluids. Mixing of such high-T, lower
salinity mantle fluids with lower-T, higher salinity basinal fluids may
be the key process to explain the large-scale mineralisation occurring
during formation of the Jinding Dome (structural-lithological trap).

4. Sample description

Sphalerite is either the main component or is present in some
abundance in all the studied deposits. The suite of samples is
representative of the different deposit types even though is not
comprehensive at the scale of each deposit but rather limited to those
parts of one or the other orebody within the deposit which were
accessible for sampling (Table 2). Some of the characteristics of
individual deposits, and in particular their geochemical signatures, are
presented below.

Sphalerite in samples from the Luziyuan and Hetaoping skarn
deposits is relatively Fe-rich (from 3 to 10 wt.%; see below). Variation
in the Fe content along strike is observed in both cases; in Hetaoping
the Fe content also increases with depth. In Hetaoping sphalerite
shows primary textures such as herring-bone intergrowths with
galena (Fig. 11a), suggesting simultaneous deposition in equilibrium,
as well as overprinting features such as corrosion boundaries marked
by replacement of sphalerite by carbonate and pyrite; some of the
latter minerals also form discrete grains or aggregates within areas of
high porosity in sphalerite (Fig. 11b,c). Replacement along cleavages
by actinolite and galena is also noted in sphalerite (Fig. 12a). In
Luziyuan sphalerite contains inclusions of magnetite (Fig. 11d) and is
associated with early pyrrhotite. The latter is replaced by pyrite



Fig. 11. Photomicrographs in reflected light illustrating textures and structures in the Pb–Zn ores from the Hetaoping, Luziyuan, Dabaoshan, Laochang and Bainiuchang deposits.
(a) Herring-bone texture of sphalerite (Sp) intergrowths with galena (Gn) (Hetaoping, HTP-163). (b) Corrosion boundaries marked by replacement of sphalerite by carbonate (Carb)
and pyrite (Py) (Hetaoping, HTP-174). (c) Carbonate and pyrite form discrete grains or aggregates within areas of high porosity in sphalerite (Hetaoping, HTP-163).
(d)Microinclusion ofmagnetite (Mt) in sphalerite associatedwith early pyrrhotite (Luziyuan, LZY-61). Pyrrhotite not seen in photograph. (e) Sphalerite replaced by galena (Gn) and
chalcopyrite (Cp) (Luziyuan, LZY-29). Marcasite (Mrs) after pyrrhotite (Po). (f) Corrosion texture suggestive of galena dissolution and replacement by sphalerite (Dabaoshan, DBS-
2). (g) Pyrrhotite (Po) inclusions in pyrite (Py); minor galena replaced by sphalerite (Dabaoshan, DBS-1). (h) Recrystallised colloidal pyrite and xenomorphic pyrite nucleating in the
cores (Laochang, LC-19). (i) Pyrite replaced by sphalerite associated remobilisation of minor galena and chalcopyrite along the replacement boundaries (Laochang, LC-19); (j) Relict
pyrite (altering to marcasite) partially replaced by sphalerite (Laochang, LC-19), which is fractured. (k) Micron-scale inclusions of chalcopyrite in sphalerite (Bainiuchang, BNC-10);
(l) Replacement of galena by sphalerite and brecciated marcasite-pyrite-(pyrrhotite) (Mrs/Py) and crosscut by late pyrite veinlets (Bainiuchang, BNC-10).
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during episodes of brecciation, also accompanied by formation of
chalcopyrite and Bi-minerals (cosalite, native bismuth; Figs. 11e and
12b). There is some supergene replacement of pyrrhotite by
marcasite. Grain-scale mobilisation of the more ductile galena and
sulphosalts is observed within fractures in euhedral arsenopyrite
enclosed in sphalerite (Fig. 12c, d). The high-Fe content in sphalerite
indicating reduced fS2 fluids is compatible with the presence of
hedenbergite, pyrrhotite and magnetite, suggesting its formation at
the end of the prograde skarn stage or possibly during the retrograde
sulphide stage, in a distal position from the fluid source (adjacent to
the marble contact; c.f. Ciobanu and Cook, 2004). The textures above
clearly show that sphalerite has been affected by the retrograde fluids,

image of Fig.�11


Fig. 12. Back-scatter electron images showing aspects of the Pb–Zn ores from Hetaoping, Luziyuan, Dabaoshan, Laochang, Niujiaotang and Jinding. (a) Replacement along cleavages
by actinolite and galena (Gn) in sphalerite (Sp) (Hetaoping, HTP-27). (b) Replacement of sphalerite (Sp) by chalcopyrite (Cp), galena (Gn) and Bi-minerals (cosalite, native Bi; Cos,
Bi) (Luziyuan, LZY-47). (c) Sphalerite breccia replaced by pyrite (Py), galena and cosalite (Cos) (Luziyuan, LZY-47). Qz: quartz. (d) Grain of arsenopyrite (Asp) enclosed in sphalerite
(Luziyuan, LZY-47). (e) Brecciation and replacement of sphalerite (Sp) by galena (Gn) and pyrite (Py) (Dabaoshan, DBS-2); (f) Brecciation and replacement of sphalerite by galena
vein, and euhedral pyrite by sphalerite (Dabaoshan, DBS-2). (g) Stannite (Stn) associated with chalcopyrite (Cp) in arsenopyrite (Asp) (Laochang, LC-21). Ten: tennantite.
(h) Banding textures in nodular sphalerite (Niujiaotang, L-13). (i) Coarse, massive sphalerite brecciation textures associated with small-scale recrystallisation of sphalerite and
pyrite (Niujiaotang, H-22). (j) Nucleation of small greenockite grains (Grk; b1 μm) along fractures and at the margins of brecciated sphalerite (Niujiaotang, B-6). Inset shows
sphalerite in the core of greenockite (Niujiaotang, B-6). (k) Sphalerite with porousmargins and rims of pyrite (Jinding, JD-150). Gn: galena. (l) Sphalerite withminormarginal galena
containing coarse inclusions of barite (Bar) (Jinding, JD-150).
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which are enriched in Cu and Bi, and have higher fS2 (pyrite stability
field).

The samples analysed from Dabaoshan are from the largest
orebody (number 1) and they all show extensive brecciation and
replacement of sphalerite by galena and pyrite (Fig. 12e,f). However,
replacement of galena by sphalerite is also seen (Fig. 11f), concordant
with a protracted geological history as discussed above. The sphalerite
has relatively constant and high Fe content (~12 wt.% Fe).

The sphalerite in the analysed samples from Laochang has high and
relatively constant Fe content (~15 wt.%). The reduced character of the
ore associations is also underlined by abundant pyrrhotite inclusions in
pyrite (Fig. 11g). The ore also contains larger masses of recystallized
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Fig. 13. Photomicrographs in reflected light illustrating textures and structures of Pb-Zn ores from Huize, Mengxing and Jinding. (a) Late small pyrite grains (Py) clustered along
fringes or within areas spreading across galena (Gn) -sphalerite (Sp) boundaries (Huize, HZF-1062). (b) Atoll-like pyrite (Py) in sphalerite and galena (Huize, HZF-1062).
(c) Brecciated galena and sphalerite occurring together and domains indicative of ductile deformation (Mengxing, M-11). (d) Small pyrite grains (Py), located along thin meshed
veinlets, overgrow onto the sphalerite mass (Mengxing, M-11). (e) Pyrite-sphalerite assemblage with later galena (Mengxing, M-11); (f) Coarse sphalerite relics in galena and
smaller, dusty sphalerite in the surrounding galena (Mengxing, M-11). (g) Small grains of sphalerite spread throughout the core and overgrowth zone of coarse pyrite, as well as into
the carbonate gangue (Jinding, JD-148). The pyrite contains domains of marcasite (Mrs). (h) Small disseminated sphalerite occurs in the carbonate-dominant rock (Jinding, JD-91).
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colloidal pyrite, some of them with orbicular texture and xenomorphic
pyrite nucleated in the cores (Fig. 11h). Reworking of the ore is shown
by extensive brecciation and also by replacement of pyrite by sphalerite,
with associated remobilisation of minor galena and chalcopyrite along
the replacement boundaries (Fig. 11i). Arsenic-bearing pyrite and
arsenopyrite with inclusions of stannite are typical for the pyritic ore
(Fig. 12g). This association contains abundant galena and is rich in Sb-
and As–Pb and Cu-sulphosalts. The sulphosalts include minerals from
the jordanite-geocronite, bournonite-seligmanite, tetrahedrite-tennan-
tite series, dufrénoysite and gratonite, as identified by SEM-EDAX
analysis by us (empirical compositional ranges: Jord60Geocron40 –

Jord62Geocron38; Bnn30Slg70 – Bnn78Slg22; and Tet58Tenn42 –
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Table 3
Summary of LA-ICMS data for sphalerite by deposit and sample (concentrations in ppm).

Mn Fe Co Ni Cu Ga Ge As Se Ag Cd In Sn Sb Te Au Tl Pb Bi U

Hetaoping
HTP-27

MEAN (8) 2832 37,201 110 – 9.7a 0.87 2.7 – 22.0 5.7 4240 0.01 0.11 1.9 – – – 3.5a 0.01 –

S.D. 16.8 2139 1.2 – 3.2 0.53 0.09 – 7.5 1.1 66.6 0.003 0.01 1.9 – – – 2.3 0.003 –

MIN 2818 32,878 108 – 6.8 0.33 2.6 – 11.6 4.5 4128 0.007 0.09 0.025 – – – 0.17 0.01 –

MAX 2866 39,021 112 0.05 16.4 1.8 2.8 – 32.3 8.0 4328 0.015 0.12 5.8 – 0.01 0.01 6.6 0.02 0.002
HTP-174

MEAN (8) 5115 100,274 78.3 – 1753a 0.16 3.0 – 16.5 12.7 5847 0.13 – 9.3 – – – 23.3a 0.53a –

S.D. 544 7227 8.7 – 2881 0.14 0.19 – 8.6 6.7 504 0.03 – 7.3 – – – 23.6 0.35 –

MIN 4339 92,512 70.2 – 11.8 0.06 2.8 – 7.7 4.7 5420 0.09 – 0.27 – – – 0.88 0.02 –

MAX 5766 114,483 94.1 0.09 8337 0.46 3.3 – 33.4 25.2 6995 0.18 0.13 21.5 – 0.09 0.08 63.4 0.93 –

HTP-163
MEAN (8) 1273 20,849 449 0.22 104a 0.57 2.8 – 55.7a 6.4 4125 0.003 – 2.6 – – – 85.3a 3.2a –

S.D 29.5 409 20.6 0.10 272 0.23 0.19 – 23.1 2.0 95.4 0.001 – 2.7 – – – 127 3.2 –

MIN 1241 20,311 428 0.15 5.7 0.32 2.5 – 25.4 4.4 3991 0.001 – 0.14 – – – 0.52 0.10 –

MAX 1325 21,367 473 0.47 778 0.87 3.1 – 85.9 10.1 4237 0.005 0.10 6.6 – 0.11 0.004 364 8.0 0.008

Luziyuan
LZY-47

MEAN (8) 1462 43,866 434 – 41.7a 0.32 2.9 – 117 4.6 2280 0.11 0.12 7.0 – 0.14 – 352a 14.8a –

S.D. 297 667 12.5 – 64.0 0.29 0.19 – 12.3 1.2 68.0 0.004 0.06 8.1 – 0.15 – 630 17.8 –

MIN 1241 43,040 420 – 4.6 0.16 2.7 – 95.1 3.8 2168 0.11 0.03 0.30 – 0.02 – 0.61 2.3 –

MAX 2143 44,768 461 0.47 194 1.0 3.3 – 136 7.6 2393 0.12 0.24 26.1 – 0.47 0.16 1545 55.3 0.14
LZY-29

MEAN (8) 654 99,242 244 – 254a 0.56 3.1 – 1.5 8.6 1967 0.05 3.0 – –a – – 15.4a –a –

S.D 41.0 4630 31.7 – 305 0.07 0.45 – 1.6 4.8 145 0.02 3.8 – – – – 22.3 – –

MIN 601 93,164 212 – 15.8 0.47 2.5 – 1.1 4.4 1688 0.01 0.04 – – – – 0.58 – –

MAX 737 105,858 313 1.2 873 0.67 3.7 4.7 2.6 17.2 2091 0.07 9.1 21.5 – 0.13 0.23 63.7 0.37 0.01
LZY-61

MEAN (8) 1093 57,305 411 0.30 13.8 0.12 3.0 – 16.1 4.7 2194 0.007 0.13 – – 0.04 – 3.3 – –

S.D 102 1690 2.4 0.04 3.9 0.01 0.09 – 3.2 0.36 82.9 0.002 0.03 – – 0.03 – 2.6 – –

MIN 996 55,373 406 0.24 8.4 0.11 2.9 – 12.2 4.2 2099 0.005 0.09 – – 0.01 – 0.04 – –

MAX 1270 60,554 413 0.35 20.1 0.16 3.2 0.41 21.5 5.4 2362 0.01 0.17 3.5 – 0.11 0.01 8.4 1.1 –

Dabaoshan
DBS-1

MEAN (10) 1762 110,336 0.19 – 155 38.6 3.1 – – 21.9a 5580 122 5.5a 3.0 – – – 51.7a – –

S.D 457 3497 0.12 – 30.8 14.6 0.25 – – 6.8 62.1 8.1 6.9 4.1 – – – 153 – –

MIN 675 102,897 0.02 – 110 19. 9 2.8 – – 12.5 5459 111 1.4 0.15 – – – 1.0 – –

MAX 2171 114,283 0.41 0.20 191 65. 8 3.6 – – 32.1 5650 132 24.2 11.1 – 0.07 0.08 487 0.91 2.3
DBS-2

MEAN (8) 2347 119,903 5.4 – 1418a 12.8 3.3 – – 31.2a 5475 300 19.0a 2.2 – – – 14.9a – –

S.D 139 3574 0.84 – 1945 4.0 0.46 – – 29.6 482 69.7 14.0 2.9 – – – 21.0 – –

MIN 2067 113,228 4.3 – 228 8.0 2.6 – – 9.3 4659 201 2.8 0.12 – – – 0.48 – –

MAX 2475 125,179 6.6 0.37 5803 21.5 4.2 3.2 – 97.7 5882 415 46.0 8.5 – – 0.06 49.4 – –

DBS-6
MEAN (8) 2425 120,842 1.3 – 946a 33.9 3.5 – – 54.7a 5779 285 13.1a 7.3 – – – 9.2a – –

S.D 189 4016 1.1 – 1048 27.4 0.10 – – 61.4 146 23.9 14.7 8.3 – – – 16.4 – –

MIN 2188 114,119 0.14 – 194 11.0 3.3 – – 10.2 5547 260 2.1 0.17 – – – 0.70 – –

MAX 2642 125,441 3. 7 0.11 3006 91.7 3.6 – – 198 5951 336 46.8 19.0 – – 0.14 49.0 – –
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Table 3 (continued)

Mn Fe Co Ni Cu Ga Ge As Se Ag Cd In Sn Sb Te Au Tl Pb Bi U

Bainiuchang
BNC-3

MEAN (10) 3883 134,553 6.3 – 2254a 14.1 3.4 – – 38.8a 8195 110 1129a 2.9 – – – 2.5 – –

S.D 975 11,842 0.93 – 3042 5.4 0.56 – – 48.4 278 84.2 968 2.8 – – – 1.2 – –

MIN 2965 119,171 4.4 – 132 6.8 2.8 – – 9.0 7744 35.1 37.8 0.29 – – – 0.72 – –

MAX 6537 157,870 7.5 0.57 10,512 23.2 4.7 1.7 7.5 172 8564 262 2558 9.7 0.58 0.06 0.03 5.1 – –

BNC-10 (8)
MEAN 3945 154,177 0.11 – 5702a 7.6 5.4 – – 95.1a 5568 21.9 660a 8.3 – – – 18.3a – –

S.D 1073 10,154 0.11 – 3988 7.4 6.3 – – 47.3 255 19.9 1091 6.6 – – – 21.0 – –

MIN 2439 142,091 0.01 – 1283 2.2 2.0 – – 46.9 5256 3.5 8.3 0.10 – – – 1.0 – –

MAX 5782 171,476 0.31 – 11,261 24.3 20. 8 – 13.9 188 5876 49.4 3097 17.9 0.47 – – 64.6 – –

Laochang
LC-9

MEAN (14) 2734 128,199 0.43 – 180a 15. 9 3.7 – – 6.4 8673 183 5.7 – – – – 43.1a – –

S.D 79.4 2172 0.26 – 64.5 13.6 1.4 – – 1.0 142 37.8 3.1 – – – – 148 – –

MIN 2626 123,724 0.07 – 119 5.6 2.1 – – 4.8 8420 80.4 2.4 – – – – 0.30 – –

MAX 2879 132,072 0.91 0.39 380 46.5 7.1 4.1 4.0 8.6 8939 232 13.6 4.1 – – 1.4 556 0.05 –

LC-19
MEAN (8) 3465 142,095 0.58 – 251 41.2 3. 7 –a 2.2 6.3 8769 293 10.3a – – – – 1.7a – –

S.D 320 5247 0.39 – 61.8 37.6 0.33 – 0.70 0.66 203 111 12.5 – – – – 1.5 – –

MIN 3123 138,823 0.18 – 164 5.7 3.2 – 1.3 5.2 8306 236 2.2 – – – – 0.36 – –

MAX 4111 154,203 1.2 0.08 364 117 4.3 36.4 3.1 7.5 8947 566 38.1 1.5 – – 0.84 4.8 0.02 0.39
LC-18

MEAN (8) 3225 124,117 2.0 0.31 436a 17.5 5.4 2.6 – 8.0 8825 138 6.0 1.6 – – 0.68 18.6a 0.008 –

S.D 63.5 2510 1.2 0.55 646 9.5 4.5 3.6 – 1.4 376 56.3 1.9 1.0 – – 0.80 16.8 0.002 –

MIN 3114 121,694 0.44 0.07 128 2.3 2.7 0.002 – 5.8 8519 65.5 3.8 0.40 – – 0.10 2.8 0.006 –

MAX 3309 128,675 4.4 1.7 2020 24.5 15.1 10.3 1.32 10.1 9600 231 8.3 2.9 0.07 – 2.6 54.1 0.01 0.002

Huize
HZF-1086

MEAN (8) 111 34,315 0.04 0.16 602a 5.0 165 18.6 – 28.8a 3059 – 0.11 64.0a – – 0.04 13.0a 0.01 0.000
S.D 19.0 7103 0.01 0.07 338 6. 7 90.5 30.2 – 21.2 897 – 0.02 102 – – 0.05 14.2 0.004 0.001
MIN 87.5 25,183 0.03 0.04 263 0.06 80.2 0.23 – 13.3 1728 – 0.08 0.37 – – 0.004 1.2 0.009 0.000
MAX 137 47,248 0.05 0.24 1188 19.8 354 89.7 1.6 76.8 4647 0.003 0.14 306 0.05 – 0.17 44.3 0.02 0.001

HZF-1062
MEAN (8) 58.8 13,760 – – 157a 0.81 52.3 – – 28.5 1689 – 0.81 17.5a – – 0.16 13.1a 0.01 –

S.D 47.1 13,135 – – 189 0.91 71.8 – – 14.5 529 – 0.76 45.5 – – 0.28 22.5 0.003 –

MIN 7.1 4873 – – 7.2 0.05 2.7 – – 9.6 894 – 0.07 0.03 – – 0.000 0.55 0.006 –

MAX 125 43,664 0.04 0.03 533 2.7 199 109 0.72 50.7 2474 0.46 2.1 130 – – 0.83 67.7 0.02 0.02
HZF-1065

MEAN (8) 119 15,552 0.02 – 102a 6.0 29.9 – – 10.8 a 1612 1.9 4.1a 4.7a – – – 3.7a 0.009 –

S.D 111 6211 0.02 – 173 7.1 51.7 – – 3.5 114 1.9 9. 5 9.2 – – – 4.1 0.002 –

MIN 11.2 6482 0.002 – 7.0 0.17 2.8 – – 6.0 1423 0.34 0.16 0.06 – – – 0.43 0.007 –

MAX 300 24,444 0.06 0.10 521 21.1 154 385 0.81 16.8 1764 5.6 27.4 27.4 – – 0.20 12.4 0.01 –

Niujiaotang
B-10

MEAN (10) 9.1a 13,781 – – – 9.8 44.3 – 0.70 20.4 13,963 0.18 1.6 – – – 0.60 395a 0.06 –

S.D 7.6 22,866 – – – 10.5 43.2 – 0.27 23.0 8007 0.26 1.9 – – – 0.28 733 0.06 –

MIN 2.1 985 – – – 0.02 2.15 – 0.31 3.5 4226 0.001 0.14 – – – 0.15 27.5 0.03 –

MAX 24.0 77,235 1.4 6.2 196 32.5 127 7.1 1.2 75.4 26,998 0.75 5.8 0.50 – – 0.88 2427 0.22 0.45
B-6

MEAN (8) 6.0 7461 – – 14.4 7.8 29.7 – 0.35 5.6 9000 0.05 0.74a – – – 0.41 211a 0.02 –

S.D 5.6 8322 – – 11.6 4.1 18.9 – 0.12 1.6 2363 0.06 0.37 – – – 0.28 225 0.009 –

MIN 0.63 1033 – – 2.7 2.5 6.5 – 0.16 3.8 6334 0.003 0.18 – – – 0.06 43.5 0.01 –

MAX 17.3 23,399 0.35 0.48 38.1 12.9 59.4 0.97 0.53 8.1 13,439 0.19 1.2 0.40 – – 0.89 673 0.04 0.006
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Table 3 (continued)

Mn Fe Co Ni Cu Ga Ge As Se Ag Cd In Sn Sb Te Au Tl Pb Bi U

Niujiaotang
H-22

MEAN (8) 75.7 13,857 – – 124 16.1 182 – 0.43 5.0 7028 0.034 2.4 – – – 12.1 835a 0.02 –

S.D 93.3 12,858 – – 113 25.3 171 – 0.15 1.6 4553 0.067 4.3 – – – 14.2 1152 0.004 –

MIN 4.3 2192 – – 0.62 0.87 16.8 – 0.16 3.7 956 0.000 0.09 – – – 1.6 126 0.02 –

MAX 225 36,604 2.1 0.03 302 64.5 546 11.0 0.67 8.3 15,212 0.193 12.3 1.4 – – 43.6 3493 0.03 –

Mengxing
M-1

MEAN (10) 40.1 9072 0.82 – 156a 3.3 26.8a 127a – 4.3 9465 – 0.27 87.9 – – 8.8 972 0.07 –

S.D 51.5 2736 0.76 – 31.5 1.8 18.0 168 – 0.34 2083 – 0.13 32.7 – – 4.9 1070 0.08 –

MIN 6.9 6556 0.06 – 111 1.4 4.3 16.6 – 4.0 7048 – 0.10 44.9 – – 3.6 160 0.01 –

MAX 168 14,789 2.4 37.8 201 7.1 56.7 578 1.1 5.1 12,745 0.04 0.46 158 1.1 – 18.1 3031 0.27 0.05
M-11

MEAN (8) 281a 656a 4.3 – 4.4 0.83 2.8 5.9a 0.61 4.2 15,472 – 0.12 1.9 – – 8.6 386 0.06 0.15
S.D 500 1159 5.2 – 1.7 0.91 0.39 10. 6 0.21 0.3 1032 – 0.05 1.1 – – 2.8 84.4 0.03 0.15
MIN 11.9 79.2 1.9 – 1.8 0.22 2.3 0.15 0.36 3.8 13,875 – 0.09 0.54 – – 5.1 326 0.03 0.003
MAX 1451 3477 17.0 3.3 6.9 3.0 3.3 31.7 0.90 4.8 16,560 0.005 0.24 3.4 – – 12.4 586 0.12 0.37

Jinding
M

MEAN (8) 538a 581 17.8a 0.64 5.6 0.96 8.8 18. 6 – 30.4 6561 – – 2.0 – – 17.3 483a – 0.32
S.D 632 261 5.6 0.27 1.3 0.38 1.7 10.0 – 11.7 1621 – – 0.86 – – 4.5 292 – 0.17
MIN 52.2 300 8.6 0.37 3.8 0.58 6.9 8.6 – 17.4 4106 – – 1.4 – – 11.6 211 – 0.06
MAX 1937 1120 25.6 1.3 7.7 1.7 12.1 34. 5 3.7 52.5 9683 – 0.30 3.8 – – 23.9 1099 – 0.55

Jind-150
MEAN (8) 124a 1733a 3.6 – 1406a 3.4 3.4 26.0 – 49.8 9037 – – 4.9 – – 12.6a 4145a – –

S.D 72.9 1009 2.1 – 926 2.8 1. 7 26.6 – 40.9 9158 – – 2.4 – – 6.1 4624 – –

MIN 10.6 206 0.73 – 31.0 0.37 1.8 2.2 – 4.9 187 – – 2.6 – – 2.1 247 – –

MAX 212 3105 6.8 5.7 2798 7.2 7.2 84.7 – 136 23,075 – 12.3 10.3 – – 22.1 12,955 – –

Jind-148
MEAN (8) 62.3a 670 – – – 1.3 20. 8 – – 4.0 35,468 – – – – – 6.7a 159a – –

S.D 111 947 – – – 0.67 25.4 – – 0.68 24,028 – – – – – 4.7 113 – –

MIN 1.1 52.8 – – – 0.38 3.9 – – 3.4 1279 – – – – – 2.0 53.9 – –

MAX 309 2624 – – – 2.0 75.1 – – 5.6 68,552 1.4 – – – – 12.9 338 – –

Jind-155-26
MEAN (8) 11.7a 2309 0.33 – 97.9a 4.4a 12.4 60.9a 0.50 4.4 20,692 0.006 0.23 46.3 – – 21.3a 913a 0.04 –

S.D 11.6 792 0.34 – 28.9 3.2 17.9 81.0 0.16 0.89 8949 0.006 0.14 47.8 – – 22.2 1240 0.009 –

MIN 0.86 1296 0.02 – 33.4 0.41 3.1 12.9 0.33 3.8 6592 0.002 0.13 15.3 – – 4.3 145 0.03 –

MAX 33.6 3625 1.11 0.33 122 10.9 56.3 257 0.78 6.3 35,684 0.02 0.55 159 – – 73.3 3931 0.05 –

a Indicates the mean includes at least one spot in which the element in question appears as inclusions on the LA-ICPMS profile; The number in bracket is the number of individual spot analyses.
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Tet2Tenn98). Such assemblages are very common in remobilised ores
from many Caledonian VMS and SEDEX deposits (e.g., Sulitjelma,
Bleikvassli; Norway; Cook, 1996; Cook et al., 1998).

The samples from Bainiuchang were collected along the strike of
the same orebody (Duimenshan) at ~150 m distance from one
another. The sphalerite has relatively constant and high Fe values
(~17 wt.%) and contains micron-scale inclusions of chalcopyrite
(Fig. 11j,k). The sulphide ore contains early galena replaced by
sphalerite and mildly brecciated pyrite/pyrrhotite (replaced by
marcasite) and crosscut by late pyrite veinlets (Fig. 11l).

Our samples from Huize were collected from two sections (a
section is some 50 m long) at the same level (1764 m), at
intermediate depth of the orebody VI in the Qilinchang deposit. The
two that are in the same section (8) are some 10 m apart whereas the
one from Section 12 is some 200 m apart from the ones in Section 8.
The Fe content in sphalerite from these samples is low (from b1 to
~4 wt.%), where the higher Fe content is found in the sample from
Section 12 (HFZ-1086). Sphalerite is associated with galena and
intimately intergrown with pyrite; the latter occurs as small grains
clustered along fringes or within areas spreading across galena–
sphalerite boundaries (Fig. 13a). This pyrite characteristically appears
to be part of an aggregate composed of ‘pieces’ that can be recognised
as the result of milling, corrosion ormild brecciation, except that some
of the marginal grains – larger in size – tend to be idiomorphic.
However, the textures suggest that all three sulphides may have
formed at the same time from an ‘emulsion-like’ precipitate, a feature
that is typical of seafloor/basinal style of mineralisation. In detail some
of the pyrite has an atoll-like morphology (Fig. 13b) resembling key
textures known from VMS deposits. Pyrite is, however, replaced by
galena and to a lesser extent also by sphalerite, suggesting post-
depositional evolution of the ore.

The samples from Niujiaotang analysed here are collected from two
mining levels of the same orebody (IIb); samples B-6 and B-10 are from
a location adjacent to one of themarginal faults, some 300 m apart from
one another. Sample H-22 is from an 80 m deeper level (650 m) from
the middle of the lens. The Fe content of sphalerite is relatively low
(fromb1 to3 wt.%), but highly variable (someareas can beup to7 wt.%)
within each sample and from one sample to another. This variation
correlates with the colour zonation noted in hand specimens but which
could not be satisfactorily imaged by SEM. Banding textures in nodular
sphalerite aremarked by grain size (Fig. 12h) and in the coarse, massive
sphalerite brecciation textures are typical, accompanied by small-scale
recrystallisation of sphalerite; minor pyrite is also seen within such
areas (Fig. 12i). Cadmium enrichment is seen as nucleation of small
greenockite grains (b1 μm) along fractures and at the margins of
brecciated sphalerite (Fig. 12j). In detail such greenockite grains have
cores of sphalerite (Fig. 12j inset).

Our samples from Mengxing come from the central part of one of
the largest orebodies (no. III) and were collected from the same
mining level (920 m), at a distance of some 200 m from one another.
The sphalerite has a low Fe content (from b1 to 1.5 wt.%), among the
lowest in the present suite of samples. Galena and sphalerite occur
together in the massive ore and are often brecciated, showing
domains with a ductile deformational character (Fig. 13c). Small
pyrite grains, along thin, meshed veinlets, overgrow onto the
sphalerite mass (Fig. 13d). As in Huize, the relationships between
the sulphides also show that some galena is later than the pyrite-
sphalerite association (Fig. 13e). Although larger grains of sphalerite
may represent relics, the surrounding galena contains smaller, dusty
sphalerite grains (Fig. 13f) that, in our opinion, possibly post-date the
galena rather than represent replacement relics.

The samples from Jinding studied here are from different levels of
the three oreblocks mentioned above and from different types of ores
(Table 2). The Fe content is variable but low (b1.0 wt.%), the lowest in
the present sample suite. The pyrite-marcasite rich ore show coarse
cores with overgrowths of the same minerals and strong brecciation;
sphalerite is present as small grains spread throughout the core-
overgrowth, as well as into the carbonate gangue (Fig. 13g). In the
carbonate rocks, sphalerite occurs as small disseminated grains but
increases in abundance toward the margins of fractures (Fig. 13h). In
the sandstone, sphalerite, galena and pyrite occur interstitial to quartz
grains but occasionally also forms larger patches. In this case, the
margins of sphalerite contain galena (Fig. 12k) and/or pyrite, and the
sphalerite cores contain coarse inclusions of barite (Fig. 12l). The
latter indicate precipitation from high-salinity brines concordant with
fluid inclusion studies in sphalerite (Xue et al., 2007a).
5. Approach and experimental methods

The samples selected for LA-ICPMS analysis (Table 2) were biased
towards coarse-grained sphalerite generally free of visible inclusions;
one-inch polished mounts were prepared from each. Scanning
electron microscopy in backscattered electron mode was used to
characterise the samples, paying particular attention to compositional
inhomogeneity, mineral inclusions, zoning, or other textural aspects,
all of which may impact upon trace element distributions. Each
specimen was also studied by electron microprobe to ascertain the Zn
content, which would be used as the internal standard.

LA-ICPMSanalysis of sphaleritewasmadeusing theAgilentHP-7700
Quadripole ICPMS instrument at CODES (University of Tasmania,
Hobart, Australia). The instrument is equippedwith a high-performance
NewWave UP-213 Nd:YAG Q-switched laser ablation system equipped
with MeoLaser 213 software. We have followed the procedure and
operating conditions outlined by andpreviously applied to sphalerite by
Cook et al. (2009).

Pre-defined areas of the polished blocks were ablated. We used a
consistent 50 μm diameter spot size for all 231 analyses. Each analysis
was performed in the time-resolved mode, which involves sequential
peak hopping through the mass spectrum. The laser system was
operated at a consistent 10 Hz pulse rate; laser energy was typically
5–6 Jcm−2. At these conditions, each pulse removes ~0.3 μm of the
samples, resulting in an ablation rate of 3.0 μm/s. The following
isotopes were monitored: 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu,
66Zn, 69Ga, 72Ge, 75As, 77Se, 93Nb, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb,
125Te, 182W, 185Re, 197Au, 205Tl, 208Pb 209Bi and 238U. Analysis time for
each sample was 90 s (30-second measurement of background with
laser off, and a 60-second analysis with laser-on. Acquisition time for
all masses was set to 0.02 s, with a total sweep time of ~0.6 s. Data
reduction was undertaken using Zn as the internal standard.

Calibrationwasperformedusing the in-house standard (STDGL2b-2),
comprising powdered sulphides doped with certified element solutions
and fused to a lithium borate glass disc. This standard is suitable for
quantitativeanalyses indifferent sulphidematrixes (Danyushevskyet al.,
2011). Empirical correction factors (Danyushevsky et al., 2011) were
applied to themeasured ppmvalues in each analysis as follows:Mn1.46,
Fe 1.49, Co 1.51, Ni 1.59, Cu 1.53, Ga 1.45, As 1.36, Se 1.85, Mo1.62, Ag
1.40, Cd 1.50, In 1.45, Sn 1.6, Sb 1.17, Te 1.00, Au 1.40, Tl 2.17, Pb 1.37, and
Bi 1.33. These correction factors have been established by analysing
sphalerite secondary standards using STDGL2b2 and reflect the
significant elemental fractionation between Zn and the other elements
during ablation. The error on the correction factors is b5%. Analytical
accuracy is expected to be better than 20%.

Low Ge concentrations cannot be quantified with full confidence
because the isotope weight of 72 is equal to 40Ar32S (and also 40Ar32O
in the standard), and the Ge concentration in the standard is not high
enough to ignore these interferences. For this reason, there is
uncertainty concerning exactly how much Ge is in the standard and
no Ge value is published for STDGL2b2 (Danyushevsky et al., 2011).
Higher Ge values (those exceeding 20–30 ppm) can, however, be
confidently compared with one another and are included in our
datasets.
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Fig. 15. Representative time-resolved depth profiles for sphalerite analysed in this study showing flat spectra indicative of solid solution; see text for additional explanation.
(a) Hetaoping, HTP-63. (b) Luziyuan, ZLY-47. (c) Dabaoshan, DBS-2. (d) Laochang, LC-19. (e) Huize, HZF-1086. (f) Niujiaotang, B10. (g) Mengxing, M-11. (h) Jinding, JD-91.
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The raw analytical data for each spot analysis is plotted as a line
graph and the integration times for background and sample signal
selected. The counts are then corrected for instrument drift (standards
were run each 1½ to 2 h) and converted to concentration values using
known values of Zn in the analyzed sphalerite as an internal standard.
Based on the measured concentrations, detection limits were
calculated for each element in each spot analysis (Electronic
Appendix). These values are similar throughout the dataset since
the consistent spot size has let to comparable count rates for each
spot. The error on the element signal is calculated as (σ/√n)×100,
where σ is the standard deviation and n the number of data points
across the selected signal interval. Total analytical error (precision) is
expressed as a percentage of concentration and is an expression of
analytical noise. The smooth profile, and good precision, observed for
almost all analyses indicates the specimens to be homogeneous. In the
subsequent section, we refer to mean analyses for a given element in
sphalerite from a specific sample; these are simple numerical means
of n individual analyses.

6. Results

The data are summarised, in Table 3, with means, standard
deviations,maxima andminima for each sample. The ranges in absolute
concentrations for selected elements are shown as histograms in Fig. 14.
Representative time-resolved depth profiles are given in Fig. 15.
Complete LA-ICPMS datasets can be found in Electronic Appendix A.

All samples contain measurable quantities of silver. A remarkable
feature of the dataset for Ag is that concentrations of the element are
relatively constant (low standard deviations relative to mean) in each
sample, but with some variation, often as much as an order of
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magnitude between samples from a given deposit. The highest Ag
concentrations are observed in Bainiuchang and Dabaoshan (deposit
means 64 and 35 ppm, respectively). Interestingly, the two skarns
have the lowest deposit means in the dataset (6.0 and 8.3 ppm for
Luziyuan and Hetaoping, respectively). The Ag distribution in the
Jinding samples illustrates the narrow variation within a sample but
the broader variation between samples: means are 4.0±0.7, 4.4±0.9,
30.4±11.7 and 49.8±40.9 in samples JD148, 155–26, 0091 and
Jind150, respectively.

Time-resolved depth profiles for arsenic are rarely flat. All
concentrations above a couple of ppm are attributable to inclusions
of As-bearing minerals. These are particularly abundant in the
samples from Huize, Mengxing and Jinding and appear, from the
profiles, to be of sizes extending down to the nanoscale. There is little
evidence for any significant solid solution As in any of the samples
studied, except for possibly some spots from Hui-1086 which had flat
profiles (concentrations of a few tens of ppm As) although other spots
in the same sample carried inclusions.

Bismuth is always b1 ppm (generally b0.1 ppm) in sphalerite
except in the skarn samples, where a few individual spots give values
up to 55 ppm (Luziyuan). In such cases, the time-resolved depth
profiles show the presence of Bi–Pb–Cu-bearing mineral inclusions.

Cadmium concentrations also typically form a narrow cluster within
sub-populations for specific samples, but with some modest variation
fromsample to sample. This is especially evident in themassive sulphide
deposits, e.g., Dabaoshan, where mean concentrations in the 3 samples
are 5779±146, 5580±62 and 5475±482 ppm, and in the skarns, e.g.,
Hetaoping, where mean concentrations in the 3 samples are 4240±67,
5847±504 and 4125±95 ppm. TheMVT deposits, however, represent
anexception to this rule due to themarkedlydifferentCdconcentrations
in sphalerite of different types. This is best shown by Mengxing, where
darker, higher-Fe sphalerite is lower in Cd (7000–12,700 ppm) than the
pale, low-Fe variety (mean15,718±1048 ppm; Fig. 15g). The pattern at
Niujiaotang is less clear with high Cd noted in sphalerite (Fig. 15f) with
variable Fe contents, not only in the yellow sphalerite which is believed
to be richer in Cd. Huize has some of the lowest Cd concentrations:
~3060 ppm in black sphalerite (Hui-1086) and 1610–1690 ppm in
yellow sphalerite (HZF-1062 and -1065). The Jinding samples also show
an unusually large variation from spot to spot with individual analyses
asmuch as 6.5 wt.% Cd. Highest values are in the very-low-Fe sphalerite
in JD-148. Cadmium distributions are summarised in a histogram
(Fig. 14a).

Cobalt values are typically b1 ppm in allMVT andmassive sulphide
samples and Jinding, except for slightly elevated and consistent mean
concentrations of 6.3, 5.4 and 18 ppm in samples Bainiuchang BNC3
DabaoshanDBS2 and Jinding 0091, respectively. The skarn sphalerites
are enriched in Co at concentrations one to two orders of magnitude
higher than in other deposit types (Fig. 15a,b). These sub-populations
show remarkable consistency within sphalerite from the same
sample and restricted variation between samples from the same
deposit: 110±1.0, 78±9.0 and 449±21.0 ppm for the 3 samples
from Hetaoping; 434±12.0, 244±32.0 and 411±2.0 ppm for the 3
samples from Luziyuan. Cobalt distributions are summarised in a
histogram (Fig. 14b).

Measured copper concentration sub-populations can be broadly
divided into threemain groups. Firstly, samples inwhich concentrations
are low to very low (Mengxing M-11, Hetaoping HTP-27 and -163,
Luziyuan LZY61 and the majority of the data from Niujiaotang and
Jinding). The second group features erratic values, often up to several
thousands of ppm, which can be directly related to widespread
chalcopyrite inclusions (chalcopyrite disease). Although not restricted
to these samples, chalcopyrite disease is particularly abundant in all the
Bainiuchang samples and sampleHTP174 fromHetaoping. The third and
most interestinggroupare the consistent concentrations (typically 100–
200 ppm) in Dabaoshan and Laochang sphalerite which correlate well
with In content and are in the same range. We also observe relatively
constant Cu concentrations in Mengxing M1, Jinding 155–26 and some
spots from Huize, where moderate Cu (50–150 ppm) correlates with
similar concentrations of Sb.

Iron concentration in the skarn sphalerite is typically constantwithin
a given sample, but can vary significantly from sample to sample (2.1,
3.7 and 10.0 wt.% in the 3 samples fromHetaoping; 4.4, 5.7 and 9.9 wt.%
in the 3 samples from Luziyuan. Inter-sample variation is much less in
themassive sulphide sphalerites— all have Fe contents of ~11–15 wt.%.
There is a large variation (from ~0.2 up to ~7 wt.%) in the Fe content
of Niujiaotang sphalerite, reflecting the compositional differences
between yellow and black sphalerite noted above. Similar absolute
values and patterns are observed in the Mengxing population, with
the pale yellow sphalerite (sample M-11) characterised by low Fe (80–
3500 ppm) and darker sphalerite containing up to 1.5 wt.% Fe. There is
also variation in the Huize population, though without the lowest
values; sample 1086 has the highest Fe content (mean 3.4 wt.%). Jinding
sphalerites are exceptionally low in Fe (as low as 50 ppm), with a
deposit mean of 1344 ppm.

Gallium concentrations are b2 ppm in sphalerite from the skarn
deposits and amaximum of 7, 11 and 21 ppm inMengxing, Jinding and
Huize (Fig. 15e), respectively. Significantly higher concentrations are
observed in sphalerite from Niujiaotang (up to 65 ppm; Fig. 15f), albeit
with variation from spot to spot (mean for the deposit: 11 ppm).
Sphalerite in all the massive sulphide deposits is Ga-enriched — mean
11 ppm in Bainiuchang, 23 ppm in Laochang and 29 ppm inDabaoshan,
although all three deposits show a spread in the Ga value of individual
spots from a few ppm up to 100 ppm. Gallium distributions are sum-
marised in a histogram (Fig. 14c).

Given the analytical problems associated with quantification of
germanium concentrations (see above),we cannot reliably give absolute
values for this element. Deposits other than the 3MVT deposits (except
from a handful of values from Jinding JD148 giving a few tens of ppm)
have Ge concentrations in sphalerite within the same range as
interference from 40Ar32S, and can thus be considered negligible.
Measured concentrations in the MVT deposits, especially Huize and
Niujiaotang, are distinctly higher, with individual values exceeding
300 ppm (Fig. 15e). There is, however, a marked variation from spot to
spot, even if the time-resolved depth profiles are universally flat, and
some samples, e.g., M-11 (Mengxing) contain no Ge.

Indium concentrations in sphalerite from all theMVT deposits, skarns
and in Jinding are at or below the minimum detection limit, except for
three spots from Huize (1.8, 3.6 and 5.6 ppm). In contrast, the three
massive sulphidedeposits are conspicuously enriched in indium. Similarly
to Ga, Bainiuchang has the lowest mean concentration (71 ppm) and a
marked variation within the samples (data range 4–262 ppm). Indium
concentrations in Laochang sphalerite (mean200 ppm; Fig. 15c) aremore
constant within each sample and are statistically close to identical in the
three samples. Samples DBS2 (Fig. 15d) and DBS6 from Dabaoshan have
identical concentrations and narrow standard deviations (300±70 and
285±24 ppm, respectively); concentrations in the third sample (DBS1)
are somewhat lower (mean 122±8 ppm). Indium distributions are
summarised in a histogram (Fig. 14d).

All sphalerites contain measurable concentrations of manganese.
Values in the MVT deposits and Jinding were, on average, b200 ppm,
but typically with great variation both within and between samples
(1–250 ppm). In the skarns and VMS/SEDEX deposits, however,
concentrations were two-three orders of magnitude higher and
remarkably constant among spots in a given sample (Fig. 15a,b). In
Hetaoping, there is a direct correlation between Mn and Fe content in
the three samples, in which the Mn/Fe ratio is preserved (0.05–0.07).
Mean Mn concentrations in sphalerite from the three samples are
1273, 2832 and 5115 ppm. Similar variation in average concentration
between samples is observed from the 3 samples from Luziyuan,
albeit at somewhat lower concentrations (means 654, 1093 and
1462 ppm). Here, however, there is an inverse correlation between
Mn and Fe, with the highest Mn-sphalerite having the lowest Fe



Fig. 16. Photographs and time-resolved LA-ICPMS depth profiles illustrating inclusion- and lattice-bound Sn in sphalerite from Bainiuchang. (a–c) Sample 3BNC; (d–f) sample
10BNC. See text for additional explanation.
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content. The mean Mn/Fe ratios thus differ greatly from sample to
sample. Comparably constant concentrations are also seen across the
dataset for the VMS/SEDEX deposits (Fig. 15c,d), although in all three
cases with less variation between samples from the same deposit than
in the skarns, similar to that observed for Fe. Mean Mn concentrations
in sphalerite from Bainiuchang, Laochang and Dabaoshan are 3910,
3059 and 2145 ppm, respectively. Manganese distributions are
summarised in a histogram (Fig. 14e).

None of the analysed samples had sphalerite with significant
concentrations of molybdenum. Inclusions of molybdenite, notably in
the Jinding samples, contributed to values of a few tens to hundreds of
ppm in a limited number of spots.

Nickel concentrations are b1 ppm in almost all analytical spots;
outliers of up to a few tens of ppm are readily attributed to inclusions
of Fe-(Ni)-minerals.

Measured lead concentrations vary over several orders of
magnitude. The majority of the higher concentrations (e.g., in Jinding,
or in the massive sulphide deposits) can be readily attributed to
inclusions of galena and other Pb-bearing minerals. In the samples
from the MVT deposits, particularly Mengxing, however, consistent
concentrations and flat time-resolved depth profiles (Fig. 15g) point
to incorporation of Pb in solid solution up to several hundred ppm
(e.g., sample M-11, mean 386±84 ppm).

Only three samples contrast with the otherwise low (b3–5 ppm)
concentrations of antimony: samples 1086 (Huize; Fig. 15e), M1
(Mengxing) and 155–26 (Jinding), with concentrations up to
~300 ppm and means of 64, 88 and 46 ppm, respectively. In all
three samples, Sb concentrations are mostly attributable to inclusions
and tend to correlate with higher Cu content. There are, however,
several individual spots, notably in sample M1, that give flat depth
profiles corresponding to concentrations of several tens of ppm Sb,
again correlating with Cu concentration.

Selenium concentrations in sphalerite are, at best, a couple of ppm
in all samples, except those from the two skarns. In the low-Fe sample
from Hetaoping (HTP163), concentrations average 57 ppm, whereas
the two higher-Fe samples have somewhat lower concentrations
(mean 19 ppm). A contrasting trend is seen in Luziyuan, where each
sample shows a narrow, but different range of Se concentrations. The
sample poorest in Fe (LZY47) contains 95–137 ppm Se while sample
LZY61 contains 12–21 ppm: the highest-Fe sample (LZY29) contains
very little Se (b4 ppm).

Tin concentrations in sphalerite from all deposits are b2 ppm, except
for Laochang and Dabaoshan where consistent concentrations of 3–38
and2–47 ppm, respectively, are noted, andBainiuchang. In the latter, the
two samples display variation over three orders of magnitude from a
b10 ppm to N2500 ppm. There is no direct correlation between high-Sn
values and regular or irregular time-resolved depth profiles, indicating
that both lattice-bound and Sn-mineral inclusions Sn are present in
sphalerite with high-Sn values, i.e., as high as thousands ppm (3BNC;
Fig. 16a–c). The inclusions are most likely to be stannite given the fact
that irregular Snprofiles aremirroredbyCu(andto someextentalsoAg).
In the second sample from Bainiuchang (10BNC), there is a correlation
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Fig. 17. Binary plots of (a) In vs. Ge, (b) In vs. Fe, (c) In vs. Cu, (d) In vs. Sn, (e) Cu vs. Sn, (f) (Cu+Ag) vs. (In+Sn), (g) Fe vs. Mn and (h) Fe vs. Cd, in sphalerite from Pb–Zn deposits in
South China. Inset on (c) illustrates the relationship between In and Cu in Dabaoshan sphalerite only.
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between Sn content anddensity of chalcopyrite exsolutions in sphalerite
(Fig. 16d–f).

Tellurium concentrationsareexceptionally low(generallybminimum
detection limit). Single spots of ~1 ppmare seen in each ofMengxing and
Jinding.

Thallium concentrations are typically b1 ppm in sphalerite from
Hetaoping and Luziyuan, Bainiuchang, Laochang, Dabaoshan and
Huize. In Niujiaotang, black sphalerite is Tl-enriched (mean 12.3 ppm)
compared to yellow sphalerite (mean 0.6 ppm). Mengxing sphalerite
displays modest Tl enrichment (mean 8.7 ppm). Jinding stands out
from the other deposits with respect to Tl concentration in sphalerite,
with many spots having N10 ppm (Fig. 15h). The population shows a
normal distribution centred on the mean of 15 ppm. The time-
resolved depth profiles show, however, that, in about half the spots, Tl
concentrations relate to microscopic inclusions, even if other profiles
are flat.

Gold concentrations are generally around or below the minimum
detection limit (~0.004 ppm). Six spots from Luziyuan gave concen-
trations between 0.1 and 0.5 ppm.

Uranium concentrations weremuch less than 1 ppm in all analysed
sphalerite.

6.1. Data trends

Some elements are clearly enriched in only some sub-populations
which stand out from others. The pronounced enrichment of In seen
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Fig. 18. Binary plots of (a) Ga vs. Ge, (b) Pb vs. Sb, (c) Co/Ni vs. Cd/Fe, (d) In/Fe vs. Cd/Fe, (e) Fe vs. Ge, (f) Fe vs. Tl, (g) Fe vs. As, and (h) Tl vs. As in sphalerite from Pb–Zn deposits in
South China.
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in sphalerite from the massive sulphide deposits and of Ge in
sphalerite from the MVT deposits are two such examples. Binary
plots are thus useful to discriminate the data. On a plot of In vs. Ge
(Fig. 17a), the trend between these two elements is clearly seen.
Indium is typically enriched in sphalerite from more proximal or
hotter-fluid deposits, whereas Ge typifies lower-temperature sys-
tems. The distal character of the skarns sampled in this survey is
amplified by their low In concentrations. Both the In vs. Fe and In
(Fig. 17b) vs. Mn plots suggest evidence for positive correlation.
However, this is probably a function of the Fe–Mn-rich character of
sphalerite in the massive sulphides rather than any real trend.
There is a pronounced correlation between Cu and In (Fig. 17c), as
would be expected given the acceptedmechanism of In incorporation in
sphalerite (2Zn2+ ↔ Cu++In3+). The correlation is, however, far from
perfect because of the presence of chalcopyrite disease in some samples,
giving anomalously high Cu beyond that involved in the coupled
substitution. In fact, most analytical spots lie on the Cu-rich side of the
1:1 Cu:In line. We illustrate this for the Dabaoshan sub-population
(Fig. 17c, inset), in which more than half the individual spots lie on, or
close to the 1:1 Cu:In line, but a minority (with chalcopyrite disease) do
not. A further complicating factor is the likelihood of a competing
substitution bywhich other elementswith 3+or 4+oxidation states, such
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as Sn, enter sphalerite. The good correlationbetweenSn andCu (Fig. 17d)
suggests that substitution mechanisms such as 3Zn2+ ↔ 2Cu++Sn4+

may operate independently of any Cu++In3+ incorporation (e.g., in
Bainiuchang). There is a marked correlation between Cu and Sn
(Fig. 17e), even at lower concentrations. Enhanced concentrations of Sn
in sphalerite, like In, can be indicative of either granitic or anomalously
hot fluids. Incorporation of both Sn and In can also be facilitated by
involvement of Ag+, such that a good correlation between (In+Sn) and
(Cu+Ag) would also be expected. The binary plot for these variables
(Fig. 17f) does indicate apositive correlation, but again, recognitionof any
clear pattern is impeded by chalcopyrite disease in part of the data suite.

A broad positive correlation is observed between Fe andMn across
the dataset (Fig. 17g), as well as within sub-populations for individual
deposits. The Cd content, however, tends to decrease with increasing
Fe content (Fig. 17h), although some sub-populations, notably
Niujiaotang and Jinding, show erratic correlations. The latter are
compounded by the presence of discrete types of sphalerite that are
discriminated by Fe- but not by Cd-content. On the Ga vs. Ge plot
(Fig. 18a), each deposit type defines a distinct field, yet there is no
marked correlation between the two elements. Nickel and Co
generally show similar geochemistry and often correlate with one
another in any given dataset. A broad correlation is seen between the
two elements in our sphalerite, even if Ni contents are generally very
low and even the very high Co content of the skarns is not mirrored by
enrichment in Ni (most b1 ppm).

We have noted above that our LA-ICPMS data for Sb and Pb in
sphalerite indicate a likely combination of lattice-bound Sb and Pb,
and the presence of sub-microscopic inclusions of minerals (such as
sulphosalts) that contain these elements. The Sb–Pb binary plot
(Fig. 18b) confirms such an interpretation, with individual sub-
populations, e.g., Huize, showing strong positive correlations
(r=0.75). In the case of Huize, the time-resolved depth profiles
corroborate the presence of inclusions of Pb-, Sb- and Cu-bearing
mineral inclusions.

We have used the Cd/Fe ratio to obtain a better discrimination of
the deposit types, given the characteristically low Cd/Fe ratio in the
massive sulphide and skarn sphalerite. The Cd/Fe ratio, when plotted
against Co/Ni or In/Fe (Fig. 18c,d) shows the complete dataset can be
divided into two clear trends: one group with low (b0.1) Cd/Fe and
variable Co/Ni or In/Fe, and a second group in which both Co/Ni and
In/Fe show a systematic increase with Cd/Fe from ~0.1 up toN100.

If skarn and massive sulphide sphalerite data are excluded, Ge
shows a strong positive correlation with Fe content (Fig. 18e), as does
Ga, suggesting that Fe-rich sphalerite carries higher levels of both
elements. Gallium exhibits both Ga2+ and Ga3+ oxidation states and
thus may be expected to mimic iron in terms of substitution in
sulphides. It is generally accepted that Fe enters sphalerite via a direct
Zn2+ ↔ Fe2+ substitution and that Fe3+ is not normally involved.
Germanium, on the other hand, usually forms Ge4+ or Ge2+ ions, with
Ge4+ being the more common oxidation state. Traditionally, substi-
tution mechanisms for Ge in sphalerite have involved Ge4+ (e.g.,
Johan, 1988), but Cook et al. (2009) found no evidence for any coupled
substitution involving Ge and proposed a direct Zn2+ ↔ Ge2+

substitution. A conspicuous opposing trend is seen for Tl, in which the
Fe-poorest sphalerites (mostly from Jinding) are highest in that
element (Fig. 18f). On the corresponding plots of As vs. Fe (Fig. 18g)
and As vs. Tl (Fig. 18h), there is a strong positive correlation between
the two elements in the Jinding sub-set. Given that As- and Tl-bearing
mineral inclusions were recognised in many of the time-resolved
depth profiles, we believe that submicroscopic inclusions of fangite
(Tl3AsS4) or a similar phase could be present.

7. Discussion

Our dataset is compiled on a suite of samples from different
metallogenetic provinces, albeit within a restricted geographic area.
Despite this, various trends relating to trace element distribution
among deposits of different genetic type can be readily seen, and
which can be compared to published data. In particular, notably
because of the comparable range of elements and analytical work
under the same conditions and in the same laboratory, the dataset
complements the conspectus of compositional variation in sphalerite
given by Cook et al. (2009).

In that study, the skarn deposits studied were more proximal,
higher-temperature systems, characterised by elevated In, Cu and Sn.
The skarns studied here do not show In enrichment, in line with their
distal character. In common with the skarns analysed here, however,
concentrations of Mn and, especially, Co were also high in the skarns
investigated by Cook et al. (2009). We believe that a marked Co
enrichment may typify skarn sphalerite, but cannot as yet substan-
tiate a mechanism for this. Also consistent with pre-existing data are
the insignificant Ag, Ga and Ge contents in Chinese skarn sphalerite
and the modest enrichment in Se (a few tens of ppm).

Sphalerite from the massive sulphides in our dataset (two SEDEX
deposits, Dabaoshan and Bainiuchang, and one VMS-style deposit,
Laochang) shows strong enrichment in In and Sn. This enrichment in
granitophile elements could be taken to support the argument for
metal input during emplacement of younger granites. If this would,
however, be the case, multiple generations of sphalerite would be
expected and we would not see the observed variation between
adjacent laser spots (e.g., in Bainiuchang; Fig. 16). Although many
SEDEX/VMS deposits are indeed not especially rich in these
elements, there are numerous notable SEDEX/VMS deposits in
which sphalerite is strongly enriched in these elements (e.g.,
Neves Corvo, Kidd Creek, Sullivan, Brunswick no. 12; Briskey,
2005; Schwarz-Schampera and Herzig, 2002) and which contribute
a large part of current world production of In, and also produce
by-product Sn. The high-Sn values seen as inclusions of stannite
from Bainiuchang could be associated with the granite overprint,
given the fact the samples are from an orebody situated nearby
younger (Yanshanian) intrusions intersected in drillcores some
200–300 m below. The high-Sn values where lattice-bound Sn can
be inferred from the flat profiles are, however, most likely a
characteristic of the syngenetic sphalerite. Likewise, the In enrich-
ment in Zn-ores at Dabaoshan and Laochang is probably related to
the specifics of the local metal source (more magmatic component)
and proximity to source rather than overprinting of the primary
massive sulphide by Cu–In–(Sn)-rich fluids during later magmatic
events. In both cases, the remarkable consistency of measured In
concentrations, steady Fe concentratons, ore textures and general
ore morphology is more typical of syngenetic sphalerite. Despite the
fact that the three deposits are hosted within strata of different ages
and in different metallogenic units hundreds of km apart, they are
conspicuous by their content of these elements.

Enrichment in Ge in MVT deposits is well-known and these
deposits, and comparable carbonate-replacement, and sandstone- or
shale-hosted deposits, are the main source of Ge. It is therefore not
surprising that sphalerite from the MVT deposits in this study (e.g.,
Huize) are richer in this element. The high (but variable) Ge
concentrations in Huize sphalerite are nonetheless lower than those
in galena from the same deposit (mean 1300 ppm; Zhang, 2003),
lending weight to a marked partitioning of Ge between the two
minerals when both are present. Germanium concentrations in
sphalerite will be higher where galena is negligible or absent (e.g.,
samples from Tres Marias, Mexico, analysed by Cook et al., 2009).

Both Cd and Tl are also typically higher in lower-temperature
deposits hosted within sedimentary sequences and deposits of this
type (e.g., Red Dog, Alaska; Kelley et al., 2004) produce a large part of
current world production. Enrichment of Cd and other elements in the
MVT deposits (including Jinding) is source-specific. At Niujiaotang,
the Cd-enrichment has been attributed to an initial, possibly biogenic
mineralization. Similar models might also be associated with
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enrichment in Tl and As in Jinding. From the perspective of sphalerite
geochemistry, Jinding shares the features of the MVT deposits, as
would be expected by the involvement of comparable basinal fluids.
What makes Jinding stand out from the MVT deposits is high
abundance of barite inclusions in sphalerite (Fig. 12l) which are
consistent with the higher salinity basinal fluids.

A feature of the MVT deposits is the presence of distinct
generations of sphalerite characterised by differences in Fe content.
There does not, however, appear to be any significant correlation
between Cd content and sphalerite colour in the studied deposits.
Late, low-temperature crystallisation of greenockite along fractures,
or replacement on the margins of sphalerite, may have influenced Cd
distribution in sphalerite from Niujiaotang to a limited extent. These
relationships (Fig. 12j) demand further work by transmission electron
microscopy on foils prepared by focussed ion beam methods across
the replacement boundary. This would test the identity of the phases,
and whether they are the products of exsolution or feature disordered
lattice-scale intergrowths. The material is interesting for understand-
ing the underlying crystal chemistry of the system CdS–ZnS, by
analogy to the system ZnS–CuInS2 (Schorr and Wagner, 2005), in
which lamellar exsolution of phases with sphalerite-, wurtzite and
chalcopyrite-type structures are observed.

All the sphalerite-bearing samples investigated show evidence of
complex textural reworking. Despite this, sphalerite is a refractory
mineral and we see negligible evidence for recrystallisation or
wholesale modification of sphalerite compositions by later events.
Our data thus show the usefulness of trace element distributions in
sphalerite as a tracer of genetic type. Systematic analysis of a larger
sample set covering all orebodies, especially from the 3 massive
sulphides, could be used to test ideas about metal source and
proximity to source. Tin and indium would seem to have particular
application in identifying syngenetic origin vs. overprinting.

8. Conclusions

1. The geochemistry of sphalerite from 9 deposits of different age and
metallogenic province in South China can be used to assign them
into genetic types (skarn, syngenetic massive sulphide, MVT-type),
even when their origin is debated based on other criteria.

2. Sphalerite from each genetic class of deposit shows a distinct
chemical signature. The skarns feature high Co and Mn; their distal
character is reflected by low In. The syngenetic massive sulphides
have In, Sn and Ga and the MVT-type are enriched in Ge, Cd, Tl and
As.

3. Given the refractory character of sphalerite, trace element analysis
of sphalerite shows promise as a tracer of overprinting, which may
assist in defining the geochemical signature of different metallo-
genic epochs in a region as geologically complex as South China.

4. The time-resolved depth profiles for sphalerite from the Chinese
deposits document solid solution for a number of trace elements
whose ability to enter the crystal structure of sphalerite has been
previously debated (Ag, Sn, Tl, Sb).
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