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The Zhengguang gold deposit in the Duobaoshan ore field, hosted in volcanic rocks of the Middle
Ordovician Duobaoshan Formation, is one of the largest gold deposits in the Northeastern Great
Xing’an Range of the Central Asian Orogenic Belt (CAOB). The deposit comprises the No. I, II and III ore
zones with a total resource exceeding 35 tonnes of Au, 100,000 tonnes of Zn and 100 tonnes of Ag. A
genetic relationship between gold mineralization and concealed tonalite porphyry is inferred based on
the characteristics of cryptoexplosive breccia and hydrothermal alteration indicative of porphyry-type
and epithermal mineralization. Zircon LA-ICPMS U-Pb dating reveals that the tonalite porphyry was
emplaced at 462.1 ± 1.8 Ma (Middle Ordovician). The d34SV-CDT values of sulfide minerals range from
�3.0‰ to �1.7‰ with an average of �2.33‰, indicating that sulfur was mainly derived from a magmatic
source. The Pb isotopic compositions (206Pb/204Pb ranging from 17.572 to 17.629, 207Pb/204Pb from 15.424
to 15.486, and 208Pb/204Pb from 37.206 to 37.418) suggest a major mantle component for Pb and, by infer-
ence, for other ore metals. Therefore, we suggest that the ore-forming elements in the Zhengguang gold
deposit may be related to the mantle-sourced tonalite porphyry. On the basis of the geological character-
istics and geochemical signatures documented in this study, we conclude that the Zhengguang gold
deposit was formed in a porphyry to epithermal transitional environment associated with the concealed
tonalite porphyry, as part of the Duobaoshan porphyry-epithermal ore system that is related to the sub-
duction of the Paleo-Asian Ocean during the Ordovician.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Central Asian Orogenic Belt (CAOB) is regarded as the lar-
gest accretionary orogen in the world with remarkable crustal
growth and formation of a great variety of mineral deposits during
the Phanerozoic (Sengör et al., 1993; Pirajno, 2010; Xiao et al.,
2013; Goldfarb et al., 2014; Mao et al., 2014; Seltmann et al.,
2014; Zhang et al., 2016). While the magmatism and metallogeny
of the CAOB during the late Paleozoic are well known, its ore-
forming potential during the early Paleozoic remains relatively
unclear (Goldfarb et al., 2014; Seltmann et al., 2014; Zhao et al.,
2015). The Great Xing’an Range, situated in the eastern segment
of the CAOB (Fig. 1), has experienced complex tectonic and exten-
sive magmatism during the Paleozoic and Mesozoic (Ouyang et al.,
2013; Bai et al., 2014; Wang et al., 2014; Wu et al., 2014). Most
deposits in the Great Xing’an Range were formed during the Meso-
zoic tectono-magmatic activities related to the tectonic evolution
of the Mongol-Okhotsk and Pacific oceans, e.g., the Wunugetushan
Cu-Mo deposit (Wang et al., 2015), the Taipingchuan Cu-Mo
deposit (Chen et al., 2010), and the Sandaowanzi Au deposit
(Zhao et al., 2013). However, deposits with early Paleozoic ages
have also been recognized in this region, such as the world-class
Duobaoshan Cu-Mo-Au ore field (Zeng et al., 2014; Hao et al.,
2015; Hu et al., 2016), which has a proven resource exceeding
3,350,000 tonnes of Cu, 150,000 tonnes of Mo and 100 tonnes of
Au (Cui, 2006; Zhao et al., 2011a).

The Duobaoshan ore field hosts numerous deposits including
the Duobaoshan and Tongshan porphyry Cu-Mo deposits, the
Zhengguang Au deposit, the Sankuanggou skarn Fe-Cu deposit
(Du et al., 1988; Liu et al., 2010a; Chen et al., 2012), the Jiguanshan
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Fig. 1. Simplified tectonic map showing the main units of central and eastern Asia (modified after Zhou et al., 2011; Feng et al., 2015).
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Mo deposit, as well as the Xiaoduobaoshan, Xiaogushan and Yuejin
Cu deposits (Fig. 2b; Zhao and Zhang, 1997; Wu et al., 2009). These
deposits change in mineralization style from skarn, porphyry to
hydrothermal vein mineral systems from northwest to southeast
Fig. 2. Sketch tectonic map (a; after Ge et al., 2007) and simplified geological m
(Zhao et al., 2011a). Porphyry mineralization of the early Paleozoic
is partly reworked by tectono-magmatic processes of the late Pale-
ozoic and Mesozoic (Zhao et al., 2011a). The Zhengguang gold
deposit was discovered in 2006, and the initial exploration resulted
ap (b; after Zeng et al., 2014; Hao et al., 2015) of the Duobaoshan ore field.
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in an estimated resource of 12.6 tonnes of Au at an average grade
of 3.49 g/t in the No. II ore zone (Deng et al., 2013). A significant
breakthrough was achieved in the No. I ore zone by the Heilong
Mining Corporation between 2010 and 2014, expanding the esti-
mated resource to exceeding 35 tonnes of Au, 100,000 tonnes of
Zn and 100 tonnes of Ag (Song et al., 2015).

A number of studies have been carried on the Zhengguang gold
deposit, including general geology (Cui, 2006; Zhao et al., 2006,
2007; Lu and Liu, 2009; Fu and Yang, 2010; Gao et al., 2014a;
Tong et al., 2015), fluid inclusions (Zhang et al., 2011; Deng et al.,
2013; Gao et al., 2014b), C-H-O-S isotopes (Wu et al., 2006; Fu
et al., 2014), geochronology (Fu et al., 2014; Shen et al., 2014; Li
et al., 2016) and exploration criteria (Lu and Liu, 2009; Lu and
Sun, 2015), all published in Chinese language literature. However,
there are still many unanswered questions regarding the mineral-
ization age and sources of ore-forming components. The mineral-
ization age was considered to be Ordovician based on a zircon U-
Pb age of 480.7 ± 3.2 Ma (Shen et al., 2014) from diorite dykes that
are widely distributed in the No. II ore zone (Wu et al., 2006;
Zheng, 2012; Fu and Yang, 2010), but the genetic relationship
between the diorite and gold mineralization is still unclear. The
Middle Ordovician Duobaoshan Formation in the area was
regarded as the main source of the ore-forming components based
on high concentrations of these elements in the strata (Wu et al.,
2006; Fu and Yang, 2010), but there remains a lack of direct iso-
topic evidence. The genetic type of the Zhengguang gold deposit
also remains controversial, having been classified as either a
structure-controlled alteration rock type related to diorite (Wu
et al., 2006; Zhao et al., 2007) or epithermal type (Zhang, 2004;
Fu and Yang, 2010) including the low-sulfidation (Deng et al.,
2013) and intermediate-sulfidation (Song et al., 2015) subtypes.

In this article, based on a detailed investigation of regional geo-
logical background and local geology, we demonstrate that the
concealed tonalite porphyry in the Zhengguang Au deposit is
genetically related to gold mineralization. The newly obtained zir-
con U-Pb dating results for the tonalite porphyry, together with
new S-Pb isotope data of sulfides, are used to constrain the miner-
alization age and the sources of ore-forming materials. The signif-
icance of the study results on the Ordovician gold mineralization in
the Duobaoshan porphyry-epithermal ore-forming system is
discussed.
2. Geological background

The northeastern part of China, straddling the Siberian, North-
China and Pacific plates, is regarded as a collage of several micro-
continental blocks, namely the Ergun, Xing’an, Songnen and Jia-
musi blocks (Fig. 2a; Ren et al., 1990). All of these blocks are sepa-
rated by major faults, including the Tayuan-Xiguitu fault (F7)
between the Ergun and Xing’an blocks, the Hegenshan-Heihe fault
(F6) between the Xing’an and Songnen blocks, and the Mudanjiang
fault (F1) between the Songnen and Jiamusi blocks (Fig. 2a; Liu
et al., 2010b; Wu et al., 2011; Xu et al., 2009). The Phanerozoic tec-
tonic evolution involves closure of the Paleo-Asian Ocean, closure
of the Mongol-Okhotsk Ocean and subduction of the Pacific Ocean
(Wang and Mo, 1995; Wu et al., 2001; Jia et al., 2004; Hu et al.,
2014a,b,c, 2016), with the structural framework being formed by
the amalgamation of these micro-continental blocks from NW to
SE (Fig. 2a; Wu et al., 2002, 2005, 2011; Hu et al., 2016). Although
the ages and mechanisms of amalgamation remain controversial, it
is generally agreed that the Xing’an block was accreted onto the
Ergun block along the Tayuan-Xiguitu fault (F7) during the early
Paleozoic (She et al., 2012; Hu et al., 2014b, 2016), and the Songnen
block was merged with the composite block along the Hegenshan-
Heihe fault (F6) during the late Paleozoic (Robinson et al., 1999;
Chen et al., 2000; Wu et al., 2001, 2002, 2011; Gou et al., 2013).
The final closure of the Paleo-Asian Ocean occurred from the late
Permian to the early Triassic along the Xilamulun-Changchun fault
(F5), after which regional extension occurred (Xiao et al., 2003; Xu
et al., 2009; Wu et al., 2011). This area then entered into an intra-
plate orogeny stage that was mainly controlled by the subduction
of the Pacific Ocean during the Mesozoic (Wu et al., 2011; Mei
et al., 2015). Besides, the Jiamusi block is regarded as an exotic
block accreted onto the Asian continent along the Mudanjiang fault
(F1) during the Jurassic (Ge et al., 2007).

The Duobaoshan ore field is located in the Xing’an block on the
northeastern part of the Hegenshan-Heihe fault (F6) (Fig. 2a). It
comprises 14 ore deposits and occurrences, including the
Sankuanggou Fe-Cu deposit, the Duobaoshan and Tongshan Cu-
Mo deposits and the Zhengguang Au deposit, and occurs within a
structural zone of less than 40 km in extent (Fig. 2b; Deng et al.,
2013). The Zhengguang Au deposit is the only gold deposit in the
Duobaoshan ore field and it is situated 2 km from the Tongshan
Cu-Mo deposit and 6 km from the Duobaoshan Cu-Mo deposit
(Fig. 2b). The latest exploration has revealed a continuous NW-
trending mineralization zone from the Duobaoshan Cu-Mo deposit
to the Zhengguang Au deposit.

The lithologies in the Duobaoshan ore field are mainly Ordovi-
cian and Silurian, with minor Devonian and Cretaceous outcrops
(Fig. 2b; Liu et al., 2012; Zeng et al., 2014; Hu et al., 2016). The Mid-
dle Ordovician Tongshan and Duobaoshan formations, which were
considered to be the source of ore metals (Zhao et al., 2011b), are
spatially related to the mineralization. The Tongshan Formation
consists of terrigenous clastic rocks, whereas the Duobaoshan For-
mation comprises intermediate-felsic volcanic-volcanoclastic rocks
(Du et al., 1988; Han et al., 2004; Zeng et al., 2014). The Upper
Ordovician Aihui and Luohe formations are composed of sandstone,
siltstone, mudstone and slate. The Silurian Bashilixiaohe and Huan-
ghuagou formations comprise terrigenous clastic rocks and
intermediate-mafic volcanic rocks. The Devonian Huolongmen
and Niqiuhe formations consist of sandstone, silty sandstone, tuff
and argilllic slate. The Cretaceous Jiufengshan Formation is com-
posed of conglomerate, sandstone, siltstone and coal beds.

The area experienced multiple periods of intensive magmatism
during the early Paleozoic, late Paleozoic and Mesozoic periods
(Fig. 2b). The early Paleozoic granitoids, including the Duobaoshan
and Tongshan granodiorite, were emplaced during the Ordovician
with ages of 485–474 Ma (Ge et al., 2007; Cui et al., 2008; Xiang
et al., 2012; Bai, 2013). The late Paleozoic granitoids are mainly
alkali-feldspar granite and monzogranite emplaced during the
Carboniferous-Permian with zircon U-Pb ages ranging from 311
to 291 Ma (Qu et al., 2011). The Mesozoic granitoids are mainly
hornblende granodiorite and biotite granodiorite emplaced during
the Jurassic with zircon U-Pb ages from 177 to 175 Ma (Ge et al.,
2007; Chu et al., 2012). Mineralization in the Duobaoshan ore field
is generally related to two major magmatic episodes: the Ordovi-
cian episode (e.g., the Duobaoshan Cu-Mo deposit) and the Jurassic
episode (e.g., the Sankuanggou Fe-Cu deposit).

The mineral systems in the Duobaoshan ore field occur along
the NW-trending Sankuanggou-Duobaoshan-Luohe structure zone,
which consists of a series of transpressional strike-slip faults and
minor folds (Zhao et al., 2011a). A large number of the NE- and
nearly NS-trending faults are also present. These crosscutting
structures form a complex fault network (Fig. 2b).

3. Geology of the Zhengguang gold deposit

3.1. Local geology

Lithologies in the Zhengguang gold deposit include the Tong-
shan and Duobaoshan formations. The former comprises a series
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of terrigenous clastic rocks including andesitic tuff, tuffaceous
sandstone and siltstone while the latter is composed of a series
of littoral-shallowmarine intermediate-felsic volcanic and volcani-
clastic rocks including andesite, dacite, andesitic tuff, tuffaceous
sandstone with interbedded siltstone, carbonaceous slate and a
thin layer of volcanic breccia (Du et al., 1988; Han et al., 2004;
Wu et al., 2005). The ore-bearing Duobaoshan Formation com-
prises three main units including, in ascending order, the first sec-
tion comprising andesitic tuff and andesite, representing the main
host rocks in the No. I ore zone, the second section composed of
andesitic tuff, tuffaceous sandstone, andesite, carbonaceous slate
and siltstone lamination, representing the main host rocks in the
No. II ore zone, and the third section comprising andesitic tuff,
andesite, rhyolite and dacite, representing the main host rocks in
the No. II and III ore zones.

The area is characterized by a series of NW-, NE- and NNE-
trending fractures and faults (Zhao et al., 2007). There are two
major NW-trending faults occurring in the deposit (Fig. 3a): a high
angle fault extending along the contact interface between the Duo-
baoshan and Tongshan formations and a second located within the
Duobaoshan Formation, roughly paralleling with the first. The NW-
trending faults are crosscut by the NE-trending faults.

Intrusions in the Zhengguang gold deposit consist of exposed
diorite, diorite porphyry, dacite porphyry and a concealed tonalite
porphyry. These intrusive bodies occur in the form of dykes or
veins controlled by the NE-, NW- and nearly NS-trending faults
in the area. The diorite locally hosts gold mineralization with a
grade of more than 2 g/t, and was initially thought to be related
to the gold mineralization by previous researchers (Wu et al.,
2006; Zheng, 2012; Fu and Yang, 2010). However, the diorite dykes
are crosscut by quartz-pyrite veins and the contact zone between
the diorite and the Duobaoshan Formation is free of any alteration
(Fig. 4a, 4b), indicating that the diorite is in fact not related to gold
mineralization. Zircon U-Pb dating of the diorite yielded a crystal-
lization age of 480.7 ± 3.2 Ma (Shen et al., 2014). The sporadically
outcropping diorite porphyry yielded different zircon U-Pb ages
of 291.7 ± 5.9 Ma (Song et al., 2015) and 478.3 ± 3.7 Ma (Li et al.,
2016) by different authors, and the dacite porphyry in the
Fig. 3. Sketch geological map (a) and cross-section map for line 49275 of the No. II ore zo
Song et al., 2015).
Duobaoshan Formation has a zircon U-Pb age of 481 ± 3 Ma (Che
et al., 2015).

The concealed tonalite porphyry was detected in the No. I ore
zone by the latest exploration drill holes (e.g., ZK5808 and
ZK4806), but its distribution, shape and size remain unclear. It is
inferred that the tonalite porphyry occurs in the form of stocks
or dykes, with its emplacement depth increasing from NE to SW
from line 62 to line 42 in the No. I ore zone (Fig. 3a). The tonalite
porphyry in the contact zone is pervasively altered and mineral-
ized. In the drill core of ZK4806, the combined length of altered
and mineralized intervals is >100 m over a total length of 193 m
(Fig. 5). The tonalite porphyry, together with adjacent andesitic tuff
or andesite in the Duobaoshan Formation, represents the most
important host rocks. The tonalite porphyry is commonly crosscut
by pyrite veinlets (Fig. 4c–f), quartz-polymetallic sulfide veins
(Fig. 4e) and shows disseminated sulfide mineralization (Fig. 4c–
f), whereas the neighbouring Duobaoshan Formation is character-
ized by intensive silicic, pyritic (Fig. 4c and d), and other
hydrothermal alteration. K-feldspar alteration, mainly occurring
as quartz-K-feldspar veins (Fig. 4e), is also locally developed in
the tonalite porphyry bodies. The tonalite porphyry is grayish
and has a porphyritic texture with 45–65% phenocrysts and 35–
55% groundmass (Fig. 4g). The phenocryst consists of plagioclase,
quartz, hornblende, biotite and K-feldspar while the microcrys-
talline groundmass is rich in plagioclase and quartz (Fig. 4g). The
prismatic plagioclase has a characteristic polysynthetic twinning
according to albite law and is commonly replaced by sericite and
carbonate minerals (Fig. 4g and h). The round-shaped quartz is typ-
ically as large as 1 mm in length and the scaly biotite aggregation is
usually as large as 1.5 mm (Fig. 4g). The platy hornblende has a
characteristic 56� cleavage angle and show replacement by biotite
(Fig. 4i). The tonalite porphyry has intensive pyritic (Fig. 4i and j),
carbonate (Fig. 4j), and sericitic alteration (Fig. 4g and h).

3.2. Characteristics of orebodies

A total of 131 orebodies in the form of veins, lenses and pods
have been delineated in the Zhengguang gold deposit, mainly
ne (b) in the Zhengguang Au deposit (modified after Zheng, 2012; Tong et al., 2015;



Fig. 4. Photographs showing the diorite dykes (a-b), mineralized tonalite porphyry (c-f), and photomicrographs showing the mineral assemblages and texture of the tonalite
porphyry (g-j) in the Zhengguang Au deposit. (a) diorite dykes crosscut by NW-trending fracture and quartz-pyrite veins; (b) diorite dykes crosscut by quartz-pyrite veins; (c)
brecciacious tonalite porphyry with fracture-filling pyrite veins and andesitic tuff with disseminated pyrite in the contact zone; (d) tonalite porphyry and andesitic tuff in the
contact zone with veined and disseminated pyrite; (e) K-feldspar alteration in the tonalite porphyry and subsequent pyritic alteration, quartz-pyrite-sphalerite veins, and
pyrite veins; (f) tonalite porphyry with intensive silicification and pyrite veins; (g) porphyritic texture with prismatic plagioclase, scaly aggregation of biotite and round-
shaped quartz under cross-polarized light; (h) plagioclase phenocryst with polysynthetic twinning under cross-polarized light; (i) metasomatic pseudomorphic texture of
hornblende with 56� cleavage angle due to biotitic alteration under cross-polarized light; (j) quartz-pyrite veinlets on the edge of carbonate vein under cross-polarized light.
Q-quartz, Pl-plagioclase, Bt-biotite, Hbl-hornblende, Ser-sericite, Cb-carbonate, Py-pyrite, Sph-sphalerite.
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hosted in the andesite and andesitic tuff of the Duobaoshan Forma-
tion. The deposit is divided into the No. I, II and III ore zones from
SW to NE (Fig. 3a). The No. I ore zone contains 37 orebodies, which
are controlled by the NE-trending fractures. The No. II ore zone,
which contains 93 orebodies and 23 tonnes of Au, is the most
important ore zone in the deposit. The No. II orebodies are con-
trolled by the NNE-, NW- and NWW-trending fractures (Fig. 3a),
and high grade ore blocks, varying from 50 to 300 m in stretch
length, and 1 to 20 m in thickness, are developed at the junctions
of these fractures (Fig. 3b). Only one orebody has been so far found
in the No. III ore zone, which has been subject to only minor explo-
ration work. The orebodies in the Zhengguang Au deposit may be
divided into supergene (oxidized) and primary parts, with a transi-
tional zone (mixed ores) between them.

3.3. Characteristics of cryptoexplosive breccia

Three cryptoexplosive breccia bodies (J-1, J-2, J-3) partly miner-
alized are present in the No. I and II ore zones of the Zhengguang
Au deposit (Gao et al., 2014a). The cryptoexplosive breccia bodies
are commonly round- or dumbbell-shaped, and are zoned from
the central hydrothermal cryptoexplosive breccia to a broader
envelop of shatter breccias (Gao et al., 2014a). The cements of
the breccias are silica, chlorite or sulfides (Fig. 6a–c). The breccias
chiefly consist of andesitic tuff (Fig. 6d), andesite (Fig. 6e) and dior-
ite fragments (Fig. 6f) in the upper part of the breccia bodies, and
comprise increasing amounts of tonalite porphyry fragments
exhibiting strong silicic, pyritic alteration and polymetallic miner-
alization at depth (Fig. 6g and h). The clasts in the cryptoexplosive
breccia are relatively large and show angular shape in the outer
edge of the breccia bodies, and are relatively small and of sub-
angular or sub-rounded shape in the central part of the breccia
bodies (Fig. 6i). The breccia bodies show an intrusive contact with
andesitic tuff of the Duobaoshan Formation in the No. II ore zone
(Fig. 6j). Many tonalite porphyry dykes were found at the bottom
of the cryptoexplosive breccia bodies by recent drilling in the No.
I ore zone, indicating that the tonalite porphyry may be genetically
linked to the magmatic cryptoexplosion and even to the gold
mineralization.

3.4. Ore mineralogy and mineralization styles

The oxidized and mixed ores have complex assemblages of
hematite, limonite and malachite with various amounts of sulfide
minerals, whereas the primary ores are composed of sulfides.
Based on composition and occurrence, the primary ores can be
classified into hydrothermal vein and cryptoexplosive breccia-
hosted ores. The predominant hydrothermal vein ores are charac-



Fig. 5. Graphic log showing gold grade variation in the drill hole ZK4806 from the Zhengguang Au deposit.

R. Gao et al. / Ore Geology Reviews 84 (2017) 202–217 207
terized by quartz (Fig. 7a and b) or carbonate (Fig. 7c) veins with
sparely-, dense- or veinlet-disseminated sulfides including pyrite,
sphalerite, galena, and chalcopyrite. Field observations indicate
that quartz-pyrite-sphalerite and calcite-pyrite-sphalerite veins
are crosscut by quartz-calcite veins (Fig. 7d), quartz-pyrite veins
crosscut by calcite-pyrite veins (Fig. 7e), and quartz-pyrite veins
crosscut by calcite veins (Fig. 7f). The breccia-hosted ores are char-
acterized by disseminated sulfides including pyrite, chalcopyrite
and bornite. The cement of the cryptoexplosive breccias (including
chlorite, fine-grained magnetite and specularite) is commonly
crosscut by quartz-chalcopyrite aggregations (Fig. 7g), quartz-
calcite veins (Fig. 6a and c) and quartz-pyrite veins (Fig. 7h).

In these two types of sulfide ores, pyrite is the most abundant
metallic mineral and generally coexists with various amounts of
galena, sphalerite, bornite and chalcopyrite. There are at least three
generations of pyrite including coarse crushed pyrite grains in the
quartz-pyrite veins (Fig. 8a), euhedral-subhedral coarse pyrite
grains with galena, sphalerite or chalcopyrite inclusions (Fig. 8b),
and fine pyrite grains with a cubic shape in quartz-carbonate veins
(Fig. 8c). Chalcopyrite occurs locally as droplet- or bean-shaped



Fig. 6. Photographs of typical cryptoexplosive breccias and their geological features from the Zhengguang Au deposit. (a) siliceous cementation crosscut by chlorite
cementation; (b) chlorite cementation crosscut by sulfide mineral cementation including pyrite and other sulfide minerals; (c) chlorite-cemented cryptoexplosive breccia
containing disseminated chalcopyrite crosscut by a quartz vein; (d) chlorite-cemented cryptoexplosive breccia and clasts of andesitic tuff with a angular shape; (e) chlorite-
cemented cryptoexplosive breccia and clasts of andesite with a sub-angular shape; (f) chlorite-cemented cryptoexplosive breccia and clasts of diorite with a sub-angular or
sub-rounded shape; (g) sulfide mineral-cemented cryptoexplosive breccia and clasts of tonalite porphyry with a angular shape; (h) sulfide mineral-cemented cryptoexplosive
breccia and complex clasts including the former breccias; (i) clasts become smaller and their angular shape changes to sub-angular or sub-rounded shape from outer edge to
the center; (j) the intrusive contact relationship between the chlorite-cemented cryptoexplosive breccia and andesitic tuff in the Duobaoshan Formation.
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grains within sphalerite due to exsolution, commonly known as
chalcopyrite disease (Fig. 8b). In contrast, angular galena or chal-
copyrite replaces sphalerite, occasionally resulting in the latter
exhibiting embayed or isolated forms (Fig. 8b, d, e, f). A few euhe-
dral or subhedral fine magnetite grains occur in the sphalerite
grains (Fig. 8d–f), and euhedral specularite grains in the chalcopy-
rite grains (Fig. 8g). In places tabular specularite is crosscut by
chalcopyrite (Fig. 8g). Gold mineralization is associated with sul-
fides, with pyrite being the principal gold-bearing sulfide mineral.
Gold within pyrite may occupy cationic vacancy positions or form
Au-As-S compounds (Che and Zhou, 2014). Occasionally electrum
was observed in the contact zone between sphalerite and galena
(Fig. 8h), as well as in the coarse-grained pyrite (Fig. 8i) of the
quartz or carbonate polymetallic sulfide veins.
3.5. Wall rock alteration

Almost all the host rocks including andesite and andesitic tuff in
the Duobaoshan Formation and diorite as well as tonalite porphyry
are altered to some extent. The wall rock alteration can be classi-
fied as low-temperature and high-temperature, with the low-
temperature alteration divided into two phases (Hao et al., 2015).
The early phase is characterized by propylitic alteration containing
important amounts of chlorite, epidote and carbonate minerals
while the later phase is distinguished by silicic, sericitic, pyrite-
sericite-quartz, kaolinite and other clay-type alteration (Fig. 3a).
Gold mineralization is temporally and spatially associated with
pyrite-sericite-quartz alteration (Deng et al., 2013). The bleaching
distributed on one or both sides of the orebodies in the No. II ore
zone was identified as representing silicic, kaolinite and illite alter-
ation based on X-ray powder diffraction spectral analysis. High-
temperature K-feldspar and biotite alteration occurs in the deep
drill holes of the No. I ore zone. K-feldspar alteration characterized
by variable amounts of quartz, K-feldspar and pyrite is developed
in the tonalite porphyry (Fig. 4e) or volcanic rocks of the Duo-
baoshan Formation. Biotitic alteration is developed in the tonalite
porphyry (Fig. 4i).

Recent drilling data has shown that high-temperature alter-
ation, as well as the subsequent low-temperature alteration, are
best developed in the contact zone between the Duobaoshan For-
mation and the tonalite porphyry block, where gold mineralization
is concentrated. The intensity of alteration generally decreases
away from the concealed tonalite porphyry, and the best mineral-
ization in the Duobaoshan Formation is always associated with
tonalite porphyry dykes (Fig. 5).
3.6. Paragenesis

The mineralization in the Zhengguang Au deposit is divided into
the hypogene (hydrothermal) and supergene (Fig. 9). Based on



Fig. 7. Typical photographs of ore structure or ore types from the Zhengguang Au deposit. (a) veinlet-disseminated sulfides including pyrite and sphalerite in a quartz vein;
(b) dense-disseminated sulfides including pyrite and sphalerite in a quartz vein; (c) disseminated sulfides including pyrite and minor galena in a calcite vein; (d) quartz-
pyrite-sphalerite vein and calcite-pyrite-sphalerite vein crosscut by a quartz-calcite vein with miarolitic structure; (e) quartz-pyrite vein crosscut by a calcite-pyrite vein; (f)
quartz-pyrite veins and mineralized cryptoexplosive breccia with intensive silicic and pyritic alteration crosscut by a calcite vein; (g) disseminated sulfides including pyrite,
bornite, chalcopyrite in the cryptoexplosive breccia-hosted ore; (h) chlorite cement with disseminated pyrite and andesite breccia with pore-filling pyrite in the chlorite-
cemented cryptoexplosive breccia, crosscut by calcite veins and quartz-pyrite veins. Q-quartz; Cc-calcite; Chl-chlorite; Py-pyrite; Sph-sphalerite; Bn-bornite; Ccp-
chalcopyrite.
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mineral assemblages, crosscutting relationships of the mineralized
veins or veinlets, and textural characteristics of the ore minerals,
five hydrothermal stages have been identified (Fig. 9): (I)
chlorite-magnetite-specularite stage, (II) quartz-pyrite stage, (III)
quartz-polymetallic sulfide stage, (IV) carbonate-polymetallic sul-
fide stage, and (V) quartz-carbonate stage. The supergene stage is
characterized by hematite, limonite, and malachite.
4. Samples and analytical methods

4.1. Zircon U-Pb dating

One tonalite porphyry sample (ZG-01; �3 kg) obtained from
the drill hole ZK5808 at a depth of 630 m (Fig. 3a) was selected
for zircon LA-ICPMS U-Pb dating. The sample was sent to the
mineral separation laboratory of the regional geology minerals
investigation research institute, Hebei province, China. Zircon
grains were collected via conventional density and magnetic
techniques, before being handpicked under a binocular
microscope. Transmitted and reflected microscopy images were
then taken in order to examine exterior structures, with
cathodoluminescence (CL) images obtained to examine internal
structures and to select points for U-Pb analysis. Zircon U-Pb
dating analyses were conducted by LA-ICPMS at the State Key
Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences, Wuhan. Zircon U-Th-Pb measurements
were carried out under a 32 lm diameter laser beam using a
GeoLas 2005 system. An Agilent 7700a ICP-MS instrument was
employed to acquire ion-signal intensities with a 193 nm ArF-
excimer laser and a homogenizing, imaging optical system
(MicroLas, Gottingen, Germany). A detailed description of the
instrumentation and its analytical accuracy can be found in Liu
et al. (2008, 2010c). U-Pb dating was performed on the in-
house software program ICPMSDatacal (ver 9.0, China University
of Geosciences, Wuhan) (Liu et al., 2008), with Isoplot 3.0
software used to calculate ages, as well as to draw LA-ICPMS zir-
con U-Pb concordant diagrams and weighted average age sche-
matic diagrams following the processing procedures described
by Ludwig (2003). Errors associated with individual analyses
are quoted at 1r and those for weighted mean ages at 2r with
a 95% confidence level.
4.2. S- and Pb-isotopic analysis

Four samples (ZG-24, ZG-66, ZG-68, ZG-70) from the open pit in
the No. II ore zone and two samples (ZK4607-13, ZK5807-7) from



Fig. 8. Photomicrographs showing the typical textures and occurrences of gold from the Zhengguang Au deposit. (a) coarse crushed pyrite grains of the first generation and
fracture-filling galena veins; (b) hypidiomorphic pyrite of the second generation with sphalerite inclusion and sphalerite containing angular- and bean-shaped chalcopyrite
inclusion; (c) fine-crystallized pyrite with a cubic shape in quartz-carbonate veins; (d) sphalerite presenting harbor and isolated island shapes due to the replacement of
chalcopyrite and sphalerite containing fine magnetite grains; (e) angular chalcopyrite replacing the sphalerite grains containing fine magnetite grains; (f) angular
chalcopyrite replacing sphalerite grains containing fine magnetite grains; (g) plate-shaped specularite aggregates crosscut by chalcopyrite containing needle-shaped
specularite; (h) electrum occurring in the contact zone between sphalerite and galena; (i) electrum occurring in coarse-grained pyrite of the quartz polymetallic sulfide veins.
Py-pyrite; Sph-sphalerite; Ccp-chalcopyrite; Gn-galena; Mt-magnetite; Lg-specular hematite; Elc-electrum; Cc-calcite; Q-quartz.
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drill holes in the No. I ore zone were collected for S and Pb isotopic
analysis. Samples were obtained from pyrite-sericite-quartz
altered andesitic tuff (ZG-66) and various different hydrothermal
veins, including a quartz-pyrite vein (ZG-68), quartz-polymetallic
sulfide veins (ZG-24, ZK4607-13, ZK5807-7) and carbonate-
polymetallic sulfide vein (ZG-70).

Separate pyrite and galena grains were extracted from
crushed material (40–60 mesh-size) and concentrated by hand-
picking under a binocular microscope to a purity higher than
99%, followed by cleaning in doubly distilled water at the China
University of Geosciences, Wuhan. The sulfide samples were
then sent to the analytical laboratory at the Beijing Research
Institute of Uranium Geology for S and Pb isotopic analysis. Sul-
fur in the sulfides was first converted to SO2 by reacting with
Cu2O using a continuous flow device, and then analyzed with a
Finnigan MAT-251 mass spectrometer. The accuracy of the S iso-
tope analyses is better than ±0.2‰. Lead in the sulfides was
extracted by reacting with HF + HClO4 solutions, followed by
ion exchange processes, and then analyzed with an ISOPROBE-
T surface ionization mass spectrometer. The analytical error for
1 lg Pb is less than 0.05% for 206Pb/204Pb and less than 0.005%
for 208Pb/206Pb.
5. Results

5.1. Zircon U-Pb age

A total of 20 spots on 20 zircon grains from the tonalite por-
phyry (sample ZG-01) were analyzed by LA-ICPMS (Fig. 10a), the
results of which are listed in Table 1. Zircon grains are mostly col-
orless or yellowish brown without any inclusions. The grains com-
monly occur as short columns, with a small portion exhibiting
elliptical or irregular shapes ranging from 100 lm to 170 lm and
length-width ratios of 1–4. Most of the zircon grains possess obvi-
ous growth zoning without a core-rim structure in the CL images
(Fig. 10a). Th content is between 188 ppm and 1932 ppm, while
U content is between 916 ppm and 3451 ppm. The Th/U ration var-
ies from 0.19 to 0.56, which is much bigger than 0.1. The above
information is indicative of a typically magmatic genesis for all
the analyzed zircon grains. The 206Pb/238U ages of the 20 analytical
points range from 458 ± 4 Ma to 467 ± 4 Ma, with a weighted mean
206Pb/238U age of 462.1 ± 1.8 Ma (n = 20, MSWD = 0.34) and a con-
cordia age of 462.0 ± 0.9 Ma (n = 20, MSWD = 0.0025) in the U-Pb
concordant diagrams (Fig. 10b). The weighted mean age is inter-
preted to be the crystallization age of the tonalite porphyry.



Fig. 9. Paragenetic sequence of ore and gangue minerals from the Zhengguang Au deposit.

Fig. 10. Cathodoluminescence (CL) images of zircons and U-Pb dating analytical points (a); zircon U-Pb concordant diagrams and weighted average age schematic diagram
(b) for the tonalite porphyry from the Zhengguang Au deposit.
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5.2. S isotope geochemistry

The S isotopic compositions of 28 samples obtained from the
Zhengguang gold deposit during both this study and previous stud-
ies are listed in Table 2. In this study, the d34SV-CDT values of sul-
fides vary narrowly from �3.0‰ to �1.7‰, with an average of
�2.33‰. One galena sample yielded a d34SV-CDT value of �1.7‰
and five pyrite samples consistent values of �3.0‰ to �1.8‰.
Although these d34SV-CDT values are similar to those (d34SV-CDT val-
ues of ten pyrite samples ranging from �2.9‰ to 0.7‰, and of two
sphalerite samples between �1.5‰ and �1.7‰) measured by Ma.
(1984), they differ from the results (d34SV-CDT values of ten pyrite
samples ranging from �15‰ to �1.5‰) recorded by Fu et al.
(2014).

5.3. Pb isotope geochemistry

The Pb isotopic compositions of pyrite in the ores, Duobaoshan
Formation and diorite from the Zhengguang gold deposit during
both this study and previous studies are presented in Table 3. In
the pyrite samples, the ratios of 206Pb/204Pb vary from 17.572 to
17.629 with an average of 17.600, the ratios of 207Pb/204Pb from
15.424 to 15.486 with an average of 15.449, and the ratios of
208Pb/204Pb from 37.206 to 37.418 with an average of 37.292.



Table 1
LA-ICPMS U-Pb data of zircon grains for the tonalite porphyry from the Zhengguang gold deposit.

Points Content(ppm) Ratios (Ma)

Th U Pb Th/U 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 208Pb/232Th 1r 207Pb/235U 206Pb/238U

ZG-01-01 446 1799 252 0.25 0.0554 0.00172 0.5701 0.01748 0.0742 0.00076 0.0244 0.00082 458 ± 11 461 ± 5
ZG-01-02 632 2046 326 0.31 0.0561 0.00146 0.5823 0.01557 0.0746 0.00066 0.0231 0.00067 466 ± 10 464 ± 4
ZG-01-03 1501 2912 654 0.52 0.0553 0.00140 0.5707 0.01475 0.0743 0.00056 0.0231 0.00056 458 ± 10 462 ± 3
ZG-01-04 394 1564 222 0.25 0.0532 0.00153 0.5432 0.01559 0.0737 0.00060 0.0234 0.00070 441 ± 10 458 ± 4
ZG-01-05 409 1636 229 0.25 0.0545 0.00128 0.5598 0.01319 0.0742 0.00080 0.0231 0.00062 451 ± 9 461 ± 5
ZG-01-06 536 1732 276 0.31 0.0557 0.00134 0.5726 0.01394 0.0740 0.00063 0.0222 0.00050 460 ± 9 460 ± 4
ZG-01-07 534 1780 288 0.30 0.0562 0.00125 0.5802 0.01352 0.0741 0.00051 0.0223 0.00047 465 ± 9 461 ± 3
ZG-01-08 602 1946 329 0.31 0.0579 0.00136 0.6015 0.01380 0.0749 0.00059 0.0221 0.00043 478 ± 9 466 ± 4
ZG-01-09 334 1590 209 0.21 0.0559 0.00149 0.5717 0.01487 0.0738 0.00058 0.0226 0.00066 459 ± 10 459 ± 3
ZG-01-10 1619 3100 710 0.52 0.0552 0.00119 0.5701 0.01316 0.0743 0.00074 0.0214 0.00043 458 ± 9 462 ± 4
ZG-01-11 393 1336 218 0.29 0.0561 0.00171 0.5802 0.01803 0.0744 0.00069 0.0230 0.00068 465 ± 12 463 ± 4
ZG-01-12 188 916 120 0.21 0.0541 0.00205 0.5528 0.02046 0.0740 0.00086 0.0231 0.00086 447 ± 13 460 ± 5
ZG-01-13 277 1278 171 0.22 0.0570 0.00196 0.5897 0.02029 0.0745 0.00080 0.0232 0.00092 471 ± 13 463 ± 5
ZG-01-14 194 1009 124 0.19 0.0557 0.00205 0.5716 0.02052 0.0741 0.00078 0.0226 0.00097 459 ± 13 461 ± 5
ZG-01-15 863 2184 401 0.40 0.0558 0.00175 0.5749 0.01780 0.0743 0.00067 0.0219 0.00057 461 ± 11 462 ± 4
ZG-01-16 1932 3451 835 0.56 0.0574 0.00145 0.5953 0.01520 0.0747 0.00067 0.0226 0.00053 474 ± 10 464 ± 4
ZG-01-17 1197 2782 540 0.43 0.0554 0.00147 0.5691 0.01508 0.0740 0.00064 0.0218 0.00053 457 ± 10 460 ± 4
ZG-01-18 334 1467 188 0.23 0.0566 0.00206 0.5821 0.02075 0.0743 0.00082 0.0225 0.00077 466 ± 13 462 ± 5
ZG-01-19 768 2438 397 0.32 0.0574 0.00164 0.5987 0.01703 0.0752 0.00070 0.0236 0.00064 476 ± 11 467 ± 4
ZG-01-20 477 1818 262 0.26 0.0572 0.00168 0.5965 0.01807 0.0750 0.00077 0.0235 0.00068 475 ± 11 466 ± 5

Table 2
S-isotopic compositions of sulfide minerals from the Zhengguang gold deposit.

Sample No. Occurrences and location Mineral d34SV-CDT ‰ Sources

ZG-66 Pyrite-sericite-quartz altered andesitic tuff Pyrite �2.4 This study
ZG-68 Ore: quartz-pyrite vein Pyrite �1.8 This study
ZK5807-7 Ore: quartz-poly-metallic sulfide vein Pyrite �2.6 This study
ZK4607-13 Ore: quartz-poly-metallic sulfide vein Pyrite �2.5 This study
ZG-24 Ore: quartz-poly-metallic sulfide vein Galena �1.7 This study
ZG-70 Ore: carbonate-poly-metallic sulfide vein Pyrite �3.0 This study
205-5-2 Ore: carbonate-poly-metallic sulfide vein Pyrite �4.4 Fu et al. (2014)
205-8 Ore: carbonate-poly-metallic sulfide vein Pyrite �2.4 Fu et al. (2014)
205-9 Ore: quartz-pyrite vein Pyrite �12.1 Fu et al. (2014)
205-10 Ore: quartz-pyrite vein Pyrite �4.1 Fu et al. (2014)
205-11 Ore: quartz-pyrite vein Pyrite �5.4 Fu et al. (2014)
205-12 Ore: quartz-pyrite vein Pyrite �8.9 Fu et al. (2014)
205-21-1 Ore: carbonate-poly-metallic sulfide vein Pyrite �3.2 Fu et al. (2014)
205-27 Ore: quartz-pyrite vein Pyrite �3.9 Fu et al. (2014)
60-4-6 Ore: carbonate-poly-metallic sulfide vein Pyrite �1.5 Fu et al. (2014)
046-7 Ore: quartz-poly-metallic sulfide vein Pyrite �1.9 Fu et al. (2014)
Unknown Ore Sphalerite �1.5 Ma (1984)
Unknown Ore Sphalerite �1.7 Ma (1984)
Unknown Ore (ten ore samples) Pyrite �2.7–0.9 Ma (1984)

Table 3
Pb-isotopic compositions of sulfide minerals, diorite and andesitic tuff in the Duobaoshan Formation from the Zhengguang gold deposit.

Sample No. Occurrences and location Mineral/rock 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Sources

ZG-66 Pyrite-sericite-quartz altered andesitic tuff Pyrite 17.573 15.432 37.231 This study
ZG-68 Ore: quartz-pyrite vein Pyrite 17.572 15.424 37.206 This study
ZK4607-13 Ore: quartz-poly-metallic sulfide vein Pyrite 17.614 15.433 37.247 This study
ZK5807-7 Ore: quartz-poly-metallic sulfide vein Pyrite 17.629 15.486 37.418 This study
ZG-70 Ore: carbonate-poly-metallic sulfide vein Pyrite 17.614 15.471 37.36 This study
6093 Diorite Whole rock 17.855 15.148 36.617 Zheng (2012)
6094 Duobaoshan Formation: andesitic tuff Whole rock 17.635 15.484 37.36 Zheng (2012)
6098 Duobaoshan Formation: andesitic tuff Whole rock 18.055 15.439 37.346 Zheng (2012)
6099 Duobaoshan Formation: andesitic tuff Whole rock 18.392 15.586 37.697 Zheng (2012)
6102 Duobaoshan Formation: andesitic tuff Whole rock 17.676 15.438 37.264 Zheng (2012)
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Whole rock analysis of the Duobaoshan Formation samples
revealed the ratios of 206Pb/204Pb ranging from 17.635 to 18.392
with an average of 17.940, the ratios of 207Pb/204Pb from 15.148
to 15.586 with an average of 15.487, and the ratios of 208Pb/204Pb
from 36.617 to 37.697 with an average of 37.417. Whole rock anal-
ysis of the diorite sample produced that the ratios of 206Pb/204Pb,
207Pb/204Pb, 208Pb/204Pb are 17.855, 15.148 and 36.617,
respectively.
In the 207Pb/206Pb-206Pb/204Pb diagram shown in Fig. 11a, the
pyrite samples lie close to the evolution curve of mantle, and the
Duobaoshan Formation samples fall between the evolution curves
of mantle and upper crust (Zartman and Doe, 1981). In contrast,
the diorite sample is located far from both the pyrite and Duo-
baoshan Formation samples, falling below the evolution curve of
upper crust (Zartman and Doe, 1981). Similarly, in the
208Pb/206Pb-206Pb/204Pb diagram shown in Fig. 11b, the pyrite sam-



Fig. 11. Pb isotopic compositions of sulfide minerals, Duobaoshan Formation and diorite from the Zhengguang Au deposit. The evolution lines for the mantle, orogene, upper
crust and lower crust are from Zartman and Doe (1981). (a) 207Pb/206Pb-206Pb/204Pb diagram; (b) 208Pb/206Pb-206Pb/204Pb diagram.
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ples lie close to the evolution curve of mantle, and the Duobaoshan
Formation samples fall between the evolution curves of mantle
and orogene (Zartman and Doe, 1981). The diorite sample is again
far from the pyrite and Duobaoshan Formation samples, falling
below the evolution curve of lower crust (Zartman and Doe, 1981).
6. Discussion

6.1. Age of mineralization and related magmatism

Although many geochronological studies targeting the Duo-
baoshan and Tongshan Cu-Mo deposits in the Duobaoshan ore field
have been reported (Zhao et al., 1997; Wang et al., 2007; Ge et al.,
2007; Han et al., 2007; Li, 2011; Zhao et al., 2011; Zeng et al., 2014;
Hao et al., 2015; Liu et al., 2015; Hu et al., 2016), as summarized in
Table 4, the age of mineralization and related magmatism in the
Zhengguang Au deposit remain uncertain. Wu et al. (2006), Fu
and Yang (2010), and Zheng (2012) believe that the diorite is clo-
sely related to the gold mineralization, and therefore the crystal-
lization age approximately corresponds to the mineralization age.
Table 4
Geochronological ages from the Duobaoshan Cu-Mo deposit, Tongshan Cu-Mo deposit and

Rock/ore Location Measuring sam

Granodiorite porphyry Duobaoshan Cu-Mo deposit Zircon
Granodiorite porphyry Duobaoshan Cu-Mo deposit Zircon
Granodiorite Duobaoshan Cu-Mo deposit Zircon
Granodiorite Duobaoshan Cu-Mo deposit Zircon
Granodiorite Duobaoshan Cu-Mo deposit Zircon
Granodiorite Duobaoshan Cu-Mo deposit Zircon
Ore Duobaoshan Cu-Mo deposit Molybdenite
Ore Duobaoshan Cu-Mo deposit Molybdenite
Ore Tongshan Cu-Mo deposit Molybdenite
Ore Duobaoshan Cu-Mo deposit Molybdenite
Ore Duobaoshan Cu-Mo deposit Chalcopyrite
Ore Duobaoshan Cu-Mo deposit Pyrite
Ore Duobaoshan Cu-Mo deposit Molybdenite
Granodiorite Tongshan Cu-Mo deposit Zircon
Granodiorite Tongshan Cu-Mo deposit Zircon
Tonalite Tongshan Cu-Mo deposit Zircon
Tonalite Tongshan Cu-Mo deposit Zircon
Ore Tongshan Cu-Mo deposit Molybdenite
Diorite Zhengguang Au deposit Zircon
Diorite Zhengguang Au deposit Zircon
Diorite porphyry Zhengguang Au deposit Zircon
Ore Zhengguang Au deposit Molybdenite
Tonalite porphyry Zhengguang Au deposit Zircon
A nearby quartz diorite with similar petrological characteristics
as the diorite in the deposit area has a zircon U-Pb age of 186 Ma
(Zheng, 2012), and therefore the Zhengguang Au deposit was
thought to have formed by early Jurassic magmatism. More recent
zircon U-Pb dating of mineralized diorite yielded a weighted mean
206Pb/238U age of 480.7 ± 3.2 Ma (Shen et al., 2014) and three zircon
U-Pb ages of 538.1 ± 2.4 Ma, 494.34 ± 0.99 Ma and 459.7 ± 1.4 Ma
(Fu et al., 2014). Re-Os isotopic dating of molybdenite collected
from a drill hole on the periphery of the Zhengguang ore district
yielded an isochron age of 462 ± 24 Ma (Li et al., 2016), indicating
that the Zhengguang Au deposit may be a product of Ordovician
mineralization.

Based on the characteristics of cryptoexplosive breccia and
hydrothermal alteration indicative of porphyry-type and epither-
mal mineralization, we proposed that the tonalite porphyry, rather
than the pre-mineral dorite, has a genetic relationship with gold
mineralization. Considering that zircon U-Pb isotope dating is the
most precise method for geochronological study, the tonalite por-
phyry provides an ideal opportunity to constrain the mineraliza-
tion age. The zircon LA-ICPMS U-Pb age of 462.1 ± 1.8 Ma
obtained in this study is consistent with the molybdenite Re-Os
Zhengguang Au deposit.

ple Method Age(Ma) Sources

LA-ICPMS U-Pb 477.2 ± 4.0 Zeng et al. (2014)
LA-ICPMS U-Pb 474.8 ± 4.7 Xiang et al. (2012)
LA-ICPMS U-Pb 481.5 ± 3.7 Zeng et al. (2014)
SHRIMP U-Pb 479.5 ± 4.6 Cui et al. (2008)
SHRIMP U-Pb 485 ± 8 Ge et al. (2007)
LA-ICPMS U-Pb 478.1 ± 4.1 Xiang et al. (2012)
Re-Os 475.1 ± 5.1 Xiang et al. (2012)
Re-Os 507–521 Zhao et al. (1997)
Re-Os 476–505 Zhao et al. (1997)
Re-Os 476–480 Zeng et al. (2014)
Re-Os 477–489 Liu et al. (2012b)
Re-Os 483–487 Liu et al. (2012b)
Re-Os 485.6 ± 3.7 Liu et al. (2012b)
LA-ICPMS U-Pb 475.9 ± 0.8 Hao et al. (2015)
LA-ICPMS U-Pb 478 ± 3 Hu et al. (2016)
LA-ICPMS U-Pb 214 ± 3 Hu et al. (2016)
LA-ICPMS U-Pb 461 ± 1 Liu et al. (2015)
Re-Os 471–475 Hao et al. (2015)
LA-ICPMS U-Pb 480.7 ± 3.2 Shen et al. (2014)
LA-ICPMS U-Pb 460–538 Fu et al. (2014)
LA-ICPMS U-Pb 478.3 ± 3.7 Li et al. (2016)
Re-Os 462 ± 24 Li et al. (2016)
LA-ICPMS U-Pb 462.1 ± 1.8 This study



Fig. 12. d34S values of selected geologically important sulfur reservoirs (after Hoefs,
1997), the Zhengguang Au deposit, Duobaoshan Cu-Mo deposit (after Fu et al.,
2014), and Tongshan Cu-Mo deposit (after Fu et al., 2014).
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age of 462 ± 24 Ma (Li et al., 2016), as it has been shown that min-
eralization in magmatic-hydrothermal systems is generally con-
current or slightly (by several million years) later than the
emplacement of the genetically related intrusions (Reynolds
et al., 1998; Selby and Creaser, 2001; Mao et al., 2008). Therefore,
our new chronological data confirm that the mineralization age of
the Zhengguang Au deposit took place in Middle Ordovician, at ca.
462 Ma. This age, together with recent U-Pb and Re-Os ages of
470–480 Ma estimated for the Duobaoshan and Tongshan Cu-Mo
deposits (Zhao et al., 1997; Ge et al., 2007; Cui et al., 2008; Liu
et al., 2012; Zeng et al., 2014; Hao et al., 2015), suggests that the
Zhengguang Au deposit is part of the Ordovician Duobaoshan
porphyry-epithermal ore system.

6.2. Sources of metals and sulfur

The Duobaoshan Formation was traditionally considered as the
main source of metals and sulfur, based on the high abundance of
ore elements and presence of sulfide in the Duobaoshan ore field
(Fu and Yang, 2010; Wu et al., 2006; Han et al., 2007). Furthermore,
as the diorite in the Zhengguang Au deposit also has a high content
of ore elements, previous researchers thought that the ore-forming
materials also originated from the diorite intrusions (Wu et al.,
2006; Fu and Yang, 2010). However, such a viewpoint lacks direct
isotopic evidence.

The narrow ranges of Pb isotope in the analyzed pyrite samples
(Table 3) at different mineralizing stages and in pyrite-sericite-
quartz altered andesitic tuff from the Zhengguang Au deposit indi-
cates that the metals may be derived from a single source. Based on
their Pb isotopic compositions (Fig. 10), the pyrite samples are
clearly different from the diorite, revealing that the diorite is likely
not the main source of metals. The Pb isotopic data of the Duo-
baoshan Formation and pyrite samples are largely different but
partly overlap, which suggests that the Duobaoshan Formation
may have provided minor metals for mineralization. The Pb iso-
topic compositions of the pyrite are close to the evolution curve
of mantle, indicating that the source of Pb and by inference the
ore metals are predominantly derived from mantle. This inference
is also consistent with a mantle source of hydrothermal fluids
through use of C-O isotope geochemistry (Fu et al., 2014).

The narrow range of d34S values of pyrite and galena (from
�1.7‰ to �3‰, with an average of �2.33‰) obtained in this study
(Table 2), suggest that the sulfur in these minerals may be mainly
derived from mantle source, perhaps through a deep seated mag-
matic chamber. Some relatively low values (as low as �12.1‰)
reported by Fu et al. (2014) may be partly due to sulfur isotope
fraction during the hydrolysis of magmatic SO2 and fluid oxidation
with decreasing temperature (Rye, 1993). Another possible reason
for the discrepancy between the two studies is that some pyrite
samples in the Duobaoshan Formation obtained by Fu et al.
(2014) may have a sedimentary origin (Fig. 12).

Similar inferences of metal and sulfur sources can also be made
for the Duobaoshan and Tongshan Cu-Mo deposits. The Duo-
baoshan Formation was initially regarded as the main sources of
metals (Zhao and Zhang, 1997; Wang et al., 2007; Liu et al.,
2010a), but more recent isotopic data suggest the ore-forming
materials were derived from the magmatic intrusions. New Re-
Os isotope data of molybdenite show Re contents ranging from
290.9 ppm to 729.4 ppm for the Duobaoshan Cu-Mo deposit
(Zhao et al., 1997; Xiang et al., 2012; Zeng et al., 2014), and from
155.0 ppm to 1651 ppm for the Tongshan Cu-Mo deposit (Hao
et al., 2015), indicating a dominant mantle origin of the metals.
The d34S values of sulfides of the Duobaoshan (�5.2‰ – 3.3‰,
Feng, 2008) and Tongshan (�1.3‰ – �0.4‰, Liu et al., 2015;
�2.6‰ – 1.1‰, Hu et al., 2016) Cu-Mo deposits also suggest a dom-
inant magmatic source for sulfur. Therefore, like the geochronolog-
ical data, the Pb and S isotopic data also support the notion that the
Zhengguang Au deposit is part of the Duobaoshan porphyry-
epithermal mineralization system.
6.3. Mineralization model

The regional mineralization in the Duobaoshan ore field was
formed in an island arc related to the subduction of the Paleo-
Asian Ocean during the Ordovician, similar to the island arc in
the SW Pacific that contains a large amount of porphyry as well
as epithermal deposits (Ren et al., 1997; Li, 1998; Wu et al.,
2011; Zeng et al., 2014). Indeed, tectono-magmatic activities dur-
ing the Ordovician created favorable conditions for the porphyry-
epithermal ore system. Epithermal Au mineral systems are gener-
ally developed above or laterally offset from porphyry Cu(Mo) sys-
tems, with a gradual upward and outward decrease in the
proportion of magmatic components in the ore-forming fluids, as
well as temperatures and salinities (Sillitoe, 2010; Richards,
2011). The gold mineralized outcrops with intensive pyrite-
sericite-quartz alteration were found at the top of the Tongshan
porphyry Cu-Mo deposit (Fig. 13; Li et al., 2016), representing
the upper part of porphyry Cu(Mo) system overprinted by epither-
mal gold mineralization. The gold placers found in the drainage
systems of the Duobaoshan ore field also seem to be the product
of epithermal gold mineralization (Fig. 13). Therefore, the Ordovi-
cian ore-forming system in the Duobaoshan ore field may consist
of porphyry and epithermal stages.

The Zhengguang Au deposit was regarded as an epithermal type
deposit (Zhang, 2004; Fu and Yang, 2010; Deng et al., 2013; Song
et al., 2015; Shen et al., 2014), largely because the fluid inclusion
data (homogenization temperature: 130–220 �C; salinities: 0.3–
10.4% NaCleqv; Deng et al., 2013; Gao et al., 2014b), iron-poor spha-
lerite (Fe content: 0.1–2.6%; Song et al., 2015) and fineness of the
gold (722–729) are together indicative of low temperatures and
low salinities. However, the deposit has several prominent features
that differ from typical epithermal deposits as discussed below. (a)
Some mineralization is hosted above the concealed tonalite por-
phyry that is interpreted to be related to mineralization, which is
typical of epithermal deposits, but some mineralization, in the
form of veinlets and dissemination, is located at the contact zone
or even overprints the tonalite porphyry, which is similar to
porphyry-type deposits. (b) Although the zonal pyrite-sericite-
quartz and propylitic alteration is mainly of epithermal nature at



Fig. 13. Proposed genetic model for the Zhengguang Au deposit in the Duobaoshan ore field.
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the surface, potassic alteration in the deep drill holes, as well as the
bleaching containing kaolinite and illite alteration adjacent to the
orebodies, suggest that there may be a hidden porphyry Cu(Mo)-
Au system underneath. (c) The cryptoexplosive breccia-hosted ores
with disseminated sulfides including pyrite, bornite and chalcopy-
rite contains large amounts of magnetite and specularite, which
are not typically found in epithermal systems. (d) The content of
sulfides in gold-bearing veinlets is generally >10%, which is much
higher than 5% expected for low-sulfidation epithermal deposits
as assigned by Song et al. (2015). The content of chalcopyrite grad-
ually increases with depth in the drill holes of the No. I and II ore
zones (Song et al., 2015), which is also different from what is
expected for typical epithermal deposits. (e) To date, the character-
istic minerals of low-sulfidation and high-sulfidation epithermal
subtypes, such as adularia, alunite and enargite, have never been
reported.

Based on the above discussion, we therefore propose that the
Zhengguang gold deposit was formed in a porphyry to epithermal
transitional environment associated with the concealed tonalite
porphyry, which may be part of the Duobaoshan porphyry-
epithermal ore system. During the emplacement of the tonalite
porphyry, hydrothermal fluids enriched in ore-forming elements
were released and accumulated above the tonalite porphyry intru-
sions. When the increasing pressure of the fluids was greater than
that of the overlying Duobaoshan Formation, cryptoexplosion took
place. Chlorite, epidote, magnetite and specularite were quickly
formed in the process of the cryptoexplosion, and a large amount
of reduced sulfur was released at the same time (Liang et al.,
2009; Sun et al., 2004, 2013, 2015). Following this early mineral-
ization event, the quartz-pyrite, quartz-polymetallic sulfide,
carbonate-polymetallic sulfide and quartz-carbonate veins were
sequentially formed with decreasing of temperature and pressure
of ore-forming fluids. The veinlet-dissemination sulfide mineral-
ization, similar to porphyry gold mineralization, occurred in the
tonalite porphyry stocks or dykes and cryptoexplosive breccia bod-
ies, while the hydrothermal vein-type mineralization occurred in
the andesitic tuff and andesite of the Duobaoshan Formation as
the hydrothermal fluids ascended the main faults and fractures
(Fig. 13). Potassic alteration also gradually changed to pyrite-
sericite-quartz and propylitic alteration with the flowing of
hydrothermal fluids from deep to shallow parts of the system
(Fig. 13).
7. Conclusions

(1) The mineralization in the Zhengguang gold deposit has a
genetic relationship with the concealed tonalite porphyry,
rather than the diorite. Zircon LA-ICPMS U-Pb dating reveals
that the tonalite porphyry was emplaced at 462.1 ± 1.8 Ma
(Middle Ordovician).

(2) S isotopic compositions indicate that sulfur was mainly
derived from a magmatic source, and Pb isotopic composi-
tions reveal a major mantle component for the source of
the Pb and, by inference, of other ore metals. We therefore
suggest that the ore-forming elements were derived from
the mantle-sourced tonalite porphyry.

(3) The Zhengguang gold deposit was formed in a porphyry to
epithermal transition environment associated with the con-
cealed tonalite porphyry, which may be part of the Duo-
baoshan porphyry-epithermal ore system that was formed
by the subduction of the Paleo-Asian Ocean during the
Ordovician. The present study has provided new evidence
for Ordovician gold mineralization in the Duobaoshan ore
field.
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