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A B S T R A C T

The Zhengguang gold deposit, a typical intermediate-sulfidation epithermal deposit, is located in the south-
eastern part of the Duobaoshan orefield, west of the Hegenshan-Heihe suture zone, in the eastern part of the
Central Asian Orogenic Belt. The deposit comprises five ore zones with total Au reserves exceeding 35 tonnes,
with potential additional resources at depth. All vein-type orebodies are hosted by Paleozoic volcanic rocks and
comprise multiple vein sets 1–100 cm in thickness. Although gold generally occurs in native form, or as electrum
in epithermal deposits like Zhengguang, both pyrite and sphalerite are known to accommodate modest con-
centrations of invisible gold. This study employs a combination of petrography and sulfide chemistry to de-
termine the role of invisible gold in the Zhengguang ores and the mechanisms of gold incorporation into epi-
thermal sulfides. Three sulfide stages are identified: an early quartz+ pyrite (Py1a, Py1b) ± chalcopyrite
(Ccp1) stage; a subsequent quartz+ sphalerite (Sph2a, Sph2b)+pyrite (Py2a, Py2b, Py2c,
Py2d)+ chalcopyrite (Ccp2a, Ccp2b) ± galena ± calcite stage; and a late stage containing deformed
quartz+ pyrite (Py3a, Py3b) ± sphalerite. Petrography and sulfide chemistry allow three groups of pyrite (Au-
poor, Au-rich, and a distinct Sb-rich group) to be distinguished, alongside three groups of chalcopyrite (Bi-rich,
intermediate-Bi, and Bi-poor), and two groups of sphalerite (Au-poor, Au-rich). A potential porphyry system is
indicated beneath the epithermal system by the appearance of Au-poor pyrite and Bi-poor chalcopyrite. After
precipitation of early Au-poor sulfides, inflow of relatively low temperature epithermal fluids led to alteration
and replacement of early porphyry-related sulfides, and to precipitation of Au-rich pyrite, Bi-rich and inter-
mediate-Bi chalcopyrite, and sphalerite. Gold-rich pyrite contains up to 140 ppm Au, interpreted as both as
lattice-scale substitution (Au1+) and as included particles of native gold (Au0). Epithermal chalcopyrite is an
important silver carrier but, although Au is measurable, it is a not a good carrier for gold. A strong positive
correlation between Au and Cu in pyrite from the first two stages indicate that gold and other metals were likely
sourced from magma-derived hydrothermal fluids. The deposit was formed in the Early Paleozoic but some gold
ores appear deformed and partially destroyed by a later metamorphic event during which a distinct Sb-rich
pyrite crystallized. This study should catalyze exploration in the orefield as it provides further support for an as-
yet undiscovered porphyry system close to the Zhengguang deposit.

1. Introduction

The Central Asian Orogenic Belt (CAOB) extends from the Urals
Mountains in Russia in the west, through Kazakhstan, Uzbekistan,
Tajikistan, Kyrgyzstan, Xinjiang in northwestern China, parts of
Mongolia to Inner Mongolia, and further to Northeast China
(Yakubchuk, 2004) (Fig. 1a). It is one of the largest orogenic belts in the
world (e.g., Sengör and Burtman, 1993; Jahn et al., 2004; Windley

et al., 2007; Xiao and Santosh, 2014; Xiao et al., 2015) and is inter-
preted to have evolved via accretion of continental blocks, island arcs,
and accretionary complexes over a period of more than 800 million
years. The CAOB hosts a dense concentration of ore deposits (Buslov
et al., 2002; Xiao and Kusky, 2009). These include orogenic gold de-
posits (e.g., Olympiada, Blagodatnoye, Veduga, Sovetskoe, and El-
dorado deposits in Russia with a combined pre-mining resource of al-
most 2000 t Au; Yakubchuk, 2004; Goldfarb et al., 2014), VMS-type Cu-
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Zn-Pb deposits (e.g., A’sele, Keketale, Honghai, and Wulagen in China,
Khandiza in Uzbekistan, and Maikain in Kazakhstan; Wan et al., 2010;
Lobanov et al., 2014; Mao et al., 2015), porphyry Cu-Mo-Au deposits
(e.g., Bozshakol in Kazakhstan; Taldy Bulak in Kyrgyzstan; Oyu Tolgoi
and Tsagaan Suvarga in Mongolia; Yubileinoe in Russia; Baogutu,
Bainaimiao, Wunugetushan, Duobaoshan, and Tongshan in China; Qin
et al., 2002, 2005; Han et al., 2006; Zeng et al., 2014; Mao et al., 2014;
Wu et al., 2015), and epithermal Au-Ag-Pb-Zn deposits (e.g., Buerke-
sidai, Kuoerzhenkuola, A’xi, and Hongshan in NW China, Kubaka, Bir-
kachan, Ol'cha, and Zetin, Russia, and Zhengguang and Sandaowanzi in
NE China; Kotlyar et al., 2001; Xu et al., 2006; Shen et al., 2008; Liu
et al., 2011; Song et al., 2015; Deng and Wang, 2016).

The Duobaoshan orefield, recognized as the largest concentration of
Cu-Au deposits in Northeast China, is located in the eastern part of the
CAOB, west of the Hegenshan-Heihe suture zone that separates the
Xingan and Songnen Blocks (Fig. 1a). Alongside the well-documented
Duobaoshan and Tongshan porphyry Cu-Mo deposits and the Zheng-
guang epithermal Au deposit, many other hydrothermal vein and por-
phyry Cu (Mo) occurrences, such as Xiaoduobaoshan, Sankuanggou,
and Xiaogushan (Fig. 1b), have been discovered (Song et al., 2015). The
Zhengguang gold deposit is positioned in the southeastern part of the
Duobaoshan orefield and has a similar, Paleozoic age of ore formation

as the well-documented Duobaoshan Cu deposit (Song et al., 2015)
(Fig. 1b).

Currently, Zhengguang comprises five ore zones with reserves ex-
ceeding 35 metric tonnes Au (Fig. 2a) and remains open at depth.
Previous research has focused on the geological characteristics of the
deposit, description of the geological setting and characteristics of the
orebodies and associated alteration (e.g., Cui et al., 2008; Tong et al.,
2015). Several researchers have observed that Zhengguang is closely
related to host diorites, the presumed products of Mesozoic magmatism,
with fluid inclusion homogenization temperatures (< 300 °C; Deng
et al., 2013), indicative of typical epithermal conditions (e.g., Wu et al.,
2006; Fu and Yang, 2010; Zhao et al., 2011). Other research has ad-
dressed deposit genesis based on geological characteristics (e.g., Gao
et al., 2014; Song et al., 2015). These researchers agree that the
Zhengguang gold deposit, together with the Duobaoshan and Tongshan
copper deposits, formed at 480–452Ma in an arc setting controlled by
subduction of the Paleo-Asian Ocean (e.g., Zeng et al., 2014; Wu et al.,
2015). They thus comprise a single evolved metallogenic system
spanning porphyry Cu-Au mineralization to epithermal Au miner-
alization (Song et al., 2015; Wang et al., 2018). Geological features
observed at Zhengguang, including the vein sets features, mineral as-
semblages, alteration types, and low Fe concentration in sphalerite, are

Fig. 1. a) Geological map of the Central Asian Orogenic Belt (CAOB) (modified from Xiao and Kusky, 2009). b) Geological map of the Duobaoshan ore field (modified
from Zhao et al., 2018).

G. Song, et al. Ore Geology Reviews 106 (2019) 446–462

447



consistent with previous studies of other epithermal deposits
(Hedenquist et al., 2000; Einaudi et al., 2003; Sillitoe and Hedenquist,
2003), indicating that Zhengguang is an intermediate-sulfidation epi-
thermal gold deposit (Song et al., 2015, 2018; Wang et al., 2018).

Base metal sulfides (chalcopyrite and sphalerite) are, together with
pyrite, the most abundant minerals in the Zhengguang resource and
display a wide range of ore textures. In many porphyry and epithermal
systems, the trace element composition of common sulfides has been
shown to be a valuable tool to constrain ore genesis, with a significant
change in trace element composition from porphyry to epithermal en-
vironments (Large et al., 2009; Reich et al., 2013a; Deditius et al., 2014;
Franchini et al., 2015; Song et al., 2018). Prior to the present study,
little research has focused on sulfide mineralogy, or the potential use of
mineral geochemistry to constrain ore genesis, either at Zhengguang, or
within the greater Duobaoshan orefield.

In this study, concentrations of Au and other trace elements have
been determined in sulfides from well-constrained samples from
Zhengguang using laser ablation-inductively coupled plasma mass
spectrometry (LA-ICP-MS). We show that trace element distributions
within pyrite, sphalerite, and chalcopyrite can help identify different
stages of alteration, replacement, and deformation, and furthermore
demonstrate the role played by these minerals as Au-carriers in the
deposit. Based on the trace element dataset, and in light of recent stu-
dies documenting the geochemical behavior of Au, As, Te and Cu in
hydrothermal systems (e.g., Reich et al., 2013a; Deditius et al., 2014),
we go on to explore the possible relationship between porphyry- and
epithermal-style mineralization.

2. Geological setting and characteristics

2.1. Lithostratigraphic sequence

Previously published research (e.g., Wu et al., 2006; Zeng et al.,
2014; Tong et al., 2015; Song et al., 2015; Wang et al., 2018) showed
the lithostratigraphic sequence in the orefield to be composed of the
Middle Ordovician Tongshan and Duobaoshan Formations (Figs. 1b and
2a). The Tongshan Formation is restricted to the northern part of the
orefield. Major lithologies are coarse sandstone, feldspathic quartz
sandstone, and tuffaceous siltstone. The Duobaoshan Formation, which
is composed of a series of volcanic rocks with different lithofacies, oc-
curs throughout the orefield and is the major ore-hosting strata (Song
et al., 2015). Dominant lithologies include andesite tuff, conglomeratic
andesitic tuff, and andesite, but also include airfall volcanics, lava
overflow, volcanic debris flow, and volcanic sedimentary facies
(Fig. 2a). Explosive and eruptive facies are interbedded with one other
and show that volcanic activity alternated between eruption of lava and
pyroclastic rocks during the outbreak of volcanic activity (Song et al.,
2015). Based on the spatial distribution and variation characteristics of
ignimbrites, volcanic breccias, volcanic-pyroclastic rocks, Song et al.
(2015) speculate on the existence of a Paleozoic paleo-volcano edifice
within the district.

2.2. Structural geology

The Duobaoshan region has experienced multiple tectonic move-
ments through time and is characterized by a series of NNE-SSW-, NE-

Fig. 2. a) Geological map of the Zhengguang deposit (modified from Song et al., 2015, Wang et al., 2018). b) Cross section of line 49,275 in the No. 2 ore zone from
Zhengguang deposit (modified from Song et al., 2015).
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SW-, and minor E-W- and N-S-trending structures (Li et al., 2008; Hao
et al., 2015) (Fig. 1b). In the Duobaoshan and Tongshan ore districts,
NE-trending faults pre-date mineralization, whereas NW-trending faults
are main structures and control the distributions of the Duobaoshan and
Tongshan deposits (Du et al., 1988; Han et al., 2007). The EW-trending
faults are post-mineralization in age and disrupt orebodies (Wu et al.,
2015) (Fig. 1b). Distinct from the Duobaoshan and Tongshan deposits,
gold mineralization in Zhengguang occurs not only along the NW-
trending Sankuanggou-Duobaoshan structural belt but also along NS-
trending and NE-trending faults (Li et al., 2008; Song et al., 2015)
(Fig. 2a). Gold orebodies in the No. 1 ore zone are controlled by NE-
trending faults, orebodies from the No. 2 ore zone are controlled by
NW-, NE- and NS-trending faults, whereas orebodies from the Nos. 3, 4
and 5 ore sectors are controlled by NW- and NS-trending faults (Fig. 2a)
(Tong et al., 2015).

2.3. Magmatic rocks

The dominant intrusive rocks are diorite, porphyritic diorite, por-
phyritic granodiorite, and porphyritic monzonite (Wang et al., 2018).
The diorite and porphyritic diorite rocks occur across the whole district
and tend to occur at intersections between the NW-trending compres-
sion and scissor fault zones and NE-trending tenso-shear faults (Tan
et al., 2010; Fig. 2a). These are irregular, elliptical in shape at surface,
and intruded Paleozoic volcanic rocks and porphyritic granodiorite, as
well as the Au-bearing orebodies (Song et al., 2015). The latter authors
report zircon U-Pb ages between 280 and 297Ma from porphyritic
diorite, indicating a latest Permian magmatic event after formation of
the Zhengguang deposit. The porphyritic granodiorite and porphyritic
monzonite rocks are restricted to deep levels of the No. 1 ore zone.

These have zircon U-Pb ages of 436.1 ± 1.6Ma and 454.6 ± 1.4Ma,
respectively (Song et al., 2015). Drillcore observations clearly show
that they intruded volcanic rocks and cut off or ruptured the Au-bearing
orebodies with evidence of minor clay alteration, chloritization, and
carbonatization. Field relationships between volcanic rocks, diorite,
porphyritic diorite, porphyritic granodiorite, and porphyritic mon-
zonite indicate that all intrusive rocks in the district are younger than
the volcanic rocks and the Au-bearing orebodies (Song et al., 2015;
Wang et al., 2018).

2.4. Alteration

Wall-rock alteration is well developed in the Zhengguang deposit,
with two phases of alteration zones observed from orebodies to wall
rocks: the early phase is characterized by planar epidote-chlorite-cal-
cite ± pyrite alteration in andesitic volcanic rocks, and the latter by
linear zones of quartz-sericite-illite-calcite alteration adjacent to or-
ebodies within the volcanic rocks. The epidote-chlorite-calcite ±
pyrite alteration is the most widely observed type of alteration in the
Duobaoshan orefield and is recognized across a 30 km2 area (Du et al.,
1988). The latter authors regarded propylitization (epidote-chlorite-
calcite ± pyrite alteration) as a ‘background’ alteration affecting vol-
canic rocks, Paleozoic granodiorite and porphyritic granodiorite alike.
Within this alteration zone, K-feldspar is variably sericitized or epido-
tized, hornblende is partially or totally replaced by chlorite and epi-
dote, and biotite shows partial or total chloritization. Epidote occurs in
varying abundance, replacing primary hornblende, or forming mm-
thick veins in association with calcite and fine-grained chlorite. Most
pyrite is either euhedral and disseminated within the rock groundmass,
or appears as veinlets in andesite rocks (Song et al., 2015). The quartz-

Fig. 3. a) Field photograph of the oxidized ore body; b) Photo of oxidized ore with ferrohydrite and jarosite; c) Drill cores with epidote-chlorite-calcite ± pyrite
alteration; d) Vein-type gold ore, composed of sphalerite, chalcopyrite, and pyrite; e) Vein-type gold ore, composed of sphalerite and pyrite; f) Pyrite vein in gold ore,
from the drill core shown in (c); g) Deformed sphalerite-chalcopyrite-pyrite ore with Domino-type structure; h) Quartz-calcite-hematite vein; i) Porphyry related
quartz-calcite-hematite vein.
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sericite-illite-calcite alteration zone is developed within tens of meters
on either side of the orebodies and is closely associated with gold mi-
neralization (Song et al., 2015; Wang et al., 2018).

2.5. Ore bodies, ore types, and ore mineral assemblages

About 190 Au-bearing orebodies have been discovered in five ore
zones, with an average Au grade of 3.25 g/t. All orebodies occur within
Paleozoic volcanic rocks and comprise multiple hydrothermal veins
1–100 cm in thickness and 5–20m in strike length (Song et al., 2015)
(Fig. 2a). The No. 1 and 2 ore zones are the most significant and to-
gether comprise> 175 orebodies. The No. 1 ore zone, located in the
northwestern part of the ore district, comprises NE-trending Au ores
(Fig. 2a). The No. 2 ore zone (the largest, with a total Au reserve ex-
ceeding 23 tonnes), is located in the southeastern part of the ore district
within a “Y-shaped” configuration (Fig. 2a). Ore zones No. 3, 4, and 5
are relatively small and occur in the west of the ore district (Fig. 2a).

Gold ores can be classified into two types: primary ores (Fig. 3c–g);
and oxidized ores (Fig. 3a, b). Primary ores are of vein type, with base
metal minerals disseminated within quartz and quartz-calcite veins.
Primary ores can be sub-divided according to the prevailing mineral
assemblages into: vein type quartz-pyrite-sphalerite-galena ores; vein
type pyrite-sphalerite ores; and vein type pyrite ores. Oxidized ores are
particularly well developed at shallow depths in the No. 2 ore zone,
where they display yellow to yellowish-brown colors (Fig. 3a, b), and
are formed by weathering on primary ores with widespread ferrohy-
drite and jarosite (Fig. 3b).

Ore mineral assemblages comprise dominant pyrite, chalcopyrite,
galena, sphalerite, and hematite, with minor Cd-bearing sphalerite,
tetrahedrite, argentite, native gold, electrum, and hessite (Song et al.,
2015) (Table 1; Fig. 4a–p). Minerals particularly closely associated with
gold are pyrite, chalcopyrite, galena, and sphalerite. Parts of the ore
displaying gold enrichment characteristically have high contents of
sphalerite and chalcopyrite. Gold-bearing minerals are dominated by
native gold (accounting for 86.1%), with minor electrum (accounting
for 13.9%). Coarse-grained gold (> 74 μm) accounts for 2.3% of the
visible gold in the deposit, medium-grained gold (37–74 μm) accounts
for 17.9%, fine-grained gold (10–37 μm) accounts for 58.8%, and
micro-sized (< 10 μm) accounts for 21.1% (Wang and Zhou, 2009).

3. Samples and experimental methods

Eight representative samples were selected and analyzed (Table 2).
Each was prepared as a 1-inch polished block and characterized by
reflected light microscopy and backscattered electron (BSE) imaging
prior to LA-ICP-MS analysis. Only areas of sulfide grains free of no-
ticeable inclusions were selected for LA-ICP-MS analysis. Samples
49275-2-1235, 49275-2-469, 49275-2-78, and 263-257 are taken from
the No. 2 ore zone, samples 46-7-285, 46-7-548, and 58-8-518 are from
the No. 1 ore zone, and sample 58-2-616 was taken from the No. 5 ore
zone. In this study, we focus on sulfides from the three distinct mi-
neralization stages. A detailed description of samples is given in
Table 1. Sample 49275-2-1235 is from an early quartz-pyrite vein with
abundant early pyrite (Figs. 4a and 5a; Table 2). The sample was col-
lected at a depth of 1235m from drillhole 49275-2 in the No. 2 ore zone
(first mineralization stage). Samples 58-2-616, 46-7-285, 46-7-548, 58-
8-518, 263-257, and 49275-2-469 are from quartz-polymetallic sul-
fides-calcite veins (Fig. 4b-p, 5b-c, and 6d-f; Table 2). Among them, the
first three are from drillcore intersecting the No. 1 ore zone, whereas
263-257 was taken from drillhole 263 (No. 2 ore zone), 49275-2-469
was taken from a depth of 469m in drillhole 49275-1 (No. 2 ore zone),
and sample 58-2-616 was taken from a depth of 616m deep in drillhole
58-2 (No. 5 ore zone) (Table 2). Sample 49275-2-78 is a deformed
quartz-polymetallic sulfide-calcite vein representing the third miner-
alization stage (Fig. 4g; Table 2).

LA-ICP-MS analysis was carried out using a Resonetics M-50-LR Ta
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193 nm Excimer laser attached to an Agilent 7700cx Quadrupole ICP
mass spectrometer (Adelaide Microscopy, The University of Adelaide).
The Resonetics laser designed by Laurin Technic Pty. uses a two-volume
ablation cell for outstanding trace element sensitivity, washout, and
stability (Müller et al., 2009). The ablation cell is filled with UHP He
(0.7 l/min), which is mixed with Ar (0.93 l/min) after leaving the cell
and is directly introduced to the torch through a “squid” (pulse
homogenizing device). The ICP-MS is calibrated regularly to maximize
sensitivity, whilst keeping production of molecular oxide species
(i.e.,232Th16O/232Th) and doubly charged ion species (i.e.,
140Ce2+/140Ce+) as low as possible, and typically< 0.2%.

Laser beam energy output was set at 100mJ at a 35 μm spot size
using a repetition rate of 10 Hz. Each analysis comprised a 30 s back-
ground measurement followed by 35 s of sample ablation, while a 30 s
delay was allowed after each spot analysis to ensure adequate cell
wash-out, gas stabilization, and computer processing time. Analyzed
isotopes include 34S, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 75As, 82Se,

95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 182W, 197Au, 202Hg, 205Tl,
206Pb, 207Pb, 208Pb and 209Bi. Dwell times for In, Au and Tl were set to
0.05 s, while all other elements were set to 0.01 s. Mean errors and the
minimum detection limits for common trace elements in each sample
are provided as Electronic Appendix B. The latest MASS-1 certificate of
analysis (United States Geological Survey, 2014) is used. Pyrite, spha-
lerite, and chalcopyrite were analyzed by EPMA and thus values of
44.975 wt% Fe, 65.697 wt% Zn, and 34.017wt% Cu were used as in-
ternal standards. GLITTER data reduction software (Van Achterbergh
et al., 2001) was used to carry out data calculations.

4. Results

4.1. Sulfide petrography

Consideration of vein relationships in the field and among co-ex-
isting minerals under the microscope allows identification of three

Fig. 4. Back-scattered electron (BSE) images (a-l) showing sulfides from Zhengguang. a) Euhedral-subhedral pyrite from the first sulfide stage (Py1a) with slight
alteration and no fracturing. b) Chalcopyrite (Ccp2a) from the second stage overprinting primary pyrite, and formation of Py2a. Electrum is observed within and
surrounding replaced pyrite. c) Second-stage chalcopyrite (Ccp2b) and sphalerite (Sph2a) overprinting primary pyrite, and formation of Py2b. d) Second stage
sphalerite (Sph2b) overprinting primary pyrite and forming Py2c. Electrum is observed enclosed within or around replaced pyrite. e) Chalcopyrite (Ccp1) replacing
primary pyrite. Cd-bearing sphalerite is included within chalcopyrite. f) Fractured pyrite (Py2d) overprinted by sphalerite and chalcopyrite. g) Primary pyrite
displaying a metamorphic overprint, forming Py3a (slightly altered pyrite) and Py3b (strongly altered pyrite), Py3b is recrystalized as small pyrite (sub)-grains. h)
Second stage sphalerite (Sph2b) overprinting primary pyrite and forming Py2c; note electrum within sphalerite. i) Tetrahedrite included in chalcopyrite. j) Euhedral
pyrite replaced by galena. k) Euhedral pyrite replaced by chalcopyrite and argentite. l) Primary pyrite replaced by sphalerite and barite. m) Hessite included within
tetrahedrite. n) Hessite included within pyrite. o) Euhedral adularia coexisting with euhedral to subhedral pyrite. p) Chalcopyrite replacing primary pyrite with
argentite inside or surrounding the pyrite. Adl-adularia, Arg-argentite, Bar-barite, Ccp-chalcopyrite, El-electrum, Hes-hessite, Gn-galena, Py-pyrite, Sph-sphalerite,
Tet-tetrahedrite. ’Relict’ refers to preserved or slightly replaced primary pyrite.
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sulfide stages (Song et al., 2015) (Table 1): an early
quartz+ pyrite ± chalcopyrite stage; a second quartz+ spha-
lerite+ pyrite+ chalcopyrite ± galena ± calcite stage; and a late
deformed quartz+ pyrite ± sphalerite stage. Based on observation of
the three sulfide stages, seven texturally distinct generations of pyrite
can be recognized. Py1a and Py1b are from quartz-pyrite veins be-
longing to the first stage. Py1a is euhedral without evidence for sig-
nificant alteration or replacement (Figs. 4a and 5a; Table 1), and Py1b
are altered by Ccp1 in quartz-pyrite-chalcopyrite veins (Fig. 4e;
Table 1). Sub-types Py2a though Py2d belong to the second stage, and
coexist with epithermal base metal sulfides, sphalerite, galena, and
chalcopyrite (Figs. 4-6; Table 1). A majority of the Stage 2 pyrites
formed during a replacement event in which epithermal fluids reacted
with early Py1. Py3 is from syn-deformational quartz-polymetallic
sulfide veins of the third stage (Fig. 4g; Table 1). Moreover, two phases
of sphalerite (Sph1 and Sph2) and three phases of chalcopyrite (Ccp1,
Ccp2a and Ccp2b) can be readily recognized (Figs. 4, b-p; 5b-c and 6d-f;
Table 1). Sph2a, Sph2b, Ccp2a and Ccp2b are from the second stage
veins and coexist with Py2a, Py2b, Py2c or Py2d, whereas Ccp1 is from
the first stage and coexist with early Py1b (Fig. 4e). In the first stage,
euhedral, coarse-grained pyrite (Py1a) is the main sulfide in the epi-
dote-chlorite-calcite ± pyrite alteration halo (Figs. 4a and 5a). During
superposition by subsequent epithermal fluids, relicts of early (Py1a)
pyrite are preserved within Au-rich sulfides (e.g., Fig. 4b, d, j, k, p).

The second stage represents the main epithermal gold mineraliza-
tion stage, and resulted in subhedral Au-bearing pyrite, sphalerite,
chalcopyrite, and galena. This type of gold mineralization overprints
earlier alteration via replacement of early pyrite. Observations in re-
flected light and back-scatter electron imaging show that epithermal
pyrite (Py2a through Py2d; Figs. 4b-e, h, p, 3b-c and 4d-f), sphalerite
(Sph2a and Sph2b; Figs. 4b-f, h, i, 5c and 6d-f), chalcopyrite (Ccp2a and
Ccp2b; Figs. 4b–c, e, and 5b-c), and galena replace and alter Py1a
(Fig. 4j).

Two types of pyrite (Py3a and Py3b) are identified from the third
stage. The former resembles second-stage pyrite but with slight de-
formation (Fig. 4g), whereas Py3b is recrystallized pyrite from broken
Py2 in the form of small grains under heavy deformation (Fig. 4g). Py3b
is generally porous and may contain abundant 1–2 µm-sized pores
(Fig. 4g).

4.2. Compositional data for sulfides

To constrain ore genesis, we have mainly focused on the distribu-
tions of Au, Ag, Te, Sb, As, Bi, Hg, Pb, Zn, Cu and Mo in pyrite, Au, Ag,
Zn, Te, Sb, As, Bi, Hg, Pb and Mo in chalcopyrite, and Au, Ag, Te, Sb, As,
Bi, Hg, Pb, Cu, Mo, and Fe in sphalerite.

4.2.1. Pyrite
Trace elements were analyzed in pyrite from eight samples (361

spot analyses after careful quality control checks). Three distinct groups
of pyrite data are identified from the eight texturally distinct genera-
tions: a Au-poor group, a Au-rich group; and a distinct Sb-rich group.

Gold-poor pyrite is present in many samples (Table 2). The distinct
feature is that almost all pyrite appears unaltered or only slightly al-
tered (Fig. 4a-k and 5a-c, d-f). Gold-poor, slightly altered pyrite can be
often found as relicts (Fig. 4b-k and 5b-c, d-f) within Au-rich pyrite.
Compared to other groups, Au-poor pyrite (< 2 ppm, mean 0.66 ppm)
also contains the least Ag (< 100 ppm, mean 5.9 ppm), Sb (< 243 ppm,
mean 5.1 ppm), As (< 3000 ppm, mean 986 ppm), and Cu
(< 2000 ppm, mean 407 ppm) (Table 3). Figs. 7 and 8 show the posi-
tive correlations between Au and the trace elements As, Bi, Ag, Sb, Cu,
and Te in Au-poor pyrite.

Gold-rich pyrite is mainly of types Py2a through Py2d (Tables 3,
Supplement 1). Among these, Py2a only coexists with Ccp2a, Py2b only
coexists with Ccp2b and Sph2, Py2c only coexists with Sph2b, and Py2d
is fractured and coexists with minor sphalerite (Figs. 4b-k and 5b-f).Ta
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Almost all Au-rich pyrite pyrite (up to 140 ppm, mean 13.9 ppm) is
strongly replaced by sphalerite, galena, chalcopyrite, or other minor
minerals (Figs. 4b-k and 5b-f). This group of pyrite also contains the
most Ag (up to 1290 ppm, mean 116 ppm), As (up to 10,000 ppm, mean
3212 ppm), and Cu (up to 5000 ppm, mean 1912 ppm) (Table 3). Figs. 7
and 8 show the positive correlation between Au and As, Bi, Ag, Sb, Cu,
and Te in Au-rich pyrite.

Antimony-rich pyrite belongs exclusively to the third stage and
formed via metamorphic overprinting of Py2 in sample 49275-78

(Table 2). Py3 is strongly altered and present only as relicts (Fig. 4g).
This group of pyrite contains the most Sb (up to 69.2 ppm, mean
29.2 ppm) but conspicuously low concentrations of Te (< 0.75 ppm,
mean 0.48 ppm) and Bi (< 0.49 ppm, mean 0.21 ppm) (Table 3). Figs. 8
and 9 show the negative correlation between Au and Ag, Mo, Te, and Sb
in Sb-rich pyrite, and the positive correlation between Au and As.

4.2.2. Chalcopyrite
Trace elements were analyzed in chalcopyrite from three samples

Fig. 5. Reflected light microphotographs of sulfides, showing locations of LA-ICP-MS analysis spots and measured Au contents. a) sample 49275-2-1235, dominated
by first-stage euhedral pyrite (Py1a) recognizable by low Au concentration. b) sample 46-7-285, dominated by second-stage pyrite (Py2a) and chalcopyrite (Ccp2a).
Strongly altered pyrite can be recognized by higher Au (mostly> 8 ppm). c) sample 46-7-548 mostly features second-stage pyrite (Py2b), chalcopyrite (Ccp2b) and
sphalerite (Sph2a). Strongly altered pyrite can also be recognized by higher Au content. Py-pyrite, Ccp-chalcopyrite, Sph-sphalerite.
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(48 spot analyses in total). Due to the large variation range of Bi, the
data are sub-divided into three groups: Bi-rich; intermediate-Bi; and Bi-
poor (Table 3; Fig. 8h). The first two groups are from epithermal gold
mineralization. The Bi-rich group are also enriched in Au and Te and
are from Ccp2a (sample 46-7-285) (Table 2; Table 3; Supplement 2),
which replaces Py2a, and does not co-exist with sphalerite. They con-
tain 0.1–17.9 ppm Au (mean 2.0 ppm), 3.7–270 ppm Ag (mean
59.7 ppm), and the highest concentration of Bi (mean 80 ppm)

(Table 3). The intermediate-Bi group is from Ccp2b (sample 46-7-
485 ppm), which replaces Py2b, and co-exists with sphalerite. These
contain 0.03–0.40 ppm Au (mean 0.08 ppm), 28–959 ppm Ag (mean
124 ppm), 0.56–16 ppm Te (mean 3.7 ppm), intermediate levels of Bi
(mean 13.4 ppm) and the lowest concentration of Zn (mean 30.8 ppm)
(Table 3). The Bi-poor group (0.05–10.6 ppm, mean 0.97 ppm) is from
Ccp1 (sample 58-2-616), which replaces Py1b and coexists with minor
sphalerite (Fig. 4; Table 3). Their chemistry resembles chalcopyrite

Fig. 6. Reflected light microphotographs of sulfides, showing locations of LA-ICP-MS analysis spots and measured Au contents. d) sample 58-8-518 includes pyrite
(Py2c) and sphalerite (Sph2b). Relict pyrite is recognizable by low Au concentrations (mostly< 2 ppm), whereas younger pyrite typically contains higher Au
(mostly> 8 ppm). Electrum may occur as inclusions in sphalerite. Euhedral pyrite is also replaced and broken up into relict sub-grains by sphalerite. e) sample 263-
257 containing pyrite (Py2c) and sphalerite (Sph2b). Euhedral pyrite is replaced by sphalerite and is preserved as relict sub-grains; note electrum inclusions within
sphalerite. f) sample 49275-2-469 contains fractured and replaced pyrite (Py2d). Au contents gradually increase from the rim to the pyrite grain core, the. Points
within the core show strong alteration and>8 ppm Au). Py-pyrite, Ccp-chalcopyrite, Sph-sphalerite.
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Table 3
Summarised results of in-situ LA-ICP-MS data of sulphides (pyrite, sphalerite, chalcopyrite; values in ppm.

Minerals Groups Phases Au Ag Te Sb As Bi Hg Pb Zn Cu Mo Fe

Pyrite Au-poor pyrite Includes Py1a, Py1b, and a portion of
Py2a, Py2b, Py2c, Py2d
(Au < 2 ppm) (Samples 49275-1-
1235, 58-2-616, 46-7-285, 46-7-548,
263-257, 58-8-518)

Min 0.01 0.01 0.29 0.04 6.98 – 0.08 0.02 0.95 0.61 0.02 –
Max 1.85 107 243 94.3 6804 43.1 2.17 2157 28,027 8838 8.30 –
Mean
(n= 207)

0.66 5.89 12.0 5.06 986 2.52 0.17 121 940 407 0.43 –

St. Dev. 0.18 0.99 3.35 0.46 124 0.27 0.06 30.1 88.5 61.0 0.07 –
Au-rich pyrite Includes a portion of Py2a, Py2b,

Py2c, Py2d, and Py3a (Au > 2 ppm)
(Samples 46-7-285, 46-7-548, 263-
257, 58-8-518, 49275-1-469, 49275-
1-78)

Min 2.01 0.15 0.24 0.03 13.3 – 0.07 1.24 0.89 4.97 0.02 –
Max 140 1290 1237 146 12.347 1599 2.31 2771 56.862 9713 177 –
Mean
(n= 139)

13.9 116 126 10.4 3212 38.7 0.20 287 1686 1121 3.77 –

St. Dev. 3.00 16.1 30.1 0.71 333 4.38 0.06 95.4 188 131 0.35 –
Sb-rich pyrite Includes Py3b (Sample 49275-1-78) Min 0.34 5.69 0.19 1.82 659 0.02 0.09 27.5 3.77 46.8 0.06 –

Max 5.68 68.1 0.75 69.2 9428 0.49 0.36 429 1589 8735 86.6 –
Mean
(n= 13)

3.27 37.6 0.48 29.2 3234 0.21 0.18 164 218 1912 8.46 –

St. Dev. 0.21 1.62 0.15 1.12 286 0.02 0.07 13.9 11.1 96.4 0.45 –
Chalcopyrite Bi-rich

chalcopyrite
Includes Ccp2a (Sample 46-7-285) Min 0.11 3.68 2.44 0.51 2.60 37.3 1.04 28.2 11.8 – 0.22 –

Max 17.9 270 263 7.21 12.8 190 3.47 157 184 – 2.18 –
Mean
(n= 17)

2.03 59.7 38.8 1.57 4.60 79.9 1.74 54.6 37.0 – 0.53 –

St. Dev. 0.52 5.66 12.2 0.37 1.97 8.84 0.66 40.3 8.9 – 0.24 –
Intermediate-Bi
chalcopyrite

Includes Ccp2b (Sample 46-7-548) Min 0.03 21.9 0.56 0.91 3.06 0.81 1.11 8.2 12.7 – 0.43 –
Max 0.40 959 16.0 208 115 79.9 5.87 298 103 – 3.53 –
Mean
(n= 12)

0.08 124 3.67 22.9 16.8 13.3 2.35 45.6 30.8 – 0.87 –

St. Dev. 0.03 16.6 1.52 3.86 4.13 1.72 0.76 10.2 9.2 – 0.30 –
Bi-poor
chalcopyrite

Includes Ccp1 (Sample 58-2-616) Min 0.05 13.5 0.54 0.39 1.34 0.05 0.94 1.2 6.4 – 0.64 –
Max 0.09 191 3.40 13.1 13.2 10.6 1.31 231 241 – 1.10 –
Mean
(n= 15)

0.06 53.0 2.19 5.19 6.03 0.97 1.10 68.6 60.8 – 0.90 –

St. Dev. 0.03 5.43 1.10 0.88 1.85 0.15 0.52 12.0 10.3 – 0.40 –
sphalerite Au-poor

sphalerite
Includes Sph2a (Sample 46-7-548) Min 0.03 12.8 0.05 0.55 0.32 0.90 38.2 6.41 – 73.9 0.03 561

Max 1.02 148 36.0 8.84 2.87 159 46.0 8136 – 3902 0.72 4659
Mean
(n= 23)

0.27 40.1 4.48 3.19 1.29 13.3 42.4 733 – 1052 0.15 1608

St. Dev. 0.06 5.68 1.04 0.25 0.23 1.18 4.50 105 – 122 0.04 104
Au-rich
sphalerite

Includes Sph2b (Samples 263-257, 58-
8-518)

Min 0.20 5.32 0.23 0.58 1.17 0.16 2.47 17.9 – 14.7 0.01 258
Max 13.2 198 96.3 11.0 61.2 2.80 52.1 206 – 274 6.03 77,397
Mean
(n= 39)

2.60 37.5 18.5 4.46 7.39 0.77 28.7 65.7 – 91.8 0.44 11,181

St. Dev. 0.85 6.25 6.37 0.47 1.14 0.11 4.42 34.4 – 14.9 0.07 1237

Notes: Min=minimum; Max=maximum; St. Dev.= standard deviation.

Fig. 7. Plot of Au vs. As for pyrite. The solubility
limit for gold is approximated by the line
CAu= 0.02*CAs+ 4*10−5, where CAu and CAs re-
present the concentrations of Au and As in mol.%
(Reich et al., 2005). Below this line, Au is present in
solid solution (Au+1), whereas above it a significant
amount of Au is contained as nanoparticles of native
Au (Au0). “Au-rich” represents pyrite with>2 ppm
Au, and “Au-poor” represents pyrite with<2 ppm
Au. “Sb-rich” represents pyrite from Stage-3. The
porphyry arrow represents porphyry-related pyrite
(low Au and As); the ‘epithermal’ arrow represents
epithermal pyrite (higher Au and As). Py-pyrite,
Ccp-chalcopyrite, Sph-sphalerite.
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from porphyry systems elsewhere (Reich et al., 2013b; George et al.,
2016), with the lowest Au concentrations (mostly below the minimum
detection limit), 13.5–191 ppm Ag (mean 53.0 ppm), and 0.54–3.4 ppm
Te (mean 2.2 ppm) (Table 3).

4.2.3. Sphalerite
Trace element concentrations in sphalerite were measured in three

samples (62 spot analyses). Two groups are identified based on their
trace element signatures: a Au-poor group; and a Au-rich group. Gold-
poor sphalerite (mean 0.27 ppm) coexists with chalcopyrite whereas
Au-rich sphalerite (mean 2.6 ppm) does not. The Au-poor group con-
tains lesser Te (4.5 ppm), Sb (3.2 ppm), and As (1.3 ppm) but is com-
paratively higher in Bi (mean 13.3 ppm), Hg (42.4 ppm), Pb (733 ppm),
and Cu (1052 ppm) (Electronic Appendix 1). The Au-rich group con-
tains higher Te (18.5 ppm), Sb (4.6 ppm), and As (7.4 ppm), and lower
Bi (mean 0.77 ppm), Hg (29 ppm), Pb (66 ppm), and Cu (92 ppm)
(Table 3, Supplement 3). Fig. 8k and l illustrate the positive Au-Te and
Au-Ag correlations in sphalerite.

5. Discussion

The distributions of gold and other trace elements in sulfide mi-
nerals precipitated from hydrothermal solutions can be used to infer
changes in the physicochemical conditions during mineralization, and
also, potentially, establish genetic links between porphyry systems and

associated epithermal environments (e.g., Hedenquist and Lowenstern,
1994; Large et al., 2009; Reich et al., 2013a; Deditius et al., 2014;
Zwahlen et al., 2014). Pyrite, sphalerite, and chalcopyrite are the most
abundant sulfide minerals in the Zhengguang deposit and occur in all
parts of the mineralization. Recognition of distinct Au-poor, Au-rich,
and Sb-rich populations of pyrite, distinct types of chalcopyrite dis-
tinguished by Bi content, and two types of sphalerite, thus provides an
opportunity to place constraints on ore genesis and the evolution of
mineralizing processes in an intermediate sulfidation epithermal de-
posit. Based on observation of mineral assemblages and textures, and
trace element datasets for each sulfide, we discuss how these data can
help define relationships between porphyry- and epithermal-style mi-
neralization.

5.1. Inferences for a potential porphyry system

5.1.1. Pyrite chemistry
Pyrite is a refractory mineral that may contain measurable con-

centrations of Au, Ag, Cu, Pb, Zn, Co, Ni, As, Sb, Se, Te, Hg, Tl, and Bi.
Pyrite mineral chemistry can provide valuable information to assist
understanding the genesis of mineral deposits (e.g., Large et al., 2009;
Reich et al., 2013a). Pyrite is also an important gold carrier and may be
the dominant host in some gold deposits (e.g., Cook and Chryssoulis,
1990; Deditius et al., 2011). Trace metals such as Au, Ag, and Sb are
very commonly enriched in arsenian pyrite (e.g., Hannington et al.,

Fig. 8. Diagrams illustrating variation in the concentrations of Au and selected trace elements (in ppm) for pyrite, sphalerite and chalcopyrite. a) Au contents in
pyrite. b) Binary plot of Au vs. Bi in pyrite showing a positive correlation (except for Sb-rich pyrite) and a clear discrimination between the three groups. c) Binary
plot of Au vs. Ag in pyrite showing a positive correlation. The three pyrite groups are also well discriminated on this plot. d) Binary plot of Au vs. Sb in pyrite showing
a similar positive correlation and discrimination between the three groups of pyrites. e) Binary plot of Au vs. Cu in pyrite showing a positive correlation. f) Binary plot
of Au vs. Te for pyrite showing a positive correlation. Metamorphic pyrite (Py3b, Sb-rich pyrite) does not show the same positive correlation. g) Au contents in
chalcopyrite. h) Binary plot of Au vs. Bi in chalcopyrite showing no systematic positive correlation. Three groups of chalcopyrite can be recognized based on the
variation in Sb content. i) Binary plot of Au vs. Ag in chalcopyrite showing a weak positive correlation. j) Au contents in sphalerite. k) Binary plot of Au vs. Te in
sphalerite. No clear positive correlation is visible. The two group of sphalerite plot distinctly based on the difference in Au content. l) Binary plot of Au vs. Ag in
sphalerite showing a positive correlation. Py-pyrite, Ccp-chalcopyrite, Sph-sphalerite.
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1991; Reich et al., 2005). In Carlin-type gold deposits of Nevada, the
second largest gold concentration on Earth, gold concentrations may be
up to 10,000 ppm in arsenian pyrite (e.g., Cline et al., 2005; Muntean
et al., 2011). Prior research has thus focused on the relationship be-
tween As and Au in As-rich pyrite (e.g., Reich et al., 2013a). “Invisible”
gold in As-rich pyrite is represented either by sub-microscopic inclu-
sions of Au minerals (native gold, sometimes compounds of Au with Te,
more rarely with Sb, Bi, As, Se, Sn, and Hg), or by Au substituted di-
rectly into the crystal lattice (e.g., Fleet and Mumin, 1997; Simon et al.,
1999; Vaughan and Kyin, 2004; Tauson et al., 2014). Reich et al. (2005)
showed that As-rich pyrite incorporates invisible gold in direct pro-
portion to the As content. The maximum amount of solid solution Au in
arsenian pyrite was defined as CAu= 0.02×CAs+ 4×10−5, where
CAu and CAs are the mol% concentrations of Au and As, respectively
(Fig. 7). These authors considered that arsenian pyrite plotting above
this line infers the presence of nanoparticulate Au (Au0), whereas those
plotting below the line contain solid solution Au (Au+1).

Pyrite geochemistry in representative samples from Zhengguang
indicates a wide variation of Au concentration, defining three groups
(Au-poor, Au-rich, and Sb-rich; Table 3). Au-As relationships in pyrite
from porphyry and epithermal deposits are shown in Fig. 7 (Reich et al.,
2013a; Deditius et al., 2014). From this diagram, the solubility limit of
Au as a function of As separates the Zhengguang pyrites into two fields:
sub-populations of Py2a, Py2b, Py2c groups lie above the inferred so-
lubility limit, while the Au-poor group (Py1a, Py1b and a part of the
Py2a, Py2b, Py2c, Py2d populations) plot below the solubility limit,
close to the porphyry field (Deditius et al., 2014). According to the
function of Reich et al. (2005), Au occurs as structurally-bound ions
(Au1+) in solid solution in the Au-poor pyrite group from Zhengguang.
Among the Au-poor group of pyrite, Au nevertheless shows positive
correlations with Bi, Te, Ag and Cu (Fig. 8b-f), potentially indicating the
presence of sub-microscopic Au-Ag-Te minerals, (Ag)-Bi-Pb-sulfosalts,
or Bi-tellurides/tellurosulfides (Zhang et al., 2014; Mills et al., 2015).

Although classified as an intermediate sulfidation epithermal de-
posit, Zhengguang is considered as part of a larger magmatic-hydro-
thermal porphyry-epithermal Cu-Mo-Au system based on a detailed
comparison between the Zhengguang epithermal deposit and
Duobaoshan-Tongshan porphyry deposits (Song et al., 2015). Until
now, however, there is no unequivocal evidence to validate such a
hypothesis. Because Au-poor pyrite (Py1a, Py1b) contains extremely
low concentrations of gold and related trace elements (Fig. 7; Table 3),
and thus resembles pyrite from porphyry-type mineralization (e.g.,
Reich et al., 2013a; Zwahlen et al., 2014), it is tempting to infer a re-
lationship with a porphyry system. Both mineral morphology and
geochemistry may reveal connections between porphyry and epi-
thermal mineralization (e.g., Deditius et al., 2009, 2014; Maydagán
et al., 2013; Zwahlen et al., 2014). In general, pyrite crystals from the
porphyry stage are fine-grained (0.04–0.5mm), trace element-poor
(Franchini et al., 2015), and contain low concentrations of Au
(mostly< 2 ppm), As (< 1000 ppm), Te (< 10 ppm) and Ag
(< 10 ppm) (e.g., Gregory et al., 2013; Maydagán et al., 2013;
Franchini et al., 2015). Low-temperature pyrite tends to contain more
As (and hence, Au) in solid solution, whereas higher temperature pyrite
contains less As and hosts Au as particles, a change that occurs at
∼300 °C (Maddox et al., 1998; Pokrovski et al., 2002; Reich and
Becker, 2006). Previous studies have proposed that Au may be sca-
venged from porphyry Cu systems by high-temperature (600–700 °C)
vapor phases (Kesler et al., 2002), resulting in a relative depletion of
gold in minerals from the porphyry system (Franchini et al., 2015). The
results of Reich et al. (2013a), in their study of the Dexing porphyry Cu-
(Mo-Au) deposit, China, show that most porphyry-type pyrite plots
below the solubility line defined by Reich et al. (2005). Therefore, we
consider that the Au-poor group of pyrite from Zhengguang, which are
characterized by low concentrations of Au and related trace elements,
belong to a porphyry-related mineralization system (Fig. 10b). Both
samples containing Au-poor pyrites (49275-2-1235 and 58-8-616) were

Fig. 9. a) Reflected light photomicrograph of metamorphosed ore and b) metamorphic (recrystallized) pyrite. c) Binary plots of Au vs. Ag, As, and Mo. Note positive
correlations between Au and Ag, and Mo, and the negative correlation between Au and Cu in Py3a and Py3b. d) Binary plots of Au vs. Te, and Sb. Note the positive
correlations between Au and Te, and Sb. Py-pyrite.
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collected from drillholes intersecting veins at depth, far from the main
zone of epithermal mineralization, and are entirely enclosed by rocks
affected by propylitic alteration (Fig. 2b). We interpret the Au-poor
group of pyrite to have formed within a zone of pyritization associated
with emplacement of the porphyry rocks (Seedorff et al., 2005; Liu
et al., 2016; see Fig. 10b). Some data from other pyrite from Zheng-
guang provides additional support for this interpretation. A portion of
data from the Py2a, Py2b, Py2c, Py2d sub-types also show low con-
centrations of Au and related trace elements. They are likely relicts of
porphyry-related pyrite preserved after partial replacement by later
epithermal Au-bearing fluids (Fig. 4b, d, j, k, p), analogous to those
described by Franchini et al. (2015).

Copper concentrations in Au-poor pyrite lend additional support to
this hypothesis. The Cu concentration in Au-poor pyrite from
Zhengguang can be as high as 10,000 ppm (Fig. 7e; Supplement 1–3),
significantly higher than in most gold deposits (e.g., Mills et al., 2015;
Zhao et al., 2016). Although it is commonly accepted that most Cu
occurs in pyrite as inclusions of Cu-sulfides (e.g., chalcopyrite), evi-
dence has also been reported to show that Cu can be accommodated
within the pyrite structure, in some cases reaching wt% levels (e.g.,
Pacevski et al., 2008). High Cu contents in pyrite and a positive cor-
relation between Au and Cu can indicate a porphyry Cu system in the
region, as suggested by Reich et al. (2013a) from Dexing, where pyrite
may contain>6wt% Cu. The high Cu content and positive correlation
with Au in Au-poor pyrite is thus taken to indicate a porphyry Cu
system in the region, in accord with the distribution of ore deposits in
the Duobaoshan orefield (Song et al., 2015).

5.1.2. Chalcopyrite geochemistry
Studies addressing trace element concentrations in chalcopyrite are

relatively scarce compared to other common sulfides such as pyrite,
sphalerite, or galena. Much of the published data for chalcopyrite (e.g.,
Moggi-Cecchi et al., 2002; Shalaby et al., 2004) focused on a limited
suite of trace elements. An overview of the trace element chemistry of
chalcopyrite from different ore deposits was, however, presented by
George et al. (2018). They showed that chalcopyrite can, in some cases,
host a wide range of trace elements, including Mn, Co, Zn, Ga, Se, Ag,

Cd, In, Sn, Sb, Hg, Tl, Pb and Bi, but that chalcopyrite is always very
poor in Au. This supports previous work showing that chalcopyrite may
contain up to a few ppm Au at most (e.g., Vikentyev et al., 2004). Simon
et al. (2000) showed that up to 16 ppm Au is soluble in chalcopyrite at
500 °C, dropping to 4 ppm at 400 °C. Reich et al. (2013a) document up
to 1.66 ppm Au in chalcopyrite from the Mantos Blancos deposit, Chile.
Chalcopyrite crystallizing in the absence of sphalerite and/or galena is
likely to host greater concentrations of Bi. Bismuth will be pre-
ferentially incorporated into galena whenever the three minerals co-
crystallize (George et al., 2016).

Based on Bi concentration, three groups of chalcopyrite are re-
cognized from Zhengguang (Fig. 8g-i). Among these, the Bi-poor group
(Ccp1) are similar to chalcopyrite from porphyry systems (e.g., Reich
et al., 2013b; George et al., 2018) in that they have low concentrations
of Au, Ag, Te, As, the least Bi and most Mo. Porphyry-type chalcopyrite
contains low concentration of Ag and high concentrations of Zn, while
epithermal chalcopyrite has a high concentration of Ag (George et al.,
2018).

5.2. Sulfide-hosted gold in epithermal systems

5.2.1. Au-bearing pyrite
In all epithermal sulfide-bearing veins from Zhengguang, early,

euhedral, coarse-grained pyrite is overprinted and replaced by later
base metal sulfide mineralization (sphalerite, galena, chalcopyrite, etc.)
accompanied by deposition of precious metals (Figs. 4–6). Published
research shows that low-temperature epithermal fluids, typically rich in
base and precious metals, gradually evolve from high-temperature
magmatic fluids, which are characteristically enriched in elements such
as Mo and Cu concentrated within or immediately adjacent to the
porphyry system (e.g., Heinrich, 2005; Kovalenker et al., 2006; Gu
et al., 2016).

To understand the genesis of epithermal ore deposits, researchers
have focused on the chemistry of minerals deposited from hydro-
thermal fluids, including alunite, adularia, pyrite, sphalerite, chalco-
pyrite, and galena (e.g., Kouzmanov et al., 2002; Bendezu et al., 2008;
Voudouris, 2014; Liu et al., 2016). Epithermal pyrite contains relatively

Fig. 10. Mineralization model for the Zhengguang epithermal gold deposit based on results of sulfide petrography and geochemistry. a) Emplacement of volcanic
rocks and development of structures. b) Pyrite zone developed during porphyry emplacement and formation of first-stage pyrite (Py1a). c) Early porphyry pyrite is
altered and overprinted by high-temperature, porphyry-related Cu-rich fluids (Py1b, Ccp1) and subsequently by lower-temperature epithermal fluids (Py2a, Py2b,
Py2c, Py2d, Sph1, Sph2b, Ccp2a, and Ccp2b). d) Deformation and alteration of epithermal sulfides during a superimposed metamorphic event, leading to formation
of Py3a and Py3b. Py-pyrite, Ccp-chalcopyrite, Sph-sphalerite.
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high concentration of Au (typically> 8 ppm, up to 3.41 wt%), As
(> 1000 ppm, up to a few wt.%), Te (> 10 ppm) and Ag (up to a few wt
%) (e.g., Deditius et al., 2009, 2014; Maydagán et al., 2013; Reich et al.,
2013a; Zwahlen et al., 2014; Franchini et al., 2015). Trace element
signatures of relatively Au-rich pyrites from Zhengguang are consistent
with those of epithermal pyrite. These replace porphyry-related pyrite
and contain elevated concentrations of Au (mostly> 8 ppm and up to
140 ppm). Epithermal pyrite contains gold in two forms: in solid solu-
tion as Au1+; and as micro- to nano-sized inclusions as Au0 (Reich et al.,
2013a) (Fig. 7). This indicates that after formation of Au-poor pyrite,
later epithermal fluids overprinted and replaced early pyrite, forming a
new generation of Au-rich pyrite (Fig. 10c).

Arsenic contents in pyrite vary from ∼10 up to ∼10,000 ppm; most
in the Au-rich pyrite are> 500 ppm. Our results show that significant
Au content (8–140 ppm) is always associated with high As (> 500 ppm)
in pyrite types Py2a, Py2b, Py2c, and Py2d (Fig. 8, b-d; Table 2). The
distribution of points for Py2a, Py2b, and Py2c on Fig. 7 indicates that
Au-rich pyrite, coexisting with epithermal chalcopyrite and sphalerite,
contains Au as both Au0 and Au+1. Research on pyrite from Carlin-type
and epithermal deposits show similar features, the solutions forming
epithermal deposits were largely saturated with respect to Au, whereas
those forming Carlin-type deposits were largely undersaturated and
that solid-solution Au was probably removed from fluids by adsorption
(Reich et al., 2005). On the basis that Py2a, Py2b, and Py2c have sa-
turated and undersaturated Au in the same sample, we can propose that
Cu-Zn-Fe-Au-bearing ore-forming fluids altered and replaced pre-ex-
isting pyrite. This is fully concordant with observations showing
abundant inclusions of native gold and electrum in Py2a, Py2b, and
Py2c (Fig. 4, b-p).

5.2.2. Constraints from chalcopyrite chemistry
Trace element data for chalcopyrite further support the above dis-

cussion. Although chalcopyrite contains far less Au than pyrite, there
are nevertheless significant differences between the three groups.
Epithermal Bi-rich chalcopyrite (Ccp2a), which replaces Py2a, also
contains the most Au (2 ppm) and Te, and the least Sb. The Bi-poor
group of chalcopyrite (Ccp1), formed in the porphyry environment and
contains the least gold (mean 0.06 ppm). The chemistry of the inter-
mediate- and high-Bi chalcopyrite resembles that from epithermal
systems (Reich et al., 2013b; George et al., 2018).

All three chalcopyrite sub-types contain relatively high contents of
Ag (up to 1000 ppm), which displays no correlation with Au (Fig. 8i).
These differences indicate that although chalcopyrite is a poor host for
Au, the mineral can readily incorporate Ag, particularly when bornite
and chalcocite are absent (George et al., 2018).

5.2.3. Constraints from sphalerite chemistry
After pyrite, sphalerite is the second most abundant sulfide in the

Zhengguang deposit. Results show that Au-poor sphalerite (Sph2a)
contains less Au, Te, and more Cu (up to 3902 ppm) than Au-rich
sphalerite (Sph2b) (up to 13.2 ppm Au (Supplement 1). Both groups
formed in the epithermal environment via replacement of pre-existing
sulfides. Sphalerite has been proposed as a suitable carrier for gold (Dai
et al., 2011), and is often closely related with gold mineralization
(Vikentyev et al., 2004; Radosavljevic et al., 2016). Cook et al. (2009)
used LA-ICP-MS to investigate the distribution of trace elements in
sphalerite from 26 ore deposits. They found that Cd, Co, Ga, Ge, In, Mn,
Sn, As and Tl occur in solid solution within sphalerite, and that spha-
lerite can also incorporate minor amounts of As, Se, and possibly also
Au. Variations in Cu concentration in sphalerite are, however, com-
monly due to variation in the density of chalcopyrite inclusions rather
than lattice-bound Cu (Lockington et al., 2014). In the case of ores from
Uzelginsk, Russia, sphalerite commonly contains 1.5–4.5 ppm Au, with
higher Au contents (1.8–10.6 ppm) coincident with emulsion-like in-
clusions of chalcopyrite (Vikentyev et al., 2004). These tiny inclusions
of gold-bearing chalcopyrite in sphalerite were considered to account

for most of the gold. In our study, sphalerite which coexists with epi-
thermal chalcopyrite (Figs. 4c and 5c), is Au-poor and sphalerite
without co-existing chalcopyrite (Figs. 4d and 6d–e), contains the
highest Au concentration (Supplement 3). This emphasizes the critical
importance of equilibrium partitioning between co-crystallizing sul-
phides (George et al., 2016). Additionally, microscopic observation
shows abundant inclusions of native gold within Sph2a and Sph2b
(Fig. 6c–d). These results are consistent with Cabri et al. (2000), who
found that gold inclusions are most abundant in sphalerite with low As
content from ultramafic-hosted hydrothermal systems. Summarising
the above, sphalerite is a minor Au-carrier in the Zhengguang deposit.
Coexistence with epithermal chalcopyrite will, however, lead to a
preferential partitioning of Au into the latter.

Relationships between Au and Te, Ag, As, Fe, Cu in sphalerite are of
interest for understanding orebody evolution. Plots of Au vs. Te, Au vs.
Ag, Au vs. Fe, and Au vs. Cu (Fig. 8j–l) all show positive correlations.
Cook et al. (2009) and Ciobanu et al. (2011) found that Ag can exist as
microscopic Ag-bearing mineral inclusions in sphalerite, as well as
substituted in the lattice (as Ag1+). Because of the strong positive
correlation between Au and Ag, we believe that Au may also potentially
occur as Au1+ or Au-bearing mineral inclusions in sphalerite. Correla-
tions between Au and Te, Ag, As, Fe and Cu may reflect this dual
character (Fig. 8j–l).

Iron content in sphalerite is used as an indicator of the sulfidation
state of gold mineralization in VMS systems (Hannington and Scott,
1989). These authors considered a negative correlation between the
average FeS content of sphalerite from some VHMS deposits and the
gold grades of those deposits (Ramsden et al., 1991; Herzig and
Hannington, 1993). This hypothesis is supported by data from Uralian
VMS deposits (Vikentyev et al., 2004; Vikentyev, 2006), showing that
the concentration of Au in minerals increases with a decrease in the Fe-
content of coexisting sphalerite. The work reported here shows a con-
trasting relationship between Au and Fe, more analogous to the phe-
nomenon reported by Zaw and Large (1996) who determined that the
complex relationship between mol.% FeS in sphalerite and gold grades
in Tasmanian VMS deposits is a function of the redistribution of FeS in
sphalerite during a superimposed Devonian metamorphic and metaso-
matic event.

5.3. Pyrite metamorphism

Sample 49275-2-78 from Zhengguang contains two types of pyrite:
an epithermal type displaying a slight metamorphic overprint; and a
more strongly altered type (Fig. 4g). These observations indicate that
subsequent to deposition, the Zhengguang deposit underwent a period
of compressive deformation and metamorphism (Figs. 9 and 10d). This
provides an opportunity to address gold behavior during this over-
printing event.

Metamorphism in the Duobaoshan orefield has been discussed in
several studies (Du et al., 1988; Wang et al., 2007; Pang et al., 2017).
After deposit formation in the Paleozoic, tectonic-magmatic activity
during the Hercynian and Yanshanian orogenies impacted on the Cu-
Mo-Au ores (Pang et al., 2017). NW-striking faults and deformation
dominate the tectonic pattern in Zhengguang Paleozoic volcanic sedi-
mentary rocks (Song et al., 2015). This feature is recognized in sample
49275-2-78 with a clearly-oriented structure that deforms pre-existing
Au-bearing quartz-polymetallic sulfides veins (Fig. 9a-b). Research fo-
cused on orogenic gold mineralization at Kalgoorlie, Western Australia
indicates that it formed in an epigenetic setting as a result of orogenic
processes, without significant direct involvement of magmatic fluids.
Mineralizing fluids were instead sourced from greenstone lithologies
during regional metamorphism (e.g. Phillips and Powell, 2010;
Vielreicher et al., 2016). Other researchers have focused on the beha-
vior of gold associated with metamorphosed pyrite (e.g., Larocque and
Hodgson, 1995; Craig et al., 1998; Clark et al., 2004; Deol et al., 2012;
Zhang et al., 2014; Mills et al., 2015; Zhao et al., 2016). Metamorphic
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recrystallization results in a release of invisible gold from pyrite and
may be an important process in upgrading refractory gold in pyrite to a
more easily recoverable form (electrum) (Larocque and Hodgson, 1995;
Larocque et al., 1995). Chemical mapping of pyrite, including examples
from ores metamorphosed at amphibolite facies or higher, reveals that
the pyrite may nevertheless retain physical and chemical textures al-
lowing interpretation of both the depositional and the post-depositional
history of the deposit (Cox, 1987; Cook et al., 1994; Clark et al., 2004).

LA-ICP-MS analysis of the two pyrite generations from Zhengguang
indicates that recrystallized Py3b is relatively depleted in Au, As and Te
and relatively enriched in Sb, Ag, Cu and Mo (Table 3; Fig. 9). Coex-
isting epithermal Py3a is, in contrast, relatively rich in Au and As and
poor in Sb, Ag, Cu, and Mo (Fig. 9). We interpret these differences in
terms of post-formation metamorphic overprinting, in which Au, As,
and Sb were remobilized from epithermal pyrite (Fig. 10d), whereas Sb,
Ag, Cu, and Mo are incorporated into the new recrystallized pyrite.
Plots of Au vs. Ag, Mo, As, Te, Sb, show negative correlations between
Au and Ag, Mo, Te, Sb, and a positive correlation between Au and As
(Fig. 9). This is concordant with Larocque and Hodgson (1995) who
found that recrystallized pyrite contains less Au than associated pri-
mary pyrite, and that syn-deformational recrystallization results in the
release of gold (Huston et al., 1995).

6. Conclusions

Based on BSE imaging and LA-ICP-MS analysis, the textures and Au
distributions are described in pyrite, sphalerite and chalcopyrite from
the Zhengguang gold deposit. Pyrite formed throughout ore deposit
evolution from early porphyry-style mineralization to subsequent epi-
thermal-type mineralization, and also during the latest metamorphic
event that overprints the ores. The Au concentrations of various sub-
groups of pyrite, sphalerite and chalcopyrite were constrained and
compared to literature data for the same minerals in typical porphyry-
epithermal deposits.

Emplacement of the porphyry results in the formation of Au-poor
pyrite and Bi-poor chalcopyrite. Later epithermal fluids alter and
overprint early pyrite resulting in deposition of gold and base metal
sulfides, including Au-rich pyrite, Bi-rich chalcopyrite, and Au-rich
sphalerite. Gold is most likely derived from magma-derived fluids. Gold
occurs as Au1+ in the Au-poor and Sb-rich pyrite sub-groups, and as
Au1+ and Au0 in Au-rich pyrite. Among the sulfides, pyrite is the most
important gold carrier. Sphalerite is a minor Au-host but coexistence
with epithermal chalcopyrite leads to a decrease in the Au content of
sphalerite. Chalcopyrite is not a good host for gold, but a good host for
silver. A metamorphic event impacted on early-formed sulfides, re-
sulting in a deformation overprint and associated Au remobilization.
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