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The Xinqiao Cu-S-Fe deposit in the Tongling ore district, Middle-Lower Yangtze River Valley Metallogenic Belt
(MLYB; Eastern China), is located along the northern margin of the Yangtze Craton. The stratiform- and skarn-
type Xinqiao mineralization comprises five stages, namely the early skarn (Stage I, garnet and diopside), late
skarn (Stage II, epidote-dominated), iron oxides (Stage III, hematite and magnetite), colloform pyrite (Stage
IV) and quartz-sulfides (Stage V). There are three pyrite types at Xinqiao, i.e., colloform (Py1; Stage IV), fine-
grained (Py2, from Py1 recrystallization; Stage V) and coarse-grained (Py3; Stage V) pyrites.
Scanning Electron Microscope (SEM) imagery for Py1 reveals that they are cubic microcrystalline pyrite aggre-
gates, and the EDS and XRD data indicate that some Py1 contain minor siderite impurities. Electron Microprobe
Analysis (EMPA) and LA-ICP-MS geochemical data demonstrate that the three pyrite types have relatively high
Fe/S ratios and distinctly high Mn, Cu and As concentrations. Compared to Py2 and Py3, Py1 has higher Pb, Bi
and Ag, but lower Co, Ni, Se, Cd, Te and Au. Ratios of Fe/S (0.837 to 0.906), Se/Te (2.39 to 14.50) and Co/Ni
(0.67 to 4.67) of the Xinqiao pyrites resemble typical hydrothermal pyrites. δ34SCDT of Py1 (−0.6‰ to 2.7‰, av-
erage 0.58‰), Py2 (1.8‰ to 2.5‰, average 2.1‰) and Py3 (1.9‰ to 4.4‰, average 3.5‰) are close to those of the
Xinqiao skarn-type orebodies (1.3‰ to 4.1‰), but distinct from those of theUpper Carboniferous Huanglong For-
mation limestone (−9.5‰ to−15.4‰), suggesting that the three pyrite types (especially Py1) were genetically
linked to the Yanshanian (Jurassic-Cretaceous) magmatic-hydrothermal events, with Py1 probably reflecting
rapid crystallization during fluid mixing. We interpret that the Xinqiao stratiform mineralization may have
been associated with the Jitou quartz diorite stock, as may be the case also for the skarn-type mineralization
hosted in the contact between the Yanshanian Jitou stock and the Lower Permian Qixia Formation limestone.
Overall, the Xinqiao Cu-S-Fe mineralization may have been generated by the Jurassic-Cretaceous tectono-ther-
mal event in Eastern China.
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1. Introduction

The Tongling ore district is an important part of the Middle-Lower
Yangtze River Valley metallogenic belt (hereinafter referred to as
MLYB; Wang et al., 2015) situated along the northern margin of the
Yangtze Craton (Eastern China; Fig. 1), and is featured by the wide-
spread Yanshanian (Jurassic-Cretaceous) granitoids and their associat-
ed skarn deposits, such as the Tongguanshan, Fenghuangshan and
Shizishan Cu deposits (Mao et al., 2009). The presence of large
genic Prediction of Nonferrous
South University), Ministry of
stratiform orebodies at the Xinqiao Cu-S-Fe and Dongguashan Cu-Au
deposits has added extra complexities to the regional metallogenesis.

The Xinqiao Cu-S-Fe deposit is one of the largest deposits in the
Tongling ore district (0.5 Mt Cu @ 0.71%, 75.5 Mt sulfur @ 29.3%,
24.9 Mt Fe @ 46%, 11.2 t Au @ 4.7 g/t and 248.4 t Ag @ 248.4 g/t; Xu
and Zhou, 2001). The Xinqiao stratiform mineralization has been con-
troversial over the past forty years. The #803 Geological Brigade had
conducted systematic exploration at Xinqiao between 1963 and 1971,
and considered that the stratiformmineralizationwas resulted fromhy-
drothermal replacement related to the Jurassic-Cretaceous magmatism,
yet no age datawere available to support this (803Geological Brigade of
East China Metallurgical and Geological Exploration, 1971).

Dacitic lava and volcaniclastic rocks at the bottom of the ore-hosting
strata were considered to be related to the Hercynian (Late Paleozoic)
submarine exhalation mineralization (Fu et al., 1977; Xu and Zhu,
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Fig. 1. Location of Tongling ore district in the MLYB (after Mao et al., 2011). TLF: Tancheng–Lujiang fault; XGF: Xiangfan–Guangji fault; YCF: Yangxing–Changzhou fault.
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1978). The newly-identified colloform pyrite in the stratiform orebody
has typical syn-depositional texture, and the stockwork mineralization
at the stratiform orebody footwall mimics the dual structure of typical
sedimentary exhalative (SEDEX) deposits. These two features were
interpreted to support the Late Paleozoic submarine exhalation miner-
alization hypothesis (Gu and Xu, 1986; Gu et al., 2000; Xu and Zhou,
2001; Xu et al., 2004). Pyrites from the footwall stockwork mineraliza-
tion (Guo et al., 2011) were Re-Os dated to be late Carboniferous
(319 ± 13 Ma).

Based on themetallogenesis of the Tongling ore district and local ore
deposit geology, Chang and Liu (1983); Yang andWang (1985); Chang
et al. (1991); Zhai et al. (1992); Meng (1994, 1996); Pan and Done
(1999) alternatively suggested that the Xinqiao mineralization was re-
lated to the Jurassic-Cretaceous tectono-thermal event in Eastern
China, and that the stratiform orebody may have formed by hydrother-
mal alteration along the detachment contact between the Upper Devo-
nianWutong Formation quartz sandstone and the Upper Carboniferous
Huanglong Formation limestone. Mao et al. (2009, 2011) supported this
view because the parallel ore-hosting unconformity between the
Wutong and Huanglong formations sediments is much shallower than
what SEDEX typically occurs and the major alteration mineral assem-
blage (quartz + pyrite) of the footwall stockwork mineralization is dis-
tinct from that of the sedimentary exhalative deposit (anhydrite and
barite; Sangster, 1990). The H-O isotope data of the ore-bearing quartz
(Liu, 2002), and Re-Os isochron (126 ± 11 Ma; Xie et al., 2009) ages
of the pyrites from the stratiform orebody are coeval with the Juras-
sic-Cretaceousmagmatic-hydrothermal activities, but this does not pre-
clude the possibility that the orebodies were formed via a Jurassic-
Cretaceousmineralization overprinting on the Late Paleozoic submarine
exhalation mineralization (Yang et al., 1982; Liu, 1991; Xie et al., 1995;
Tang et al., 1998; Zhou et al., 2010). Moreover, Fe isotope (δ57Fe:
−1.22‰ to 0.15‰) of colloform pyrite mineral separates from the
Xinqiao stratiform orebody indicates a magmatic-hydrothermal origin
rather than a syngenetic sedimentary origin (Wang et al., 2011, 2013),
and the colloform pyrite was thought to be the result of rapid crystalli-
zation of magmatic-hydrothermal fluids (Meng, 1994, 1996; Ren and
Liu, 2006). However, optical microscopy observations show that almost
all the colloform pyrite grains contain some crystalline pyrites, and
hence the Fe isotope result of colloform pyrite mineral separates possi-
bly reflects a mixture of both.

Pyrite trace elements geochemistry provides useful information for
determining the ore-forming fluid sources and evolution (Cook et al.,
2009; Maslennikov et al., 2009; Large et al., 2009; Sung et al., 2009;
Thomas et al., 2011; Zhao et al., 2011; Zhang et al., 2014). Zhou et al.
(2010) first conducted a laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) analysis on the Xinqiao pyrites, and ar-
gued that the colloform pyrite may have been sedimentary- or subma-
rine exhalation-derived, and that the metals (e.g., Cu, Pb, Zn, Au and
Ag) may have comemostly from the Jurassic-Cretaceous magmatic-hy-
drothermal system related to the Jitou stock. However, the limited
dataset (three analyses) of colloform pyrites does not allow undisputed
conclusions. Xiao et al. (2016) carried out field emission scanning elec-
tron microscopy (FE-SEM) and LA-ICP-MS analyses on the Xinqiao py-
rites and reached the same conclusion as Zhou et al. (2010), but the
Co/Ni values (range widely from 0.01 to 14.67, average 1.57) reported
for the colloform pyrites are inconsistent with that for a sedimentary
origin.

This study carries out in situ analyses of major and trace elements
and sulfur isotope for the pyrite from the Xinqiao stratiform orebody
by using the Electron Probe Microanalyzer (EPMA), LA-ICP-MS and
the Sensitive High Resolution Ion Microprobe (SHRIMP), respectively,
based on detailedfield investigation andmineralogical study (especially
SEM/EDS and XRD analyses for the colloform pyrite).We aimed to char-
acterize the geochemistry of the various pyrite types and elucidate their
origin, in order to better constrain the large-scale Cu-S-Fe metallogeny
at Xinqiao.

http://dx.doi.org/10.1016/j.oregeorev.2016.08.002
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2. Geological setting

2.1. Regional geology

The Tongling ore district is an important part of MLYB, containing
five orefields (from east to west), namely Tongguanshan, Shizishan,
Xinqiao, Fenghuangshan and Shatanjiao. Sedimentary rocks exposed
in the area have ages spanning from the Silurian to the Cretaceous,
amongwhich the Carboniferous Huanglong and Chuanshan formations
limestone and the Triassic Nanlinghu Formation limestone are impor-
tant ore-hosting strata. Structurally, the region contains mainly NE-
trending folds and NNE- and NW-trending faults which control the in-
trusion emplacement. Igneous rocks are widely distributed in the re-
gion, and are dominated by Late Jurassic-Early Cretaceous (ca. 156 to
137 Ma) high-K calc-alkaline granitoids (e.g., diorite, quartz diorite
and granodiorite) (Mao et al., 2011).

2.2. Ore deposit geology

Sedimentary rocks in the Xinqiaomining area consist of theMiddle-
Upper Silurian sandstone and siltstone (the Maoshan and Fentou for-
mations) and Lower Triassic limestone (the Yinkeng Formation).
Major structures at Xinqiao are the NE-oriented Dachengshan anticline
and the NNE-oriented Shenchong syncline (Fig. 2). The Jitou stock oc-
curs in the core of the Shenchong syncline, and is composed of quartz
diorite at the center and diorite porphyry along the edges. The Jitou
Fig. 2. Geological map of Xinqiao Cu-S-
stock has a SHRIMP zircon U-Pb age of 140.4 ± 2.2 Ma (Wang et al.,
2004a,b).

The twomajor mineralization types at Xinqiao include: An econom-
ically significant stratiformmineralization (accounting for 90%of theCu,
S and Fe reserves) is constrained in the detachment zone between the
Upper Devonian Wutong Formation quartz sandstone and the Upper
Carboniferous Huanglong Formation limestone; and an economically
less important skarn-typemineralization hosted in the contact between
the Yanshanian quartz diorite and the Lower Permian Qixia Formation
limestone (Fig. 3).

The Middle and Upper Carboniferous Huanglong and Chuanshan
formations are mainly composed of limestone, which were extensively
replaced by the stratiform ores and became themain ore-hosting strata.
The Upper Devonian Wutong Formation, dominated by quartz sand-
stone, acts as the footwall of the stratiform orebody, in which there
are pyrite-bearing quartz stockwork (Fig. 4a). The Lower Permian
Qixia Formation overlies the stratiform orebody, and is composed of
limestone and chert. The stratiform orebody is 2560 m long, 1810 m
wide and on average 21 m thick. The orebody is dipping to the north-
west, parallel with the Upper Devonian Wutong Formation and the
Upper Carboniferous Huanglong Formation (Fig. 3), and is in abrupt
contact with the Wutong Formation quartz sandstone (Fig. 4b). Field
geologic and petrographic observations indicate that ore minerals in
the stratiform orebody are dominated by magnetite, chalcopyrite, pyr-
rhotite and hematite, with gangue minerals including garnet, diopside,
epidote, chlorite, quartz and calcite. Zonation of metallic mineral
Fe deposit (after Tang et al., 1998).

http://dx.doi.org/10.1016/j.oregeorev.2016.08.002


Fig. 3. Representative cross-section of the Xinqiao Cu-S-Fe deposit (after Zang et al., 2004).
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assemblages occurs in the stratiform orebody away from the Jitou stock,
frommagnetite+ pyrite, through chalcopyrite+pyrite to pyrite. In ad-
dition, the colloform pyrite is themineral with typical colloform or con-
centric ring textures in the southwestern end of the stratiform orebody
(Xie et al., 2014; Xiao et al., 2016).

The skarn-type orebodies account for 10% of the metal reserves at
Xinqiao, and are developed along the contact between the Jitou stock
and the Lower Permian Qixia Formation limestone. Both the endoskarn
and exoskarn are garnet skarn, consisting predominately of garnet, wol-
lastonite and subordinate pyroxene (Wang et al., 2011).

Detailed field investigation indicates that the wall rock alteration
styles of the stratiform orebody mainly include garnet, diopside, epi-
dote, sericite, quartz, chlorite and kaolinite alterations. Only the alter-
ation of chert was identified in the Wutong Formation quartz
sandstone, footwall of the stratiform orebody (Fig. 4a).

3. Paragenetic sequences of mineralization and alteration

Based on themineral assemblages and textural relationships,miner-
alization at Xinqiao can be subdivided into five stages (Fig. 5), namely
the early skarn (Stage I), late skarn (Stage II), iron oxides (Stage III),
Fig. 4. (a) Pyrite-bearing quartz vein in theWutong Formation quartz sandstone and (b) the ab
quartz sandstone.
colloform pyrite (Stage IV) and the quartz-sulfide (Stage V) stages.
Stage III can be further divided into the hematite (Stage IIIA) and mag-
netite (Stage IIIB) sub-stages, and Stage V can be further divided into the
quartz-pyrite (Stage VA) and quartz-chalcopyrite (Stage VB) sub-
stages.

Stage I is dominated by abundant garnet and diopside coexisting
with trace wollastonite (Xie, 2012). Garnet is euhedral or anhedral
granular texture (Fig. 6a-c). Diopside is mainly subhedral granular or
allotriomorphic prismatic texture (Fig. 6a). Locally, garnet and diopside
were replaced by epidote and corroded bymagnetite (Fig. 6a),which in-
dicates that epidote and magnetite were formed later than garnet and
diopside.

Stage II is characterized by abundant epidote coexisting with trace
tremolite (Xie, 2012), most of which contains allotriomorphic texture
and occurs within the Stage I garnet grains (Fig. 6b). Some epidotes re-
placed garnet and diopside pseudomorphs (Fig. 6a). Locally, epidote
was replaced by magnetite (Fig. 6b) and corroded Stage I garnet grains
(Fig. 6c), indicating that epidote formed after garnet but before
magnetite.

Stage IIIA is mainly composed of radial or needle-like hematite,
whose pseudomorphs were usually filled in by later magnetite (Fig.
rupt contact interface between the Xinqiao stratiform orebody and theWutong Formation

http://dx.doi.org/10.1016/j.oregeorev.2016.08.002


Fig. 5. Mineral paragenesis of the Xinqiao deposit.
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6d–e). Stage IIIB (magnetite) is the most important Fe mineralization
stage, in which massive magnetite was cut by Stage V pyrite veins
(Fig. 6f). Hematite-bearing magnetite grains were locally replaced by
late pyrite along the grain boundaries (Fig. 6g).

Stage IV is characterized by colloform pyrite (Py1), hand-specimen of
which is light grey andmassive without metallic luster (Fig. 6h). A single
Py1 grain is usually 0.5 mm to 0.7 mm in diameter, and shows typical
colloform or concentric ring textures (Fig. 6i–j). The majority of Py1 has
experienced recrystallization and transformed into Stage VAfine-grained
pyrite (Py2), which commonly has metasomatic relict and blastoaplitic
texture (Fig. 6i). Py1 grains are locally cut by the Stage V coarse-grained
pyrite (Py3) veins (Fig. 6j). In addition, Py1 and coarse-grained Py3
were also found to cement Stage IIIB massive magnetite (Fig. 6k),
which indicates that the colloform Py1 was formed after magnetite.

Stage VA is characterized by abundant Py3 coexisting with abundant
quartz and minor Py2 (Fig. 6i) and chalcopyrite (Fig. 6l). Py3 locally re-
places magnetite (Fig. 6m). Stage VB is the main Cu mineralization stage
and contains abundant quartz, calcite, chalcopyrite and pyrite, together
with minor pyrrhotite, galena, sphalerite, sericite and chlorite. Guo et al.
(2011) and Xie (2012) reported that trace Cu-bearing sulfides (chalco-
cite, tetrahedrite, bornite) and anhydrite formed at this sub-stage. Chal-
copyrite mainly occurs as allotriomorphic texture, in quartz-bearing
veins (Fig. 6n) and stockworks (Fig. 6o). Quartz-bearing chalcopyrite
veins locally crosscut Stage VA Py2 (Fig. 6n), and chalcopyrite stockwork
locally crosscut Stage VA Py3 (Fig. 6o). Pyrrhotite mainly occurs as
allotriomorphic texture, which locally replaces Stage VA Py3 (Fig. 6p).
Sphalerite locally occurs as veins together with pyrite, chalcopyrite and
quartz (Fig. 6q). Stage VB Py3 locally replaces Stage VA Py2 (Fig. 6i).

4. Sampling and analytical methods

Three pyrite samples were collected from the top of a stratiform
orebody in the southeast part of the 60 m platform at the Xinqiao
open pit (XQ11-7, Fig. 2) and a stratiform orebody in the E16 stope at
an underground depth of −270 m (XQ43-4 and XQ43-9). These
samples usually contain all the three pyrite types and show massive
structure (Fig. 6h–i). It is difficult to keep the Py1 sample for long
under normal circumstances because it is very easily oxidized, which
leads to a change from massive texture to powder and the formation
of light green, needle-like and transparent minerals (Fig. 6r).

Sample preparation includes mainly laser mount preparation and
petrographic microscopy at the Key Laboratory of Metallogenic Predic-
tion of NonferrousMetals andGeological EnvironmentMonitor (Central
South University), Changsha, China.

Morphology observation and EDS analysis for Py1 were performed
using a field emission scanning electron microscope (Sirion200, FEI,
American) in combination with Energy Dispersive Spectroscopy (EDS)
(GENESIS 60S, FEI, American) at the Key Laboratory of Nonferrous
Metal Materials Science and Engineering (Central South University).
XRD analysis for Py1 was performed using a TTR3 X-ray diffraction
(XRD) (Shimadzu, Japan) at the Key Laboratory of Metallogenic Predic-
tion of NonferrousMetals andGeological EnvironmentMonitor (Central
South University). Analytical conditions include 50 kv (voltage),
200 mA (electric current) and 8° per minute (scanning speed).

The electronmicroprobe (EPMA) analysis for samplewas carried out
in the School of Geosciences and Info-Physics of the Central South Uni-
versity, using an 1720 EPMA from the Shimadzu Corporation, Japan. An-
alytical parameters include 15 kv (acc. Voltage), 2.0 × 10−8 A (probe
current) and 1 μm (spot size), and with 0.01% detection limit. Elements
analyzed include Fe, S, As, Co, Ni, Sb, Ag and Au.

Subsequently, LA-ICP-MS analysis was conducted at the Center for
Geo-Environmental Science, Akita University, Japan, using an Agilent
7500i quadrupole mass spectrometer and New Wave Research 5906
laser ablation system. Helium is the carrier gas of the ablated materials
during the experiment, and analytical parameters are 45 μm for spot
size, 6 Hz for frequency and 6.5 J/cm2 for laser energy. Analysis time of
one spot is 90 s, including 30 s of background (pre-ablation), 30 s for
standards and 30 s for the samples.

In addition, sampleswere analyzed for δ34SCDT using SHRIMP-SI at the
Australian National University. The methodology was described in detail

http://dx.doi.org/10.1016/j.oregeorev.2016.08.002
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by Gregory et al. (2014). Prior to the analysis, the mounts holding the
samples were coated in 0.01 μm of gold to dissipate the charge build up
during analysis, and to stabilize the −10 kV sample potential, so that
secondary ions emitted from the surface have a uniform potential. The
source chamber pressure was maintained at 10−6 Pa. Primary Cs+ ions
were produced and accelerated to +5 kV in the Kimball Physics IGS-4

http://dx.doi.org/10.1016/j.oregeorev.2016.08.002


Fig. 7. SEM photographs of colloform pyrites, showing the colloform pyrite being an aggregate of cubic microcrystalline pyrites. (a) 20 k× magnification; (b) 50 k× magnification.
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ion gunwhile the sample surfacewas held at−10 kV,making the impact
energy 15 keV. The primary ion beamwas focused to 25 μm. The area sur-
rounding the analysis spotwas pre-ablated, and sputtered for 120 s to en-
sure secondary ion beam stability prior to data acquisition. The analysis
consists of 10 cycles of 10 s data acquisition intervals. The different sulfur
isotopes were measured using Faraday cups (Ireland et al., 2014). Ruttan
pyritewas used as the primary standard, and approximately two analyses
of the standard were conducted for every seven analyses.

5. Results

5.1. SEM, EDS and XRD

Py1 SEM imaging under 2 × 104 to 5 × 104 times magnification
shows that a single colloform pyrite grain comprises an aggregate of
cubic microcrystalline pyrites of different sizes (b1 μm, Figs. 7a–b),
which are different from framboidal pyrite composed of similarly-
sized microcrystalline pyrites (Rickard, 1970). EDS analysis shows that
most Py1 contains only Fe and sulfur (Fig. 8a), and some contain also
carbon and oxygen (Fig. 8b). This iswell explained by theXRD analytical
data, which show that most Py1 aggregates contain only pyrites (Fig.
9a), whereas some contain also minor siderites impurities (Fig. 9b).

XRD analysis for oxidized materials (light green, needle-like and
transparent, Fig. 6r) were also conducted on Py1, which shows that
they are rozenite (FeSO4·4H2O) andmelanterite (FeSO4·7H2O) (Fig. 10).

5.2. EPMA

A total of 29 EPMA spot analyseswere completed on pyrites, including
seven spots on Py1, ten spots on Py2 and 12 spots on Py3. The results
(Table 1) indicate that Py1, Py2 and Py3 have sulfur concentrations of
51.79–53.17 wt.% (average 52.59 wt.%), 52.25–53.47 wt.% (average
52.95 wt.%), 52.22–54.30 wt.% (average 53.08 wt.%), respectively, and Fe
concentrations vary from 46.51–47.68 wt.% (average 46.98 wt.%), 46.46–
47.79 wt.% (average 47.21 wt.%) to 45.44–47.82 wt.% (average
46.97 wt.%), respectively. The As, Co, Ni, Sb, Ag and Au concentrations of
the three pyrite types are 0.01–1.15 wt.%, 0.02–0.57 wt.%, 0.01–
0.04wt.%, 0.01–0.04wt.%, 0.01–0.06wt.% and0.01–0.19wt.%, respectively.
Fig. 6. Photographs showing representative mineral assemblages and textural features of th
magnetite (PPL); (b) Epidote among garnets and locally corroded by magnetite (PPL); (c) Ep
Magnetite locally replaced needle-like hematite; (f) Pyrite veins crosscut massive magnetite;
of colloform pyrites, locally with coarse-grained pyrites; (i) Colloform pyrite rims recrystallize
coarse-grained pyrite; (j) Coarse-grained pyrite vein crosscut colloform pyrite; (k) Coarse-gr
formed earlier than colloform pyrite; (l) Coarse-grained pyrite coexists with quartz and chalc
residues in coarse-grained pyrite; (n) Chalcopyrite-bearing quartz veins crosscut fine-grai
corrodes coarse-grained pyrite; (q) Coarse-grained pyrite + sphalerite + chalcopyrite + qua
and transparent minerals resulted from the oxidation of colloform pyrites. Abbreviations: P
magnetite, Hem = hematite, Ccp = chalcopyrite, Po = pyrrhotite, Sp = sphalerite, Grt = ga
color in this figure legend, the reader is referred to the web version of this article.)
5.3. LA-ICP-MS

A total of 34 LA-ICP-MS spot analyses were completed on pyrites, in-
cluding 13 spots on Py1, seven spots on Py2 and 14 spots on Py3. Trace
elements contents for the three pyrite types are shown in Table 2 and
Fig. 11.

In general, concentrations for most trace elements in Py2 and Py3
vary considerably, and Py1 contains a narrower range of Co, Ni, Pb, Bi,
Cu, As, Ag, Sb, Tl, Te and Se, higher Pb, Bi and Ag, and lower Co, Ni, Se,
Cd, Te and Au.

TheMn, Cu and As contents in Py1, Py2 and Py3 are distinctly higher
than other trace elements, and the averages can reach hundreds of ppm
(Table 3). Cobalt and Ni are two important and common trace elements
in pyrite worldwide. Py2 and Py3 have the similar Co and Ni concentra-
tions, and are both higher than those of Py1 (Table 3).

5.4. SHRIMP

A total of 30 SHRIMP spot analyses were completed on pyrites, in-
cluding 21 spots on Py1, four spots on Py2 and five spots on Py3. In-
situ sulfur isotope data (Table 4; Figs. 12–13) show that δ34SCDT of
Py1, Py2 and Py3 are −4.6–2.7‰ (average 0.6‰), 1.8–2.5‰ (average
2.1‰) and 1.9–4.4‰ (average 3.5‰), respectively, indicating that
δ34SCDT increases from Py1, through Py2 to Py3. Note that δ34SCDT of
Py1 is mainly in the range of −0.7 to 2.7‰, and only two of the 21
spots are below −4.0‰ (Fig. 13).

6. Discussion

6.1. Origin of pyrites

The phenomenon that colloform pyrite (Py1) and coarse-grained
pyrite (Py3) cemented massive magnetite (Fig. 6k) indicates that Py1
and Py3 were formed after magnetite, and that the pyrites (esp. Py1)
may have been hydrothermal instead of sedimentary.

The Fe/S ratios of Py1, Py2 and Py3 are 0.882–0.906 (average 0.895),
0.883–0.903 (average 0.892) and 0.837–0.905 (average 0.885), most of
which higher than the theoretical value (0.875) (Fig. 14a) and similar to
e Xinqiao deposit. (a) Garnet and diopside replaced by epidote and locally corroded by
idote locally corrodes garnets (CPL); (d) Magnetite locally replaced radial hematite; (e)
(g) Hematite-bearing magnetite replaced along the edges by pyrite; (h) Hand-specimen
d and transformed into fine-grained pyrite, and fine-grained pyrite partially replaced by
ained pyrite and colloform pyrite cement massive magnetite, indicating that magnetite
opyrite in Stage VA; (m) Coarse-grained pyrite replaces magnetite, with some magnetite
ned pyrite; (o) Chalcopyrite stockwork crosscut coarse-grained pyrite; (p) Pyrrhotite
rtz veins crosscut quartz-bearing coarse-grained pyrite; (r) The light green, needle-like
y1 = colloform pyrite, Py2 = fine-grained pyrite, Py3 = coarse-grained pyrite, Mag =
rnet, Di = diopside, Ep = epidote, Qtz = quartz. (For interpretation of the references to
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Fig. 8. EDS spectrograms of Py1. (a) EDS spectrogram of Py1 composed of Fe and S; (b) EDS spectrogram of Py1 composed of Fe, S, and also C and O.
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the pyrites from magmatic-hydrothermal deposits (e.g., Zhilingtou Au
deposit) in China (Mei, 2000).

Song and Zhang (1986) summarized the trace elements characteris-
tics of pyrites from different types of ore deposits in China, and pointed
out that the Se/Te ratios of sedimentary pyrites aremainly from 0.2 to 4,
while the skarn-type pyrites have a larger range of 0.4 to 75. The Se/Te
ratios of Py1 at Xinqiao are 2.39–14.50 (average 7.98), relatively similar
to those of skarn-hydrothermal pyrites.

The physicochemical conditions for pyrite formation have an impor-
tant impact on the pyrite Co andNi contents and cause different Co/Ni ra-
tios (Hawley and Nichol, 1961; Bralia et al., 1979; Roberts, 1982;
Raymond, 1996; Craig et al., 1998; Clark et al., 2004). In general, Co/Ni
is below 1 (average 0.63) for sedimentary pyrites (Loftus-Hills and
Fig. 9. XRD spectrogram of Py1. (a) XRD spectrogram of Py1 compri
Solomon, 1967), ca. 1–5 for hydrothermal pyrites and ca. 5–50 (average
8.7) for SEDEX-related pyrites (Bralia et al., 1979). The Co/Ni of Py1
ranges from 0.67 to 2.94 (average 1.66), and two of the 13 data are
below1 (Fig. 14b), resembling typical hydrothermal pyrites. TheCo/Ni ra-
tios of Py2 andPy3 range from1.05 to 3.24 (average1.62) and1.03 to 4.67
(average 1.66), respectively, also demonstrate hydrothermal affinities.

The δ34SCDT results (Fig. 15) show that all the three pyrite types and
the skarn-type orebodies have similar magmatic-hydrothermal sulfur
sources, but obviously different from those of the Upper Carboniferous
Huanglong Formation limestone and seawater. However, two Py1
δ34SCDT values (−4.3‰ and −4.6‰) are distinct from those of the
other Xinqiao pyrites and from the skarn-body, but close to those of
the Huanglong Formation limestone. Based on the fact that Py1 and
ses only pyrites; (b) XRD spectrogram of siderites-bearing Py1.
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Fig. 10. XRD spectrogram of oxidized Py1, showing the Py1 oxides being rozenite (FeSO4·4H2O) and melanterite (FeSO4·7H2O).
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Py3 cement massive magnetite (i.e., Py1 and Py3 formed after magne-
tite; Fig. 6k), and that Fe/S, Se/Te and Co/Ni ratios for Py1 show a hydro-
thermal origin, we infer that some Py1 may have inherited its sulfur
from the Huanglong Formation limestone via fluid-rock interactions.

Our Fe/S, Co/Ni, Se/Te and sulfur isotope data show that the forma-
tion of all the three Xinqiao pyrite types was closely related with mag-
matic-hydrothermal fluids associated with the Jitou stock, rather than
the Huanglong Formation sediments. The colloform texture of pyrite
and the sequential development of the colloform ore layers, previously
explained by the sedimentation at Xinqiao, have been later found to be
rather common in hydrothermal systems, for example at Ezuri in Japan
(Barrie et al., 2009). In hydrothermal fluids, the colloform texture
Table 1
Representative EMPA geochemical data (wt.%) of the Xinqiao pyrites.
“–”: Below the detection limit.

Sample Minerals S Fe As Co Ni Sb Ag Au Total

XQ11-7 Py1 52.37 47.08 – 0.04 – – – – 99.49
XQ11–7 Py1 51.85 46.54 0.28 0.12 0.04 – 0.01 – 98.83
XQ11–7 Py1 52.62 47.68 – – – – – 0.05 100.35
XQ43-4 Py1 53.17 46.92 – – – – 0.02 0.01 100.12
XQ43-4 Py1 52.58 47.33 0.16 – – 0.02 0.02 0.03 100.14
XQ43-4 Py1 51.79 46.51 0.03 0.12 0.01 0.01 0.01 0.07 98.55
XQ43-4 Py1 53.10 46.83 – 0.21 – 0.01 0.01 0.01 100.18
XQ11-7 Py2 52.71 47.46 0.12 0.30 – 0.01 0.03 – 100.63
XQ11-7 Py2 53.45 47.59 – – 0.02 0.04 – 0.06 101.15
XQ11-7 Py2 52.92 47.79 – – – – – 0.04 100.75
XQ11-7 Py2 53.18 47.06 – 0.05 – – 0.01 0.03 100.33
XQ43-4 Py2 52.47 46.97 0.41 0.04 – 0.01 – – 99.90
XQ43-4 Py2 53.40 47.34 0.15 0.22 – – – 0.11 101.22
XQ43-4 Py2 53.04 47.20 0.01 – 0.01 – 0.01 – 100.27
XQ43-9 Py2 52.62 46.46 0.08 0.02 – – – 0.11 99.29
XQ43-9 Py2 52.25 46.48 0.02 0.57 – 0.04 – – 99.36
XQ43-9 Py2 53.47 47.79 – – – – – 0.15 101.41
XQ11-7 Py3 52.70 47.70 0.22 – 0.01 0.01 0.06 0.10 100.80
XQ11-7 Py3 54.30 45.44 0.38 0.05 0.01 – – 0.02 100.20
XQ11-7 Py3 53.76 47.04 – 0.05 – – – – 100.84
XQ43-4 Py3 52.22 46.57 1.15 0.02 – 0.02 – 0.13 100.11
XQ43-4 Py3 53.50 46.71 – – – – – 0.14 100.35
XQ43-4 Py3 52.73 47.39 0.02 0.20 – 0.04 0.02 0.12 100.53
XQ43-4 Py3 53.08 47.82 – 0.05 0.02 – 0.04 – 101.01
XQ43-4 Py3 52.76 46.51 – 0.05 – – – 0.09 99.40
XQ43-4 Py3 53.08 46.69 – – 0.02 – – 0.03 99.81
XQ43-9 Py3 53.46 47.41 – 0.03 – – 0.01 – 100.91
XQ43-9 Py3 52.49 46.84 – 0.04 – – – 0.19 99.55
XQ43-9 Py3 52.91 47.58 0.06 0.10 – – 0.02 0.06 100.73
represents changes in the physicochemical conditions (Fleet et al.,
1989; Craig andVaughan, 1994), and can be formed duringfluidmixing,
creating large temperature fluctuations and producing undercooling
(Franchini et al., 2015). We infer that the Xinqiao Py1 may reflect
rapid crystallization during fluid boiling and/or fluid mixing, creating
large temperature fluctuations and producing undercooling in the
mixed fluids, which is consistent with previous speculations that Py1
was resulted from rapid crystallization of magmatic-hydrothermal
fluids (Meng, 1994, 1996; Ren and Liu, 2006).

6.2. Occurrences of trace elements in pyrites

Previous studies had documented significant concentrations of Au,
Ag, Cu, Pb, Zn, Co, Ni, As, Sb, Se, Te, Hg, Tl and Bi in pyrite (Cook and
Chryssoulis, 1990; Reich et al., 2005; Reich and Becker, 2006; Large et
al., 2009; Deditius et al., 2011; Reich et al., 2013). Modes of trace metal
occurrences in pyrite include: (1) Solid solution within the crystal lat-
tice; (2) In sulfide nanoparticles; (3) In micron-sized sulfide inclusions;
(4) In micron-sized silicate or oxides inclusions (Thomas et al., 2011;
Ciobanu et al., 2012; Zhang et al., 2014). Nickel and Co are readily incor-
porated into the pyrite lattice via isomorphous replacement of Fe, and
are not readily released during hydrothermal pyrite recrystallization,
while As, Se and Te enter the lattice by replacing sulfur (Huerta-Diaz
and Morse, 1992; Morse and Luther, 1999; Tribovillard et al., 2006;
Large et al., 2009; Koglin et al., 2010). Lead does not enter the pyrite
crystal lattice readily due to its large ionic size, and has a faster precipi-
tation rate from an aqueous solution asmetal sulfidewhen compared to
Fe, which leads to an earlier formation of galena than pyrite, and to the
common presence of galena inclusions in pyrites (Huerta-Diaz and
Morse, 1992; Morse and Luther, 1999; Koglin et al., 2010).

Molybdenum, Bi, Cu, Pb and Sb, plus minor Zn,W, Sn, Ag and Au are
the mineralized elements in the Xinqiao pyrites. Lead and Bi in the
Xinaqiao pyrites have a positive correlation (Fig. 16a), and Pb/Co has a
more distinct positive correlation relationship with Ag/Co (Fig. 16b)
and Bi/Co (Fig. 16c). Since Co enters the pyrite lattice readily and Pb oc-
curs as galena inclusions in pyrites, the good positive correlations be-
tween Pb/Co and Ag/Co, Bi/Co might also imply that Ag and Bi occur
mainly as minute inclusions in pyrites.

Gold and As concentrations of pyrites in hydrothermal ore deposits
can constrain the saturation state of Au-bearing fluids from which As-
bearing pyrite precipitated, and provide information of Au distribution in
pyrite (Reich et al., 2005). For the Xinaqiao pyrites, Au and As
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Table 2
Representative LA-ICP-MS trace elements data (ppm) of the Xinqiao pyrites.
“–”: Below the detection limit.

Sample Minerals V Cr Mn Co Ni Cu Zn Ga As Se Mo Ag

XQ11-7 Py1 4.03 0.80 237.36 1.13 1.61 1166.58 34.76 0.35 624.75 – 289.62 57.32
XQ11-7 Py1 2.31 – 139.60 2.26 1.06 1129.45 1.48 0.19 730.03 0.79 188.43 60.02
XQ11-7 Py1 3.02 0.37 246.04 2.02 1.13 985.63 2.89 0.27 639.71 – 155.65 52.47
XQ11-7 Py1 5.69 0.17 114.16 1.64 1.07 663.22 1.33 0.59 401.03 1.49 43.92 48.07
XQ43-4 Py1 2.11 – 65.18 1.41 0.48 726.24 – 0.13 219.79 1.07 47.46 60.35
XQ43-4 Py1 1.59 – 55.45 0.90 0.53 887.93 – – 266.45 – 30.69 60.98
XQ43-4 Py1 6.00 0.33 65.22 2.33 3.46 972.55 – 0.92 373.64 – 31.01 68.46
XQ43-9 Py1 56.58 0.76 1352.67 1.35 1.24 250.53 144.55 2.96 608.40 4.64 50.47 8.65
XQ43-9 Py1 34.04 0.48 563.14 2.26 1.35 329.59 17.66 4.12 751.99 2.58 36.88 16.39
XQ43-9 Py1 7.81 1.16 345.55 2.19 1.22 277.37 21.29 1.09 782.99 2.18 14.17 20.33
XQ43-9 Py1 10.65 4.24 257.24 2.07 1.39 450.72 1.56 9.93 238.59 1.74 0.45 30.22
XQ43-9 Py1 2.73 1.34 24.49 2.31 2.07 703.68 – 2.57 430.15 1.78 3.55 40.26
XQ43-9 Py1 24.80 0.82 243.11 1.85 0.64 591.09 4.16 10.46 867.95 0.97 1.11 27.99
XQ11-7 Py2 0.13 – 11.31 36.65 7.85 2.93 2.74 0.09 13.15 13.56 0.29 0.09
XQ11-7 Py2 44.93 1.95 2671.82 2.52 1.92 243.42 112.36 1.16 659.20 0.58 20.02 10.02
XQ11-7 Py2 4.42 40.96 1435.43 2.13 2.07 345.04 15.12 2.05 3015.46 – 0.99 10.79
XQ43-4 Py2 1.83 2.48 2362.09 0.76 0.63 1250.23 – 1.13 481.39 1.55 17.25 9.32
XQ43-4 Py2 1.06 0.28 1200.43 0.94 0.76 1765.30 – 14.89 383.01 3.13 26.15 11.97
XQ43-4 Py2 0.87 0.32 1073.31 1.31 1.18 1108.19 – 0.84 361.52 5.72 7.59 8.68
XQ43-9 Py2 0.01 – 1.75 13.71 13.09 4.33 – – 237.88 – – 0.86
XQ11–7 Py3 6.70 2.35 169.21 1.69 1.11 192.78 13.29 0.23 2525.71 1.64 11.68 10.70
XQ11-7 Py3 4.75 – 112.96 1.83 0.82 64.94 4.93 0.35 793.02 – 0.28 6.32
XQ11-7 Py3 10.56 1.17 297.79 1.78 1.36 157.04 4.22 0.19 1994.82 0.65 10.86 18.13
XQ11-7 Py3 0.63 0.16 102.26 0.82 0.61 8872.70 – 0.26 484.23 4.47 1.16 19.46
XQ43-4 Py3 2.10 – 86.92 0.92 0.63 77.42 – – 391.01 – 0.77 2.55
XQ43-4 Py3 0.14 – 3.18 1.34 1.28 1956.46 – 0.14 – – 0.07 1.10
XQ43-4 Py3 4.52 0.26 99.94 1.11 0.56 136.74 – 0.59 1680.89 – 2.20 7.17
XQ43-9 Py3 0.56 0.90 9.72 3.07 2.44 1276.50 – 0.30 87.75 – 0.07 2.94
XQ43-9 Py3 8.55 0.07 165.77 1.35 0.89 411.36 – 0.23 406.94 2.19 1.91 8.59
XQ43-9 Py3 7.70 0.78 191.41 1.46 1.36 258.74 10.89 1.86 168.84 – 0.67 18.88
XQ43-9 Py3 3.86 1.45 9.10 1.69 1.26 7.05 – 9.63 15.30 0.77 0.05 3.23
XQ43-9 Py3 0.07 – – 1.37 1.17 2.90 3.08 – 9.86 14.92 – 0.04
XQ43-9 Py3 0.83 1.11 6975.45 63.32 19.53 43.50 5.24 0.44 310.97 – 0.05 1.93
XQ43-9 Py3 0.20 0.30 10.42 24.03 11.23 1145.13 49.51 0.11 13.28 – – 0.51

Sample Minerals Cd In Sn Sb Te Ba W Au Hg Tl Pb Bi
XQ11-7 Py1 0.42 0.02 0.07 182.24 0.08 2.43 0.48 0.05 0.32 6.89 938.35 296.24
XQ11-7 Py1 0.03 – 0.41 160.25 0.33 0.41 0.61 0.10 0.31 5.22 1060.32 275.53
XQ11-7 Py1 0.07 0.03 0.57 203.28 – 0.24 0.62 0.03 – 5.11 880.36 324.76
XQ11-7 Py1 – 0.04 0.18 88.74 0.15 0.15 0.85 0.03 0.08 5.00 1790.02 252.05
XQ43-4 Py1 – 0.02 0.15 95.92 0.21 0.03 0.16 0.02 0.16 3.30 885.14 267.99
XQ43-4 Py1 – 0.02 0.10 105.37 0.66 0.01 0.09 0.05 0.26 3.91 1028.72 266.80
XQ43-4 Py1 0.04 0.03 0.05 137.06 0.34 0.11 0.65 0.05 0.24 4.88 1536.28 435.92
XQ43-9 Py1 – 0.18 1.38 31.32 – 20.62 12.99 0.03 1.16 6.58 734.58 174.61
XQ43-9 Py1 0.26 0.06 1.93 35.21 – 6.56 9.97 0.04 0.52 5.54 677.00 201.49
XQ43-9 Py1 – 0.01 0.29 32.54 – 8.73 1.10 0.01 0.30 6.22 507.11 196.28
XQ43-9 Py1 – 0.03 0.80 30.55 0.12 4.64 1.56 0.05 0.55 17.58 767.50 342.98
XQ43-9 Py1 – – 0.31 41.66 – 14.06 1.53 0.09 0.44 13.83 1951.79 500.47
XQ43-9 Py1 – 0.06 1.19 41.23 – 14.25 2.77 0.04 0.91 31.45 1217.79 525.75
XQ11-7 Py2 – – 0.28 – – 0.67 0.77 0.58 1.94 0.31 0.50 1.63
XQ11-7 Py2 0.39 0.29 0.31 34.55 – 0.15 4.56 – 0.65 11.45 547.74 123.81
XQ11-7 Py2 0.31 0.25 0.92 1.96 6.48 0.26 0.46 0.65 0.60 3.36 52.79 59.10
XQ43-4 Py2 0.14 0.10 1.36 333.98 0.17 7.82 8.89 0.05 0.18 4.29 1260.69 4.65
XQ43-4 Py2 – 0.02 3.45 263.12 – 6.77 3.46 0.05 0.37 4.87 1358.74 4.35
XQ43-4 Py2 – 0.01 0.64 276.63 – 8.99 4.59 – 0.49 3.83 1277.80 3.15
XQ43-9 Py2 0.79 – – 0.05 5.69 0.12 – – – 0.04 2.51 9.54
XQ11-7 Py3 – 0.01 0.04 5.92 – 10.61 0.94 0.11 1.13 17.52 111.12 90.02
XQ11-7 Py3 – 0.01 – 0.85 0.13 9.86 1.43 0.03 0.43 2.92 50.58 30.27
XQ11-7 Py3 – – 0.06 1.65 0.81 0.79 1.22 0.22 0.88 5.21 101.58 134.17
XQ11-7 Py3 0.28 0.08 – 6.66 – – 0.09 0.58 – 5.08 93.41 5.16
XQ43-4 Py3 0.05 – – 0.38 0.22 0.03 0.08 – 0.61 0.85 10.50 4.97
XQ43-4 Py3 – – 0.11 0.12 0.65 – 0.08 – 0.33 0.18 5.52 0.99
XQ43-4 Py3 – 0.01 0.03 1.31 – 0.03 0.13 – 0.03 6.64 60.36 18.53
XQ43-9 Py3 – – 0.20 1.87 0.13 0.03 0.14 – – 0.34 48.72 5.02
XQ43-9 Py3 – – – 3.55 – 4.21 0.44 0.01 1.63 56.40 127.22 5.83
XQ43-9 Py3 – – 0.15 20.14 – 4.47 0.72 0.09 0.62 22.96 367.90 224.75
XQ43-9 Py3 – – 0.06 0.18 – 2.75 – 0.05 – 0.56 13.83 5.15
XQ43-9 Py3 – 0.02 – 0.05 2.29 1.93 0.01 – 0.34 – – –
XQ43-9 Py3 – 0.08 0.39 1.11 – 2.83 0.30 – – – 49.44 2.35
XQ43-9 Py3 0.61 0.28 0.04 – 10.46 0.32 0.51 0.41 1.82 0.19 3.30 4.82
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concentrations plot above the solubility limit of the solid solution for Au
(Fig. 17), indicating that the Au probably occurs as Au0 (Au nanoparticles)
in pyrites.
Zhou et al. (2010) and Xiao et al. (2016) pointed out that the concen-
trations of Cu, Pb, Zn, Au andAg in Py2 andPy3 are higher than in Py1, and
that these metals may have mostly come from the Jurassic-Cretaceous
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Table 3
Concentrations ranges (ppm) of Mn, Cu, As, Co and Ni of the Xinqiao pyrites.
Data in the parentheses: The average concentrations (ppm).

Mn Cu As Co Ni

Py1 24.49–1353 (285) 251–1167 (703) 220–868 (534) 0.90–2.33 (1.82) 0.48–3.46 (1.33)
Py2 1.75–2672 (125) 2.93–1765 (674) 13.15–3015 (736) 0.76–36.65 (8.29) 0.63–13.09 (3.93)
Py3 3.18–6975 (633) 2.90–8873 (1043) 9.86–2526 (683) 0.82–63.32 (7.56) 0.56–19.53 (3.16)

Fig. 11. Trace elements concentration diagram of the Xinqiao pyrites.
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magmatic-hydrothermal fluids associated with the Jitou stock. Our study
has generated more detailed data. Cu (average 674 and 1043 ppm, re-
spectively) and Au (average 0.33 and 0.19 ppm, respectively) concentra-
tions in Py2 and Py3 are higher than in Py1 (average: 702 ppm Cu and
0.05 ppmAu), Zn (average 25.52 ppm) in Py1 is close to the values (aver-
age 43.41 and 13.02 ppm, respectively) in Py2 and Py3, and Ag (average
42.42 ppm) and Pb (average 1075 ppm) in Py1 are markedly higher
than in Py2 (average: 7.39 ppm Ag and 643 ppm Pb) and Py3 (average:
7.25 ppmAg and80ppmPb).We infer that these geochemical differences
among the various Xinqiao hydrothermal pyrites are the results of differ-
ent composition and/or physicochemical conditions of relevant hydro-
thermal fluids. Such geochemical differences also suggest that for these
pyrites, Stage IV is the main Ag enrichment stage, whereas Stage V is
the main Cu-Au enrichment stage.

6.3. Metallogenic implications for the Xinqiao deposit

6.3.1. Genesis of the footwall stockwork mineralization
As mentioned above, three hypotheses for the Xinqiao mineralization

were proposed, with themajor controversies focusing onwhether: 1) the
Table 4
In situ sulfur isotope data (‰) by SHRIMP of the Xinqiao pyrites.

Sample Spot Minerals δ34SCDT Std error

XQ11-7 1 Py2 1.75 0.05
XQ11-7 2 Py3 4.38 0.05
XQ11-7 3 Py3 4.16 0.05
XQ11-7 4 Py2 2.05 0.05
XQ11-7 5 Py1 −0.62 0.04
XQ11-7 6 Py3 3.74 0.05
XQ11-7 7 Py1 1.71 0.05
XQ11-7 8 Py1 2.29 0.05
XQ11-7 9 Py1 −0.06 0.05
XQ11-7 10 Py3 3.55 0.05
XQ11-7 11 Py1 0.74 0.04
XQ43-4 12 Py2 2.45 0.04
XQ43-4 13 Py1 1.36 0.04
XQ43-4 14 Py1 2.25 0.04
XQ43-4 15 Py3 1.88 0.05
colloform pyrites were ofmagmatic-hydrothermal or sedimentary origin,
and 2) the footwall stockwork mineralization was of Jurassic-Cretaceous
magmatic-hydrothermal or Late Paleozoic submarine exhalation (chan-
nel-way product) origin. For the first issue, the evidence outlined in the
discussion sections above has clearly supported a hydrothermal origin
for the Xinqiao colloform pyrite.

The footwall stockwork mineralization of the stratiform orebody is
dominated by pyrite-quartz veins (Fig. 4a), distinct from the mineral as-
semblage (such as anhydrite and barite) in typical SEDEX footwall
stockwork mineralization (Sangster, 1990). More importantly, the foot-
wall alteration of the Xinqiao stratiform orebody is dominated by silicifi-
cation, inconsistent with typical SEDEX deposits, which is characterized
by tourmaline, albitite, chlorite and epidote alterations (Sangster, 1990).

In addition, if the stratiform orebody formed during the Late Paleo-
zoic submarine exhalation, the parallel unconformity interface that
hosts the stratiform orebody would have occurred in an epicontinental
or shallow sea environment, considerably shallower than the formation
depths (deep seafloor: 1.5–3.5 km; Scott, 2008) of SEDEX (Mao et al.,
2009). Moreover, typical SEDEX deposits are characterized by
syngenetic mineralization, but there is a clear abrupt contact interface
Sample Spot Minerals δ34SCDT Std error

XQ43-4 16 Py2 1.93 0.05
XQ43-4 17 Py1 −4.32 0.05
XQ43-4 18 Py1 2.44 0.04
XQ43-4 19 Py1 0.82 0.05
XQ43-4 20 Py1 2.74 0.05
XQ43-4 21 Py1 1.29 0.04
XQ43-9 22 Py1 0.50 0.04
XQ43-9 23 Py1 0.85 0.04
XQ43-9 24 Py1 1.79 0.04
XQ43-9 25 Py1 1.99 0.05
XQ43-9 26 Py1 1.15 0.04
XQ43-9 27 Py1 −0.67 0.04
XQ43-9 28 Py1 −4.61 0.05
XQ43-9 29 Py1 −0.21 0.06
XQ43-9 30 Py1 0.77 0.06
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Fig. 12. Analytical spot locations and values of the in situ sulfur isotope analysis by SHRIMP for the Xinqiao pyrites (‰). (Analysis spot/δ34SCDT). Abbreviations: Py1 = colloform pyrite,
Py2 = fine-grained pyrite, Py3 = coarse-grained pyrite.

Fig. 13. Sulfur isotope histogram for the Xinqiao pyrites, in-situ analyzed by SHRIMP.
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between the Xinqiao stratiform orebody and the Wutong Formation
quartz sandstone (Fig. 4b), indicative of epigenetic mineralization.

Although the Re-Os isochron age (319 ± 13 Ma; Guo et al., 2011) of
pyrites from the footwall pyrite-bearing quartz veins may imply the
Late Paleozoic submarine exhalation origin for the Xinqiao deposit, the
initial value of 187Os/188Os (0.017) is inconsistent with the initial
187Os/188Os of typical SEDEX deposits, which usually lie in the range be-
tween average oceanic crust (~1) and seawater (~8) (Ravizza et al.,
1996). The 187Os vs. 187Re ratios of pyrites plot in a fairly narrow field,
which do notmeet the conditions of Re-Os isochron age andmost likely
reflect the true age of the footwall stockwork mineralization (Huang,
2011).

In addition, Zhang (2015) pointed out that the δ34SCDT of Py3 from
the footwall stockwork mineralization is of 2.8–3.8‰ (average 3.3‰),
close to that of the Jitou stock-related skarn mineralization (2.7‰ to
4.3‰, average 3.3‰) and disseminated pyrite in the Jitou stock (2.8‰
to 4.5‰, average 3.4‰), but clearly distinct from the Upper Carbonifer-
ousHuanglong Formation limestone (−9.47‰ to−15.42‰; Tang et al.,
1998). Similarly, the footwall stockwork mineralization yielded an ini-
tial 87Sr/86Sr ratio of 0.71138 ± 0.00014 (Zhang, 2015), similar to
those of the stratiform orebody (0.710; Li et al., 1997) and the Jitou
stock (0.7065; Yu et al., 1998) but different from that of the ore-hosting
limestone (0.7246; Zhang, 2015). Therefore, we conclude that the foot-
wall stockwork mineralization is likely to be genetically linked to the
magmatic-hydrothermal fluids associated with the Jitou stock.
6.3.2. Mineralization of the Xinqiao deposit
Based on the discussion above, we conclude that the stratiform

orebody (including the footwall stockworks) at Xinqiao was likely to
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Fig. 14. (a) Fe vs. S diagram for the Xinqiao pyrites. (b) Co vs. Ni diagram for the Xinqiao pyrites.

Fig. 15. Sulfur isotope composition diagram for the Xinqiao deposit (δ34SCDT of the Huanglong Formation limestone from Tang et al. (1998), and δ34SCDT of the skarn-type orebodies from
Zang et al. (2004).
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form from Jurassic-Cretaceousmagmatic-hydrothermal fluids, probably
associated with the nearby Jitou stock, and the Xinqiao Cu-S-Fe
mineraization may have been generated by the Yanshanian tectono-
thermal event in Eastern China.

From ca. 180 to 90 Ma, the continental margin of Eastern China may
have evolved from an active continental margin to an intraplate setting,
Fig. 16. Scatter diagrams of (a) Pb vs. Bi, (b) Pb/Co vs. Ag
and the stress field may have changed from compressive to extensional
(Qi et al., 2000). When the subduction of the paleo-Pacific plate began
and the continental crust of the Yangtze Cratondelaminated, the structur-
al orientation of the MLYB may have changed from E–W to NE–SW
trending, and then to NNE–SSW trending (Zhou et al., 2008), and the re-
sultant complex crustal-mantle interactions may have generated intense
/Co and (c) Pb/Co and Bi/Co of the Xinqiao pyrites.

http://dx.doi.org/10.1016/j.oregeorev.2016.08.002


Fig. 17. Correlation diagram of Au and As concentrations in the Xinqiao pyrites, showing
that the Au probably occurs as Au0 (Au nanoparticles) in the pyrites.
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magmatism (Mao et al., 2003; Wu et al., 2003). Under such a tectono-
magmatic regime, the region between the Jitou–Shatanjiao basement
fault and the NNE–SSW-trending fault zone was stretched, leading to
the magma from the lower crust upwelling (Zhang, 2015). The magmas
may have migrated along the NE-trending Dachengshan anticline and
the NNE-trending Shenchong syncline to form the NW-trending Jitou
stock (Liu et al., 1996). Subsequently, magmatic-hydrothermal fluids
enriched in ore-forming elements (e.g., Cu, S, and Fe) may have ascended
Fig. 18. Genetic model of the
and entered the detachments between the Upper DevonianWutong For-
mationquartz sandstone and theUpper CarboniferousHuanglong Forma-
tion limestone in the Early Cretaceous (ca. 138.0 ± 2.3 Ma, Rb-Sr isotope
isochron age for the quartz fluid inclusions from the footwall stockwork
mineralization;. This may have led to the early (Stage I) and late (Stage
II) skarn alterations. With decreasing temperature, Fe in the ore-forming
fluids precipitated to form hematite andmagnetite (Stage III). The Fe-ox-
ides mineralization and the fluid mixing had substantially altered the
physicochemical conditions of the orefluids, and generated large temper-
ature fluctuations and undercooling, resulting in the rapid crystallization
of Stage IV colloform pyrites (Py1) that locally cemented the early mas-
sive magnetite. Continuous influx of the ore-forming fluids and tempera-
ture drop may have led to the formation of abundant quartz, fine to
coarse-grained pyrites (Py2 and Py3) and chalcopyrite with local pyrrho-
tite, galena, sphalerite, sericite, chlorite and calcite (Stage V) in the strati-
form orebody. Coevally, some ore-forming fluids may have entered the
Wutong Formation quartz sandstone to form the stockwork mineraliza-
tion (Fig. 18; Zhang, 2015).

7. Conclusion

(1) Hydrothermal alteration and mineralization at Xinqiao com-
prises five stages, including garnet and diopside alteration
(Stage I), epidote alteration (Stage II), hematite (Stage IIIA) and
magnetite (Stage IIIB) mineralization, colloform pyrite (Stage
IV) mineralization and quartz-sulfides (Stage V) mineralization.

(2) SEM imagery for colloform pyrites reveals that single colloform
pyrite grains are composed of cubic microcrystalline pyrite ag-
gregates, and EDS and XRD data indicate that some colloform py-
rites contain minor siderite impurities.
Xinqiao Cu-S-Fe deposit.
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(3) For the pyrites from the Xinqiao stratiform orebody, Ag and Bi
occur mainly as inclusions and Au occurs as Au0 (Au nanoparti-
cles).

(4) The Fe/S, Se/Te and Co/Ni values of the Py1 display typical hydro-
thermal affinities. In-situ SHRIMP sulfur isotope data reveals that
the Py1 δ34SCDT (−0.6‰ to 2.7‰, average 0.6‰) values are close
to those of the skarn-type orebodies, but distinct from those of
the Upper Carboniferous Huanglong Formation limestone, sug-
gesting that Py1 may have been genetically linked to the Juras-
sic-Cretaceous magmatic-hydrothermal fluids associated with
the Jitou stock.

(5) The Xinqiao stratiform orebody may have been formed from Ju-
rassic-Cretaceous magmatic-hydrothermal fluids associated
with the Jitou stock, similar to the skarn-type orebodies.
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