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A B S T R A C T

The Early Cretaceous (ca. 128 Ma) Shapoling vein-type molybdenum (Mo) mineralization, associated with the
Huashan intrusion is a newly discovered deposit in the Xiong'ershan district, East Qinling, China where pyrite is
a ubiquitous mineral phase. Here we present results from an integrated study on the texture, in situ trace element
chemistry from laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and sulfur isotopic
composition using secondary-ion mass spectrometry (SIMS), with a view to understand the geochemical var-
iation, genesis of Mo mineralization and ore-forming process. The distinct textural patterns as revealed by
petrographic observations suggest three types of pyrites: Py1 is composed of coarse-grained euhedral pyrite in
the wall rock and early barren quartz vein at Stage I, Py2 is represented by subhedral-anhedral grains coexisting
with molybdenite in quartz veins at Stage II, and Py3 forms irregular interstitial grains in the quartz + K-feld-
spar + molybdenite dominated veins at Stage III. The Mo enrichment mainly occurred in Py3 (with Co/Ni ra-
tios > 1 and δ34S values mainly < 0‰). Our study shows that Mo, Au, Pb, Zn, Ag and Cu are selectively par-
titioned into pyrite as mineral micro/nano-inclusions, and that the siderophile and chalcophile elements (such as
Co, Ni, As, Se and Te) occur substituted within different textural types of pyrite. The δ34S values of the pyrites in
Py1 and Py2 range between −2.33‰ and −0.37‰, indicating a dominantly magmatic origin. The δ34S values
of Py3 increase from −2.55‰ to +1.48‰. In situ δ34S analysis of pyrite from Py1, Py2 to Py3 shows a pro-
gressive and gradual change in redox conditions. The negative values indicate oxidized sulfur in the early
generation of pyrite (Py1 that coexists with magnetite). Conversely, positive values represent reduced sulfur
found in the later generations of pyrite (Py3), which contain higher concentrations of Cu, Pb, Zn and Ag. The Mo-
bearing pyrite identified in our study could be used as a possible pathfinder for the exploration of high-grade Mo
mineralization.

1. Introduction

The East Qinling Mo belt (EQMB) in central China (Fig. 1) is one of
the world's most important Mo provinces, which hostsnumerous mo-
lybdenum deposits with molybdenum metal reserves of 8.43 million
tonnes (Mao et al., 2011). This region has been a focus of mineral ex-
ploration and scientific research for many years in relation to the Me-
sozoic porphyry-related deposits including porphyry, porphyry-skarn
and skarn types of deposits (Chen et al., 2000; Li et al., 2007; Mao et al.,
2008, 2011; Zhang et al., 2011; Bao et al., 2017; Lu et al., 2017). Di-
verse types of Mo deposits have been reported in vein systems in the

EQMB, such as in quartz-vein systems (e.g. Deng et al., 2016, 2017),
carbonatite-vein systems (e.g. Huang et al., 2009; Cao et al., 2014), and
fluorite-vein systems (e.g. Deng et al., 2014b, 2015). These vein systems
show remarkable difference in their geological and geochemical fea-
tures and isotope ages leading to controversies on their genesis. The
molybdenum ores occur in diverse vein systems such as in quartz –
dominated veins, carbonatite – dominated veins, and fluorite – domi-
nated veins. The available geochemical data suggest that the ore
forming elements and fluids in these veins came from different sources
(Deng et al., 2013b,c, 2014c). The published molybdenite Re–Os ages
display a large scatter in ages from Palaeoproterozoic (ca. 1.85 Ga,
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Deng et al., 2013a) to Early Cretaceous (Liu et al., 2011). Furthermore,
the diverse styles of mineralization associated with these deposits in-
clude: (1) orogenic type Mo deposits related to the Indosinian Orogeny
(Deng et al., 2014b; Li and Pirajno, 2017), (2) strata-bound deposits
related to a Paleo- to Mesoproterozoic volcanic hydrothermal event (Bai
and Xiao, 2009; Bai et al., 2009b, 2010), (3) vein type Mo deposits
generated during post-collisional extension following the amalgamation
of the North China and Yangtze Cratons (Huang et al., 2009; Cao et al.,
2014; Li and Pirajno, 2017), and (4) strata-bound or vein type Mo de-
posits associated with Yanshanian magmatism (Wen et al., 2008; Zhao
et al., 2015). The mechanisms of ore genesis, as well as the source(s) of
ore-forming elements and fluid remain controversial. Characterizing
the mineralization and genesis of the Mo-bearing vein systems is fun-
damental to the modelling of Mo deposits in EQMB and exploration
targeting.

The Shapoling Mo deposit in the Xiong’ershan district of the EQMB
is a typical vein system with the following salient features. (1) The
orebodies are defined by the concentration of numerous thin Mo-

bearing quartz veins controlled by fault zones; (2) the Mo mineraliza-
tion occurred in Early Cretaceous as suggested by the molybdenite Re-
Os isochron age of 128.1 ± 7.1 Ma (Su et al., 2009; Liu et al., 2011),
broadly contemporaneous with the emplacement age of the spatially
related Huashan pluton; and (3) the remarkably high Re content in
molybdenite (147–307 ppm) suggests the involvement of mantle
sourced fluid. Previous studies addressed the ore geology and timing of
mineralization, although the mechanism of ore genesis remains unclear
(Cui et al., 2006; Chen, 2009; Su et al., 2009; Liu et al., 2011).

Pyrite is the most abundant sulfide in the Earth’s crust and is also a
major constituent of hydrothermal mineralization in a wide variety of
ore systems, including porphyry copper deposits, volcanogenic massive
sulfide deposits, iron-oxide-copper-gold deposits, sedimentary rock
hosted copper/uranium deposits, and Archean to Mesozoic lode, epi-
thermal and Carlin-type gold deposits, among others (Reich et al.,
2013). Pyrite also is the predominant sulfide mineral in the Shapoling
Mo deposit. The trace element geochemistry of pyrite is an important
proxy for monitoring the changes in pH, oxidation state and source of

Fig. 1. Geological maps, showing the major tectonic subdivisions of China and the location of Qinling Orogen (a); tectonic framework of the Qinling Orogen (b);
geology and distribution of the mineral deposits in the Xiong’ershan district (c) (modified after Deng et al. (2014a) and Cao et al. (2015)).
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the ore-forming fluid (e.g., Zhao et al., 2011; Zhang et al., 2014; Li
et al., 2016; Ward et al., 2017). It has been noted that even in the case
where trace element content of pyrite reflects nanoscale minerals or
inclusions, the information provides a passive record of the chron-
ological history of cyclical metal saturation in the parent fluid (Tanner
et al., 2016). Sulfur isotopic composition of pyrite can be effectively
used to evaluate the physicochemical conditions during deposition and
provides an alternative technique to identify fluid source(s) or fluid
mixing (e.g., Ulrich et al., 2011; Xue et al., 2013; Li et al., 2017a; Yan
et al., 2018).

Although extensive studies were carried out on trace element and
sulfur isotope in pyrite, coupled in situ trace element and sulfur isotope
analyses on pyrite crystals from a Mo deposit has not been widely at-
tempted. In this paper, we report an integrated in situ trace element and
sulfur isotope analysis of pyrite from the Shapoling vein-type Mo de-
posit. We summarize the geologic setting and hydrothermal alteration
of the Shapoling deposit, recognize three pyrite types and describe their
textural characteristics from three stages of mineralization, and com-
pare the changes in sulfur isotopes and trace element abundances. Our
results provide insights into the hydrothermal process related to the
mineralization and help in assessing the sources of ore-forming fluid
and ore-forming material, with implications on ore genesis.

2. Regional geology

The Qinling Orogen is located at the central part of the E-W trending
Central China Orogenic Belt (CCOB) that evolved from the northern-
most Paleo-Tethys Ocean (Li et al., 2017b). The formation of this
orogen involved Paleozoic to Mesozoic subduction-collision-accretion
processes between the North China Craton and Yangtze Craton (Fig. 1a;
Li et al., 2012, 2015; Dong and Santosh, 2016; Tang et al., 2016; Wang
et al., 2017a). The Qinling Orogen has been subdivided into four tec-
tonic units from north to south: the Huaxiong Block representing the
reactivated southern margin of the NCC, North Qinling Belt, South
Qinling Belt and northern South China Block with the San-bao, Luan-
chuan, Shangdan, Mianlue and Longmenshan faults as their boundaries
(Fig. 1b; Chen et al., 2014b). The main lithostratigraphic units of the
Huaxiong Block consist of crystalline basement of the Late Neoarchean-
Paleoproterozoic Taihua Group, the lowest cover of the Mesoproter-
ozoic Xiong'er Group, and the Meso- to Neoproterozoic Guandaokou

and Luanchuan Groups (Fig. 1c; Cao et al., 2015; Wang et al., 2016a,b).
The Taihua Group is traditionally divided into an upper unit composed
of graphite-bearing gneiss, banded iron formation and amphibolite, and
a lower unit represented by amphibolite- to granulite-facies metamor-
phosed tonalite-trondhjemite-granodiorite (TTG) gneiss and amphibo-
lite (Tang et al., 2015; Zhang et al., 2015). The Xiong’er Group un-
conformably overlies the Taihua Group, and is mainly preserved as a
weakly metamorphosed volcanic sequence composed of andesites, ba-
saltic andesites, dacites and rhyolites. The Meso- to Neoproterozoic
sedimentary sequences represented by the Guandaokou and Luanchuan
Groups are mainly composed of carbonate rocks and clastic sedimen-
tary rocks (Tang et al., 2018).

The Xiong'ershan district is bounded by the Luoning fault to the
north and the Machaoying fault to the south, and is located at the
central part of the Huaxiong Block (Fig. 1b). There are many ore de-
posits in the Xiong’ershan district, including porphyry Mo deposits
(Leimengou and Shiyaogou), quartz-vein Mo deposits (Shapoling,
Qianfanling and Zhifang) (Liu et al., 2011; Mao et al., 2011), carbo-
natite-vein Mo deposit (Huangshui’an) (Cao et al., 2014), breccia pipe
hosted Au deposits (Qiyugou and Dianfang) (Chen et al., 2009; Fan
et al., 2011; Tian et al., 2017), orogenic gold lodes (Shanggong) (Mao
et al., 2002; Chen et al., 2008), and epithermal Ag-Pb-Zn deposits
(Tieluping, Haopinggou and Shagou) (Chen et al., 2004; Li et al., 2013,
2016) (Fig. 1c). The Machaoying fault zone is the main geologic
structure in the Xiong'ershan district, extending ∼200 km WNW, and is
a north-dipping thrust zone formed during Mesozoic continental colli-
sion (Fig. 1c). This fault zone controls many of the hydrothermal mi-
neral systems in this area and was active until the late Cretaceous (Han
et al., 2009).

3. Deposit geology

The Shapoling Mo deposit is located at the northwestern part of the
Xiong'ershan district (Fig. 1c). The exposed strata in the Shapoling ore
district comprise the Neoarchean to Paleoproterozoic Taihua Group,
consisting of biotite and plagioclase gneisses, amphibole plagiogneiss,
and amphibolite. The magmatic suites were emplaced during two
phases, in Proterozoic and Mesozoic. The former includes gabbro-dia-
base stocks and sills, and the latter is represented by the Huashan
batholith which is related to the Yanshanian tectonothermal event and
comprises porphyritic biotite monzogranites, monzogranites and mon-
zonite (Wang et al., 2016c). The orebodies are composed of numerous
thin Mo-bearing quartz veins that occur within the contact zones be-
tween the Huashan pluton and Taihua Group (Fig. 2). The deposit is
characterized by abundant stockworks of K-feld-
spar + quartz + pyrite + molybdenite veins. Most of the K-feld-
spar + quartz + pyrite + molybdenite veins extend along strike with a
thickness ranging approximately 0.01 to 0.5 m. The orebodies are pri-
marily vein type, and their morphology is controlled by the F1, F2, F3
fault zones (Fig. 2). The majority of these orebodies are controlled by
NS- or NNE-trending fractures that dip to SE at angles of 40°–60°. A few
of the orebodies strike NE and NW. The orebodies are 150 m–620 m
long, with a thickness of 3–6 m. The deposit has total reserves of
8461 tones Mo at an average grade of 0.08%.

The major ore minerals of the Shapoling deposit include molybde-
nite, pyrite, and minor galena, chalcopyrite, sphalerite and scheelite.
Molybdenite occurs as curved and coarse-grained flakes or flaky ag-
gregates, filling fractures, or as spotted and sparsely disseminated ores
in quartz + K-feldspar veins and K-feldspar altered rocks. Molybdenite
also occurs as thin film within the altered rocks. The main gangue
minerals are quartz and feldspar, with few sericite, garnet, carbonate,
fluorite, chlorite and epidote. The alteration types include K-feld-
spathitization, silicification, sericitization, propylitic alteration, and
carbonatization.

Hydrothermal alteration in the Shapoling deposit is extensive and is
structurally controlled by the F1, F2 and F3 fault zones. Molybdenum

Fig. 2. Geological map of the Shapoling Mo deposit in the Xiong’ershan district
(modified after Liu et al. (2011)).
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mineralization is spatially associated with silicification, potassic and
phyllic alteration, with a complex mineral assemblage. Based on mi-
neral assemblage and crosscutting relationships, four stages of miner-
alization can be distinguished from early to late, as described below
(Fig. 3).

Stage I: Stage I comprises mainly milky, massive and barren quartz,
magnetite and minor coarse-grained euhedral pyrite which is labelled
as Py1 (Figs. 4a, b and 5a, b). K-feldspathitization is also observed in
the altered rocks, as exemplified by reddish massive and banded feld-
spathoid rocks. The barren quartz and pyrite veins extend along strike
with cracks or dissemination in the altered rock, and are commonly
crosscut by later sulfide-bearing veinlets, suggesting pre-ore feature
(Fig. 4c, d).

Stage II: This stage is defined by quartz, pyrite and molybdenite,
with minor galena, sphalerite, and chalcopyrite (Figs. 3 and 4c, d).
Quartz is glassy to glassy-white in color and is more transparent than
the earlier quartz, commonly displaying subhedral to euhedral nature.
The pyrite in Stage II is subhedral-anhedral, and generally forms dis-
seminations coexisting with molybdenite in the quartz veins (Fig. 5c,
d). Massive pyrite associated with minor Mo mineralization is regarded
as the second type (Py2).

Stage III: The major Mo mineralization episode occurred in Stage III,
which is dominantly represented by K-feldspar + quartz + molybde-
nite + pyrite veins (Fig. 4e, f). Pervasive K-feldspar alteration is ex-
tensively developed in the quartz veins. Pyrite occurs as irregular in-
terstitial crystals bordered by molybdenite (Fig. 5e, f). Molybdenite
occurs as fine-grained crystals and is closely arranged in discontinuous
streaks showing rosette texture along the boundaries of K-feld-
spar + quartz + pyrite veins, or as disseminations throughout the K-
feldspar + quartz + pyrite veins and altered wallrocks. Quartz is mi-
crocrystalline and commonly line vug. As indicated by the crosscutting
relationships, the K-feldspar + quartz + molybdenite veins postdate
the early barren veins and quartz + pyrite + molybdenite veins
(Fig. 4e, f and 5e, f), but predate the late barren veins. These veins are
also characterized by abundant polymetallic sulfides such as chalco-
pyrite, galena and sphalerite.

Stage IV: Stage IV marks the waning of hydrothermal activity
without any major metal deposition or with minor molybdenite and
pyrite, but with extensive formation of fluorite in the barren quartz
veins, and within geodes. Fluorite occurs as blocky masses, veins, or
disseminations (Fig. 4g, h) in association with sericite and calcite.

4. Samples and analytical methods

A total of 22 hand specimens were collected from the ores and wall
rocks belonging to different stages (Figs. 2 and 3) and polished into
sections for petrographic study. Samples of the first stage I were

Fig. 3. Paragenetic sequence of the Shapoling Mo deposit. The widths of the
lines denote relative abundance of minerals; the lines indicate local presence of
a mineral.

Fig. 4. Photographs (a–h) showing structures, textures, and mineralogy of
ores from the Shapoling Mo deposit. (a) Early quartz cement surrounding
wall-rock breccia; (b) barren quartz + pyrite vein as fracture fillings in
potassic wall-rock; (c) the marginal early pyrite + quartz vein was intruded
by the quartz + pyrite + molybdenite vein and enclosed by intensive hy-
drothermal alteration; (d) quartz + pyrite + molybdenite veins cross-
cutting the early coarse-grained pyrite aggregates; (e) representative
quartz + pyrite + molybdenite + K-feldspar vein; (f) fragments of early
pyrite + quartz veins included in the quartz + pyrite + molybdenite + K-
feldspar vein; (g) late barren quartz + K-feldspar vein crosscutting the early
coarse-grained quartz + pyrite + molybdenite aggregates; (h) re-
presentative quartz + pyrite + fluorite + K-feldspar vein. Abbreviations:
Py, pyrite; Sp, sphalerite; Gn, galena; Ccp, chalcopyrite; Mot, molybdenite;
Qz, quartz; Kfs, K- feldspar; Fl, fluorite.
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collected from the potassic alteration zone of the deposit. A suite of
samples from the last two stages (Stage II and Stage III) were obtained
from the main orebody in the mine, representing a wide range of mi-
neral assemblages. From these, nine representative samples were se-
lected for pyrite trace element analysis using LA-ICP-MS technique and
pyrite sulfur isotope analysis using SIMS technique. Three vein ore
samples with quartz + pyrite (SPL-02, SPL-03 and SPL-09) belonging to
Stage I, four stockwork – disseminated ore samples with molybde-
nite + quartz (SPL-04, SPL-05, SPL-08, and SPL-17) belonging to Stage
II and two stockwork – disseminated ore samples with quartz + K-
feldspar + molybdenite (SPL-16 and SPL-22) belonging to Stage III
were used in this study. Polished sections were examined using trans-
mitted and reflected light microscopy to document the types and tex-
tures of the pyrite. Selected polished sections were analyzed by FEI
Nova NanoSEM 450 scanning electron microscope (SEM) equipped with
an energy dispersive spectrometer (EDS), which enabled combined
analysis of morphology and major element compositions of the various
phases.

4.1. SIMS analysis

Two sample mounts were prepared by cutting 3 mm diameter pucks
from polished sections using a cutter bar and mounted and casted in the
central portion of a 25 mm diameter epoxy mount together with stan-
dard block. Standard blocks (cast separately to be reused) were made by

mounting 1–2 grain fragments of pyrite. Care was taken to set the
surfaces of the standard and sample blocks at the same level in the
sample holder. Two sample mounts were trimmed to a thickness of
5 mm using a precision saw and then coated with 30 nm of gold.

In situ sulfur isotopic analyses (32S, 33S and 34S) were measured
using a CAMECA IMS1280 large-geometry ion microprobe at the Centre
for Microscopy, Characterisation and Analysis, The University of
Western Australia. The analytical set up and conditions, and data pro-
cessing and error propagation applied to pyrite followed those de-
scribed in LaFlamme et al. (2016) and Wang et al. (2017b). Instru-
mental mass fractionation was corrected through using the matrix
matched standard Sierra pyrite (δ33S = 1.09‰ and δ34S = 2.17‰;
LaFlamme et al., 2016, 2018). The 2σ uncertainty of δ34S is 0.18‰, and
the 2σ uncertainty of δ33S is 0.19‰, based on the repeated measure-
ments of internal reference material Sierra during the course of the
analyses.

4.2. LA-ICP-MS analysis

Analytical instrumentation employed in this study comprises a
Resonetics S-155-LR 193 nm excimer laser ablation system coupled to
an Agilent 7700x quadrupole ICPMS, housed in the GeoHistory Facility
(GHF), John de Laeter Centre, Curtin University, Perth, Australia. The
methodology was described in detail by Wang et al. (2017c) and briefly
introduced as below.

Depending on the pyrite size, analyses were carried by laser ablating
spot diameters of 50 and 75 μm and at repetition rate of 7 Hz. The laser
beam energy was maintained between 1.6 and 2.5 J cm−2. Analytical
time for each sample was 85 s, which includes 32 s of background
measurement with laser off and 40 s of analysis with laser on. The laser
ablation starts at 32 s and ends at 72 s. Tuning the flow rates for a ThO/
Th ratio of < 0.5% minimized oxide polyatomic interferences. The
sample cell was flushed with ultrahigh purity He (0.68 L min−1) and N2

(2.8 ml min−1), and high purity Ar was employed as the plasma carrier
gas. International glass standard GSD-1G was used as the primary re-
ference material for the calculation of elemental concentrations, using
stoichiometric 57Fe as the internal standard element, and to correct for
instrument drift. Standard blocks were run every 10 unknowns.
Certified values (GeoReM: http://georem.mpch-mainz.gwdg.de/) for
secondary standard BCR-2G treated as an unknown assuming 9.6385%
Fe were reproduced to within 20% for most elements. A set of 24 trace
elements (Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In,
Sn, Te, Gd, W, Au, Pb, Ba, Bi) were measured from the pyrite on two
sample mounts.

In this study, no attempt was made to remove the effects of micron
sized inclusions on the pyrite. However, inspection of the LA-ICP-MS
output traces from each laser spot analysis enables an estimation of
whether a particular trace element occurs within a homogeneous in-
visible or nano-sized inclusion or as larger isolated micron-sized in-
clusions in the pyrite (Maslennikov et al., 2009; Zhang et al., 2014).

5. Results

5.1. Pyrite types and textures

Pyrite is the predominant sulfide mineral in Stage I, Stage II, and
Stage III. Petrographic observations of polished sections and sample
mounts define three main pyrite types from the Shapoling deposit,
showing paragenetic sequences from Py1 to Py3:

The first type (Py1) is composed of coarse-grained subhedral to
euhedral pyrite associated with few fine-grained inclusions of galena
and chalcopyrite (Fig. 5a, b). Py1 widely occurs in the Stage I miner-
alization, where it forms disseminations of euhedral crystals (1–3 μm)
in the wall rock and early barren quartz vein. Py1 is texturally homo-
geneous and rarely contains mineral inclusions. Structural overprint is
indicated by cataclastic texture and differently oriented linear clusters

Fig. 5. Representative reflected light photomicrographs (a, c and d) and back-
scattered electron images (b, e and f) of pyrite from the Shapoling Mo deposit.
(a) Representative pyrite grains from Py1. (b) Pyrite grains from Py2, quartz,
and magnetite forming a vein partly replacing pyrite grains from Py1.
Magnetite is present as inclusions in Py2. (c) Representative pyrite grains from
Py2 in the quartz + pyrite vein. Magnetite is present as inclusions in Py2. (d)
Representative pyrite grains from Py2 in the quartz + pyrite + molybdenite
vein. (e) Pyrite grain from Py3 forms the irregular interstitial, and coexisting
with curved, coarse grained flaky molybdenite aggregates. (f) Representative
pyrite grains from Py3, molybdenite, K-feldspar, and quartz forming a vein
crosscutting the Py2 + quartz + molybdenite vein. Abbreviations: Py, pyrite; Sp,
sphalerite; Gn, galena; Ccp, chalcopyrite; Mot, molybdenite; Mag, magnetite;
Qz, quartz; Kfs, K-feldspar.
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of Py2.
The second type (Py2) is observed as a component of metallic mi-

neral assemblage, often in the form of subhedral-anhedral grains
(50–300 μm) coexisting with molybdenite in quartz veins and cutting
the wall rocks at Stage II. Py2 grains display jagged grain boundaries
and form superimposed sporadic to dense disseminated molybdenite
aggregates or oriented linear clusters among the quartz + molybdenite
veins (Fig. 5b–d). Py2 is characterized by abundant magnetite inclu-
sions and hosts numerous chalcopyrite, galena, and molybdenite grains
differing from Py1 (Fig. 6a, b).

The third type (Py3) forms irregular interstitial, and vein-related
pyrite with size of 50–150 μm (Fig. 5e, f). This pyrite type is pre-
ferentially enveloped by a hydrothermal vein assembly of molybde-
nite + quartz ± K-feldspar at Stage III. Py3 has overgrown Py2 and
generally has porous textures and contains abundant inclusions of
chalcopyrite, galena, sphalerite, K-feldspar and lesser molybdenite,
quartz (Fig. 6b–d).

5.2. Trace element compositions of pyrite

A total of 109 pyrite LA-ICP-MS spot analyses were performed on
various types of pyrite from the Shapoling Mo deposit. A total of 24
elements were analyzed: Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se,
Mo, Ag, Cd, In, Sn, Sb, Te, Gd, W, Au, Pb, Bi. These data and their mean
and range values are presented in Table 1, and the detailed data are
available in Supplementary Table 1. Representative LA-ICP-MS time-
resolved depth profiles for each type of pyrite recorded during spot
analyses are shown in Fig. 6.

Among the analyzed elements, Co and Ni are abundant in pyrite
with concentrations that are highly variable ranging from 0.06 ppm to
5800 ppm, and from 1.5 ppm to 769 ppm, respectively (Table 1). The
flat and similar time-resolved depth profiles for Co, Ni and Fe prove the
existence of Co and Ni in pyrites (Fig. 7). Ti, Cu, Zn, Te, Bi and Pb are
also abundant elements in pyrite, with highly variable concentrations
ranging from 3.9 ppm to 227 ppm, 0.04 ppm to 600 ppm, 0.13 ppm to
381 ppm, 0.12 ppm to 146 ppm, 0.0025 ppm to 279 ppm, and 0.01 ppm
to 11400 ppm, respectively (Table 1). Measured values for Cu, Zn, Te,
Bi and Pb vary over several orders of magnitude. Most of the higher
concentrations (numerous spikes in Fig. 7a–c) can be attributed to in-
clusions of galena, chalcopyrite, sphalerite, Te- and Bi-compounds.
Apart from these trace elements, significant Au contents were also

detected in all pyrite samples (Supplementary Table 1). Gold shows
mean value as high as 6.4 ppm, with one spot analysis reaching 70 ppm
(sample SPL-16_13, Supplementary Table 1). The Au concentrations are
relatively smooth in each pyrite type but display certain variations of an
order of magnitude among pyrite grains in single samples
(Supplementary Table 1). Time-resolved depth profiles for arsenic are
flat (Fig. 7), but the concentrations of arsenic are low in most samples,
suggesting that the pyrites at Shapoling are not As-bearing
(Supplementary Table 1). Mo is also detected in the fractional pyrite
grains and shows mean concentrations of 20.1 ppm, with one spot
analysis reaching 180 ppm (Table 1). Numerous spikes of Mo are dis-
played in the time-resolved depth profiles (Fig. 7c), attributed to
probable molybdenite inclusions. However, for sample SPL-16, the
consistent concentrations and flat time-resolved depth profile possibly
indicate incorporation of Mo as nanoscale inclusions but that those
inclusions are very small and homogeneously distributed. Ge, As, Se,
and Ag are detectable but are low in most analyzed pyrites, and range
from high ppb-levels to a few hundreds of ppm (Supplementary
Table 1). V, Cr, Mn, Ga, Cd, In, Sn, Sb, Gd and W are generally lower
than the detection limit (Supplementary Table 1), and some samples
show low abundance, with maximum concentrations of a few dozens of
ppm as detected. The time-resolved laser ablation depth profiles (Fig. 7)
indicate that the elevated concentrations of elements such as Pb, Zn, Cu,
Te and Bi are directly related to small inclusions in many Py2 and Py3
grains, whereas Se and As follow the Fe signal in the Py1, Py2 and Py3
grains, indicating that these elements exist in the pyrite lattice or in
inclusions of a size that cannot be resolved by the laser (submicrometer
particles).

Elements such as Co, Ni, Cu, Zn, Mo, Ag and Pb show distinct trace
signatures for each of the three pyrite types and are illustrated in the
plots of Figs. 7 and 8. Py2 and Py3 possess higher ranges of Mo con-
centrations than Py1 (Table 1), and the highest mean value is observed
in the Py2 (mean value up to 30 ppm), although most spots in Py3
contain higher Mo concentration than Py2, which might be due to the
impact of high values of some single grains (Supplementary Table 1).
The Ag contents for Py1, Py2 and Py3 are 0.01–9.5 ppm,
0.01–16.8 ppm, and 0.05–72 ppm, respectively (Table 1). The Py3
grains from the main metallogenic epoch have higher Au concentra-
tions compared to Py1 and Py2 from other stages (Fig. 9, Table 1).

The coarse-grained euhedral pyrites (Py1) have lower Cu, Zn, Ag
and Pb contents compared with those in Py2 and Py3. The Py3 from the
main metallogenic epoch shows abundant concentration of Cu, Zn, Ag
and Pb (Figs. 8a and 9). Compared to Py1 and Py2, the Py3 also con-
tains higher trace element concentrations such as: Ti (5.1–227 ppm), As
(0.58–149 ppm), Te (1.1–146 ppm) and Bi (1.5–279 ppm) (Table 1).

5.3. Sulfur isotope systematics

The complete sulfur isotopic dataset (n = 57) is provided in
Supplementary Table 2, and the results are plotted in a δ34S versus Δ33S
diagram (Fig. 10). The Py1 and Py2 exhibit negative ranges of δ34S at
−2.33‰ to −0.37‰ ( ± 0.15‰), and −2.29‰ to −0.5‰
( ± 0.15‰), respectively (Table 2). The late Py3 is distinctly enriched
in δ34S (−2.55‰ to 1.48‰, ± 0.2‰) relative to other pyrite types
(Fig. 10).

As a measure of mass-independent fractionation, the three types of
pyrites have a tiny variation in Δ33S values between −0.11 and 0.06
(Table 2), possibly suggesting a single sulfur source. Fig. 10 is utilized
to extract information about the source of sulfur and the formation
process that affected the pyrite. The observation of partial positive δ34S
coupled with tiny variation of slightly negative Δ33S, together with the
observed isotopic gradient from Py1 to Py3 indicate a probable influ-
ence of changes in pH, H2S:SO4, or sulfur disproportionation during the
evolution of ore-forming fluid (Ohmoto, 1986).

Fig. 6. Back-scattered electron images showing compositional zonation and
mineral inclusions in three types of pyrite. (a) Molybdenite and magnetite in-
clusions in Py2. (b) Py3 overgrowth around Py2, showing porous textures and
abundant inclusions of chalcopyrite, galena, and K-feldspar. (c) Molybdenite, K-
feldspar and magnetite inclusions in Py3. (d) Chalcopyrite intergrown with
sphalerite in Py3. Abbreviations: Py, pyrite; Sp, sphalerite; Gn, galena; Ccp,
chalcopyrite; Mot, molybdenite; Mag, magnetite; Qz, quartz; Kfs, K-feldspar.
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6. Discussion

6.1. Trace element characteristics of pyrite

Pyrite is a ubiquitous sulfide phase in most hydrothermal systems,
and its precipitation can effectively control the partitioning of a wide
array of trace elements of economic and environmental importance,
such as Au, Ag, As and other heavy metals (Deditius et al., 2008; Large
et al., 2009). Previous studies have indicated that trace elements in
pyrite may occur in several ways: (1) as structurally bound elements
(i.e., as solid solution within the crystal lattice (Reich et al., 2013), (2)
within invisible nanoparticles of sulfides (Ciobanu et al., 2012), (3) as
micro- to nanosized mineral inclusions (Thomas et al., 2011). In as-
sessing the results from our study, the first step is to evaluate the dis-
tribution and concentration of various trace elements which are con-
trolled by micro- to nanoscale inclusions, invisible solid solution or
nanoparticles in the pyrite lattice.

(1) Though there is visible abundance of microscale mineral inclusions
and vugs within pyrite in reflected light (Fig. 6), the time-resolved
depth profiles for Co, Ni, As and Te are generally smooth and
consistent with Fe (Fig. 7), indicating that these siderophile and
chalcophile elements are commonly distributed in different pyrite
types via isomorphism. Ni and Co are incorporated into the pyrite
lattice via isomorphous replacement of Fe, whereas As, Se and Te
enter the lattice through replacing S.

(2) Due to ionic size, lead has a faster precipitation rate from an aqu-
eous solution as metal sulfide when compared to Fe (Koglin et al.,
2010; Zhao et al., 2011). Thus, Pb forms galena prior to the for-
mation of pyrite, and galena inclusions in pyrite are common. The
Pb, Zn and Cu concentration of pyrite are characterized by variable
contents ranging from below lower limit of detection to several
thousands of ppm (Supplementary Table 1). We interpret that Pb,
Zn and Cu are primarily distributed in pyrite as invisible or visible
galena, sphalerite and chalcopyrite inclusions. The observed higher
levels of Pb, Zn and Cu in porous, fractured or inclusion-rich pyrite

support this contention (Fig. 6a–d). The correlations between Ag,
Pb, Bi and Sb (Fig. 8a, c, f) indicate that most Ag occurs as solid
solution or inclusion of Sb- or Bi-compounds (e.g. argyrythrose,
matildite) in galena (Cook et al., 1998; Zhao et al., 2011; Zhang
et al., 2014), in addition to native Ag. The Cu vs Ag plot (Fig. 8d)
shows prominent positive correlation among Ag and Cu which
further confirms the silver can be incorporated into chalcopyrite to
form argentiferous chalcopyrite via Ag–Cu solidstate exchange re-
action (Li et al., 2016).

(3) The major ore-forming elements are Mo and minor Au in the
Shapoling Mo deposit. We note, however, that porous or fractured
domains often contain higher levels of trace elements. Fractured
pyrite also contains higher Mo concentration as shown in Fig. 9b.
Since Mo-bearing inclusions (e.g. molybdenite) were observed
mainly in Py2 and Py3, we suspect that higher Mo concentrations in
the porous or fractured pyrite are caused by collateral ablation of
minute or submicroscopic inclusions located in the micro-fissures of
pyrite. Gold was probably not incorporated into the pyrite lattice
but formed as minute or submicroscopic inclusions of discrete Au-
bearing phases within pores and interstices of the porous pyrite in
all the samples. Therefore, high Mo and Au concentrations probably
resulted from inclusions of molybdenite and gold, respectively. In
conclusion, the distribution and concentration of most trace ele-
ments, such as Mo, Au, Pb, Zn, Ag and Cu, are likely controlled by
mineral micro/nano-inclusions. Co, Ni, As, Se and Te are the only
elements analyzed in this study that are incorporated in the pyrite
structure, rather than mineral micro/nano-inclusions.

6.2. Genesis of pyrite

Studies on the trace element chemistry and sulfur isotopic compo-
sition of pyrite can be used to estimate the origin of pyrite and to
characterize the genesis of hydrothermal ore deposits (Bajwah et al.,
1987; Cook et al., 2009a,b, 2011; Reich et al., 2010; Deditius et al.,
2011).

Nickel can easily enter the lattice via isomorphous replacement of

Table 1
Summary of distinguishing features of the characterizing trace element (ppm) in different type of pyrite.

Py1 Py2 Py3 Total
SPL-02, SPL-03, SPL-09 SPL-4, SPL-5, SPL-17 SPL-16, SPL-22

Mean Range Mean Range Mean Range Mean Range

Ti 4.6 3.9–8.6 12.2 4–136 31.9 5.1–227 15.3 3.9–227
V 1.1 0.02–15.2 1.3 0.02–9.0 7.1 0.03–44.4 3.8 0.02–44.4
Cr 0.25 0.18–0.33 0.43 0.18–1.2 1.4 0.19–4.0 0.98 0.18–4.0
Mn 104 1.1–880 49.6 1.4–358 91.1 1.6–1220 81.5 1.1–1220
Co 23.2 0.06–615 259 0.51–5800 175 21.7–597 164 0.06–5800
Ni 188 7.3–769 38.3 1.5–493 80.3 10.3–317 95 1.5–769
Cu 3.1 0.04–22.7 0.98 0.04–10.1 50.3 1.4–600 16.7 0.04–600
Zn 5.9 0.13–98 4.7 0.13–44.4 29.5 0.31–381 15.1 0.13–381
Ga 1.0 0.02–7.0 0.55 0.02–2.3 1.4 0.02–8.6 1.1 0.02–8.6
Ge 8.2 7.7–8.9 8.3 7.4–8.9 8.3 7.5–9.2 8.3 7.4–9.2
As 5.4 0.08–26.2 4.8 0.46–15.4 22.8 0.58–149 9.9 0.08–149
Se 15.9 8.6–29.8 9.9 2.1–41.8 3.2 1.5–5 9.9 1.5–41.8
Mo 0.16 0.01–0.74 30 0.02–178 19.7 0.01–180 20.1 0.01–180
Ag 0.66 0.01–9.5 0.79 0.01–16.8 9.5 0.05–72 3.3 0.01–72
Cd 0.05 0.02–0.11 0.11 0.02–0.31 0.61 0.03–2.3 0.41 0.02–2.3
In 0 0–0 0.01 0–0.04 0.02 0–0.05 0.01 0–0.05
Sn 0.02 0.01–0.02 0.05 0.01–0.17 0.28 0.03–0.65 0.16 0.01–0.65
Sb 0.05 0.02–0.14 0.12 0.01–0.57 0.16 0.02–0.66 0.11 0.01–0.66
Te 6.1 0.15–42.8 15 0.12–128 59 1.1–146 25.3 0.12–146
Gd 0.05 0.01–0.08 0.01 0.01–0.01 0.88 0.01–4.6 0.60 0.01–4.6
W 0.54 0.01–1.6 0.03 0.01–0.08 10.1 0.02–104 6.8 0.01–104
Au 5.3 0.42–32 4.6 0.04–35 10.1 0.67–70 6.4 0.04–70
Pb 67.6 0.01–1220 99.5 0.01–1630 1175 3.8–11400 423 0.01–11400
Bi 9.3 0–77 4.6 0.01–46 55.2 1.5–279 22.3 0–279
Co/Ni 0.75 0–22.5 71.3 0.005–1973 3.3 0.1–12.8
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Fe, and is not readily released during the recrystallization of hydro-
thermal pyrite (Huerta-Diaz and Morse, 1992; Morse and Luther Iii,
1999; Tribovillard et al., 2006; Large et al., 2009; Koglin et al., 2010).
The Ni distribution patterns in pyrite can provide information for the
pyrite-precipitating fluid, the chemistry of which is controlled by its
primary composition and modification via wall rock/fluid interaction
(Zhao et al., 2011). Ultramafic and mafic rocks are strongly enriched in
Ni (such as the mean Ni concentration of mantle-derived rock is
2200 ± 500 ppm, Palme and O'Neill, 2003); in contrast, felsic rocks
usually contain low Ni concentrations. The Ni concentrations of con-
tinental crust range between 19 and 60 ppm (Rudnick and Gao, 2003).
Therefore, pyrite from granite-related deposits is expected to contain
negligible Ni. In the Shapoling Mo deposit, Ni concentrations of pyrite
range from 1.5 ppm to 769 ppm (on average 95 ppm, Table 1) that is
higher than Checangyu Mo deposit in the Xiaoqinling district which
shows typical source of ore-forming materials from felsic rocks (Zhao
et al., 2015) but lower than Ni concentrations of pyrite (on average
800 ppm) from main metallogenic stage of Au deposits in the Xiao-
qinling district which indicates a mafic or ultramafic provenance (Zhao
et al., 2011). This possibly indicates that the pyrite and the source
material were mainly derived from felsic rocks with significant con-
tribution from the mantle.

The pyrites of different types in this study show some similarities
and differences in element compositions and sulfur isotope values. The
δ34S isotope compositions of pyrites are associated with oxidation state
of fluids (Ohmoto, 1979; Neumayr et al., 2008), suggesting that oxi-
dation state plays a major role in Mo mineralization. The pyrite as the
dominant sulfide phase in the Shapoling deposit shows relatively ne-
gative δ34S values (mean −1.09‰), suggesting oxidized conditions
(Neumayr et al., 2008). Based on the presence of redox-indicative mi-
neral assemblages such as magnetite and limonite, we suggest the
proximal phengitic zone represents relatively oxidized fluids.

The slight difference in the range of δ34S between different pyrite
types (Fig. 10) can be easily explained. We interpret the variation in the
δ34S of early pyrite as a record of δ34S variability in the parental fluid
during deposition from magmatic fluid. The variation in the parental
fluid at Shapoling is most likely caused by changes in sulfur speciation
during the phase separation of magmatic fluid. It is possible that the
shift to more positive δ34S values within Py3 may reflect the changes of
pH, temperature, sulfur fugacity and oxygen fugacity during chemical
reactions between the magmatic fluid and the wall rock along the
fracture, and/or progressive mixing with meteoric water (Ward et al.,
2017).

Price (1972) noted that the Co/Ni ratio of hydrothermal pyrite is
highly variable and is typically > 1, whereas the Co/Ni ratio for sedi-
mentary pyrite is < 1, with 0.63 as the typical value. However, nu-
merous hydrothermal pyrites also have Co/Ni ratios of less than 1.0,
thus low Co/Ni ratios are not necessarily indicative of syngenetic pyrite
(Price, 1972). Hence, the Co/Ni ratio applied for classification and
discrimination should be considered in the context of geological evi-
dence (Bralia et al., 1979). The Co/Ni ratios of Py1 range 0.0004–22.5
(Table 1), excluding an unusually high value 22.5, with an average of
0.07. However, the Py1 formed in early Stage I has negative δ34S values
(range −2.33 to −0.37‰, mean −1.12‰), which is closely associated
with magmatic hydrothermal activity. In contrast, the Co/Ni ratios of
Py2 and Py3 range 0.005–1973 (mean = 71.3) and 0.1–12.8
(mean = 3.3), with only several values below 1 (Supplementary
Table 1; Table 1), comparable to magmatic hydrothermal pyrite and
well consistent with Py1. The Py1 usually contains higher Ni than those
in Py2 and Py3, probably indicating the changes of temperature and
pressure which lead to increased leaching of Ni from the source area.
Similarly, Py1 usually co-exists with galena and chalcopyrite; the
changes in temperature and pressure might have caused more Pb and
Cu to be precipitated from the ore-forming fluid (Zhao et al., 2011).

Fig. 7. Representative LA-ICP-MS time-resolved depth profiles for different
pyrite types from the Shapoling deposit. (a) Py1: note the relative high counts of
Ni, Co, As, and Te, and low counts of Cu, Zn and Pb; (b) Py2: high counts of Co,
Pb and Ni. Note the profiles for Pb is parallel with Fe; (c) Py3: note the high
counts of Pb, Co, Bi, Ni, Te, As, Cu, Zn and Mo, the profiles for most elements
are unstable except the profile for As and Te. The spikes in the profiles for Au,
Pb, Zn, Cu and Mo indicate micro inclusions of these metals.
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6.3. Implications for ore genesis

The δ34S values of the pyrites range between −2.55 and 1.48‰,
largely clustering between −2.5 and 0‰ (mean = −1.09‰), and
showing a prominent normal distribution (Fig. 11). The narrow range of
sulfur isotopic composition of the pyrites indicates that the sulfur might
have originated directly from a magmatic system or indirectly from
leaching or desulphidation of primary magmatic sulfide minerals (Chen
et al., 2009; Wang et al., 2014a,b, 2018). Compared with δ34S values of
volcanic rocks of the Xiong'er group (average of 4.1‰), metamorphic
rocks of the Taihua group (average of 3.2‰) and Huashan pluton
(average of 3.0‰), the ores from the Shapoling Mo deposit tend to have
slightly lower δ34S values. Considering that fractionation is caused by
variations in physico-chemical conditions, these geological formations
as possible sulfur sources cannot be precluded in spite of the dis-
crepancies of δ34S. Compared with the Leimengou porphyry Mo deposit
(δ34S values cluster at 1.8‰–2.6‰, with an average of 1.27‰; Chen
et al., 2014a) and Qiyugou breccia pipe-hosted gold deposit (δ34S va-
lues cluster at −1 to 1‰, with an average of −0.2‰; Chen et al.,
2009) around the Huashan pluton (Fig. 1), the Shapoling Mo deposit

shows slightly lower δ34S values than the Leimengou Mo deposit, and
are similar to the Qiyugou gold deposit. From the porphyry type Lei-
mengou Mo deposit to breccia pipe-hosted type Qiyugou gold deposit,
and to vein-type Shapoling Mo deposit, the average δ34S values change
from +1.27‰, to −0.2‰ and to −1.15‰. These trends suggest a
homogenous sulfur source and evolutionary trend, implying magmatic
control on the mineralization event (Fig. 11).

Previous SHRIMP, LA-ICP-MS, and TIMS zircon U-Pb age data, to-
gether with K-feldspar K-Ar and amphibole Ar-Ar ages from the ore-
related granitic plutons in the northern part of the Xiong’ershan ore
district are compiled in Fig. 12a. These data show that the ages of the
ore-related intrusions cluster into three magma pulses: 166–153 Ma,
151–140 Ma, and 138–126 Ma (Fig. 12a). The first pulse of magmatic
activity (166–153 Ma) is represented by the Wuzhangshan granitic
pluton and the quartz porphyry phase of the Qiyugou deposit. The
second magmatic activity (150–141 Ma) formed the ore-bearing por-
phyry of the Leimengou deposit and part of the Huashan pluton, which
is widely exposed in the mining area. The last pulse of magmatism
(138–126 Ma) generated the main body of the Huashan pluton and
major ore-bearing porphyries in the Leimengou deposit and Qiyugou

Fig. 8. Binary plots of (a) Pb vs. Ag, (b) Ni vs. Co, (c) Bi vs. Te, (d) Ag vs. Te, (e) Mo vs. Co/Ni and (f) Sb vs. Ag for different pyrite types. The trace element
concentrations are from Supplementary Table 1, and all measurements below minimum detection limit are discarded.
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deposit, which also correspond to the most extensive and important
metallogenic events of gold and Mo deposits in the Xiong’ershan ore
district (Deng et al., 2014a). The Re-Os model ages of the molybdenite
from the Leimengou porphyry type Mo deposit, Qiyugou breccia pipe-
hosted gold deposit and Shapoling vein-type Mo deposit bracket their
emplacement ages in the range from 139 Ma to 130 Ma (Fig. 12b–d),
which is close to the last pulse of igneous activity (138–126 Ma) in the
Xiong’ershan district (Fig. 12a).

Based on a comparison of the Re content in the molybdenite and
comprehensive studies from different types of endogenic Mo deposits,
Mao et al. (1999) and Stein et al. (2001) proposed that the Re content of
molybdenite remarkably decreases from the mantle source and/or
subducted oceanic slab to the crustal source. Ore deposits that involve
significant mantle materials and/or subducted oceanic slab can be ex-
pected to show overall higher rhenium concentrations (generally >
100 ppm) in the associated molybdenite. In contrast, ore deposits ori-
ginated from continental crustal rocks or organic-poor sedimentary
sequences generally have lower rhenium concentrations in the asso-
ciated molybdenite (generally < 50 ppm) (Mao et al., 1999; Stein et al.,
2001; Deng et al., 2016). The Shapoling Mo deposits are characterized
by higher concentration of rhenium in the molybdenite, ranging from
147 to 307 ppm (Su et al., 2009; Liu et al., 2011), which are comparable
with those in the Qiyugou gold deposit (Re = 19.25–521.96 ppm,
mean = 406.85 ppm, Yao et al., 2009). The above Re contents are also
comparable with those in the Huangshui’an Mo deposit
(Re = 60.1–138 ppm; Cao et al., 2014) and Huanglongpu Mo deposit
(Re = 256.0–633.1 ppm; Huang and Du, 1994; Stein et al., 1997),
which are associated with carbonatite dykes reflecting mantle source. It
is possible that the Huashan pluton was mainly derived from the
melting of ancient crustal components of the Taihua Group basement
with significant contribution from the mantle or juvenile crust (Xiao
et al., 2012).

Therefore, the Mo mineralization of the Shapoling Mo deposit and
the regional Mo and Au mineralization (139–130 Ma) are possibly
identical and share similar mantle-related signature. In addition, there
is a close relationship between the contemporaneous magmatic activity
and the Shapoling deposit in the Xiong’ershan ore district associated
with the Early Cretaceous magmatic-hydrothermal mineralization
events that resulted from lithospheric thinning, asthenospheric upwel-
ling and partial melting of the lower crust in a vast area of East China
(Mao et al., 2008, 2010, 2011; Zhang et al., 2017).

6.4. Implications for ore-forming process

The variation of trace elements (such as Co and Ni) hosted in solid-
solution and sulfur isotopic composition reflect the variation in che-
mical composition of hydrothermal fluids during the continuous growth
of pyrite (Ulrich et al., 2011; Reich et al., 2013; Tanner et al., 2016).
Based on textural features, trace element chemistry and sulfur isotopic
composition of the three pyrite types, we propose the ore-forming
process as below.

(1) During 138–126 Ma, fault-controlled emplacement of magmas
generated the plutons, stocks and dikes in various scales. The Py1
was formed during the subsequent magmatic hydrothermal activity.
The Py1 formed at the early Stage I with Co/Ni ratios < 1 and δ34S
values < 0‰ (Tables 1 and 2), suggesting precipitation from high
temperature magmatic ore-forming fluid. The coarse-grained eu-
hedral pyrite (Py1) carries less fine-grained inclusions of galena and
chalcopyrite than Py2 and Py3 (Figs. 5a, 6, 7a and 13a) owing to
the higher temperature and slower growth rate, which allow the
trace elements to be partitioned into separate mineral phases rather
than pyrite in solid solution or as tiny inclusions (Butler and
Rickard, 2000; Large et al., 2009).

(2) The Mo mineralization formed at 128.1 ± 7.1 Ma (Su et al., 2009;
Liu et al., 2011), which is contemporaneous with the igneous ac-
tivity (138–126 Ma) in the Xiong’ershan district (Fig. 12a). The Py2
along with molybdenite gradually grew from magmatic hydro-
thermal fluid during the upward migration of the hydrothermal
fluid accompanied by decrease of temperature. The Py2 shows Co/
Ni ratios > 1 and δ34S values < 0‰, with anhedral texture and
oriented linear clusters among the quartz + molybdenite veins
(Figs. 5d and 13b). Py2 usually contains higher Mo, Cu, Pb, Zn and
Ag concentrations than Py1 (Tables 1 and 2). The process resulted

Fig. 9. Diagrams showing the mean concentrations of selected trace elements in
different types of pyrite.

Fig. 10. Diagram showing the sulfur isotope (δ34S and Δ33S) as determined by
in situ analysis with an ion microprobe in different types of pyrite. Error crosses
are the overall uncertainty (at the 2SD level) based on propagating the in-
dividual analysis repeatability with the reproducibility for the relevant analy-
tical session. For each sample, the 25–75 percent quartiles are drawn using a
box. A box and whisker plot at the top shows the variation in δ34S between the
different pyrite types. The median is shown with a horizontal line inside the
box. The minimal and maximal values are shown with short horizontal lines
(“whiskers”).

X.-K. Hu et al. Ore Geology Reviews 105 (2019) 123–136

132



in incorporation of trace elements (such as Mo, Cu, Pb, Zn and Ag)
into pyrite as tiny inclusions (Fig. 5f).

(3) Finally, the pyrite formed in late Stage III is irregular interstitial,
containing elevated δ34S values and negative Co/Ni ratios (Tables 1
and 2). The Py3 in this stage is usually most enriched in trace
elements such as Mo, Cu, Pb, Zn and Ag (Figs. 6b–d, 7c and 13c).
The irregular interstitial texture and abundant inclusions of Mo, Cu,
Pb, Zn and Ag in Py3 indicate that the hydrothermal fluid experi-
enced a rapid cooling process resulting in the precipitation of
pyrite. Moreover, the shift to more positive δ34S values within Py3
might have resulted from changes of sulfur fugacity and oxygen
fugacity when chemical reactions occur between the magmatic
fluid and the wall rock along fracture array (Ward et al., 2017).
Analyses of fluid compositions, fluid salinities, δ18O and δD from
quartz at the coeval Leimengou Mo deposit (Chen et al., 2014a) and
Qiyugou gold deposit (Chen et al., 2009) show that the hydro-
thermal fluids in this region were dominantly of magmatic origin,
with minor mixing of meteoric water during the middle-late stage.
Thus, it is reasonable to assume that the Py3 from the Shapoling
deposit was also formed by mixing of fluids from magmatic and
meteoric sources. The magmatic hydrothermal fluid circulated in
host rocks with fluid-rock reactions have caused extensive potassic
alteration in quartz veins and host rocks (Fig. 4e, f). The chemical
evolution of hydrothermal fluid resulted in massive molybdenite

precipitation. Hence, Stage III became the main metallogenic
period.

6.5. Implications for mineralization and mineral exploration

The abnormally high Mo concentrations in Py2 and Py3 probably
resulted from nanoscale minerals or inclusions of molybdenite, which

Table 2
Summary of distinguishing features of trace element and sulfur isotope (‰) trends in different types of pyrite.

Py1 Py2 Py3 Total
SPL-02, SPL-03, SPL-09 SPL-4, SPL-5, SPL-17 SPL-16, SPL-22

Mean Range Mean Range Mean Range Mean Range

δ33S −0.60 −1.22 to −0.26 −0.79 −1.25 to −0.27 −0.11 −1.39 to 0.70 −0.59 −1.39 to 0.7
2σ 0.12 0.10–0.16 0.12 0.1–0.16 0.16 0.16–0.17 0.13 0.1–0.17
δ34S −1.12 −2.33 to −0.37 −1.48 −2.29 to −0.5 −0.15 −2.55 to 1.48 −1.09 −2.55 to 1.48
2σ 0.15 0.12–0.20 0.15 0.12–0.20 0.20 0.19–0.20 0.16 0.12–0.2
Δ33S −0.03 −0.09 to 0.03 −0.03 −0.11 to 0.06 −0.03 −0.1 to 0.05 −0.03 −0.11 to 0.06
2σ 0.13 0.12–0.14 0.12 0.12–0.14 0.14 0.13–0.15 0.13 0.12–0.15

Fig. 11. Frequency histogram of δ34S (n = 124) from the Huashan pluton
(Chen et al., 2004), Taihua Group (Chen et al., 2004), Xiong’er Group (Chen
et al., 2004), Leimengou Mo deposit (Chen et al., 2014a), Qiyugou gold deposit
(Fan et al., 1994; Gao and Luan, 1994), and Shapoling Mo deposit (this study).

Fig. 12. Age distributions of the ore-related plutons (a), Leimengou Mo deposit
(b), Qiyugou gold deposit (c), and Shapoling Mo deposit (d). Age data: ore-
related plutons (Ren et al., 2001; Li, 2005; Li et al., 2006; Han et al., 2007a; Yao
et al., 2009; Mao et al., 2010; Xiao et al., 2012; Cao et al., 2014; Deng et al.,
2014a); Leimengou Mo deposit (Li et al., 2006); Qiyugou gold deposit (Wang
et al., 2001; Han et al., 2007b; Yao et al., 2009); Shapoling Mo deposit (Su
et al., 2009; Liu et al., 2011). Abbreviation: Kfs: K-feldspar; Zrn: zircon.
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record a chronological history of cyclical metal saturation in the parent
fluid. Mo-rich inclusions in both Py2 and Py3 pyrite grains exhibit
(Fig. 6a, c), suggest cyclical saturation of Mo minerals. It is interesting
that the early pyrite crystals (Py1) lack Mo-rich inclusions during the
early barren stage, displaying a remarkable difference from Py2 and
Py3. Hence, we propose that the Mo-bearing pyrites were formed to-
gether with the Mo mineralization. Therefore, we suggest that the Mo-
bearing pyrite could be used as a pathfinder to prospect for high-grade
Mo mineralization. Determination of the absolute Mo content of the
pyrite would be required to assess the prospectivity of pyrite crystals.

In this study, the trace element chemistry and sulfur isotopic com-
position of pyrite in the vein-type Mo Shapoling deposit mainly indicate
a magmatic origin. The early Cretaceous mineralization ages from the
Shapoling Mo deposit coincide with the last pulse of the emplacement
of the Huashan pluton, indicating a unified Early Cretaceous magmatic-
hydrothermal event. Therefore, we infer that the Huashan pluton might
have provided the source of ore-forming materials and has genetic link
with the Mo mineralization. In this case, there is good prospect for the
exploration of Mo mineralization around the inner and outer contact
zones of the Huashan pluton.

7. Conclusion

(1) Three types of pyrites are identified in the Shapoling Mo deposit:
Py1 is composed of coarse-grained euhedral pyrite in the wall rock
and early barren quartz vein, Py2 as subhedral-anhedral grain co-
exists with molybdenite in quartz veins, Py3 forms the irregular
interstitial pyrite in the quartz + K-feldspar + molybdenite domi-
nated veins. Analytical result shows that Mo, Au, Pb, Cu, Zn and Ag
from the pyrites occur mainly as invisible or visible inclusions. Py2
and Py3 possess higher Cu, Mo, Ag, Zn, Sb, Te, Pb and Bi con-
centrations than Py1. The Py1 and Py2 exhibit negative range of
δ34S at −2.33‰ to −0.37‰, while the Py3 is distinctly enriched in
δ34S (−2.55‰ to 1.48‰) relative to other pyrite types. Mo is en-
riched in Py3, suggesting that the Mo mineralization was mainly
related to the intrusive rocks and magmatic fluids. By Combining
the markedly high contents of rhenium (147–307 ppm) and geo-
chronological data, the Shapoling deposit is considered to be ge-
netically related to the Early Cretaceous magmatism.

(2) The analytical results indicate that the growth of coarse-grained
Py1 is slower than Py2 and Py3 owing to higher temperature at
early Stage I. Py2 along with molybdenite formed gradually from
magmatic hydrothermal fluid accompanied by decrease in tem-
perature during the upward migration of the ore-forming fluid.
Finally, at late Stage III, the fluid-rock reaction and rapid cooling
process caused the precipitation of massive molybdenite and Py3.

(3) Our results suggest that the Mo-bearing pyrite could be used as a
pathfinder in Mo deposits to target high-grade Mo mineralization.
We predict that more Mo mineralization might occur around the
inner and outer contact zones of the Huashan pluton.
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