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Abstract The Laowan deposit is a large gold deposit in
the Qinling-Dabie orogenic belt where pyrite is the main
Au-bearing mineral phase. We present results from the
occurrences of gold, trace elements and sulfur isotopes of
pyrite, and hydrogen and oxygen isotopes of quartz and
calcite to elucidate the sources of ore-forming fluid; the
genesis of pyrite and the ore-forming process.

From field observations, five generations of pyrite are
identified; one formed in a metamorphic-diagenetic epoch
(Pyl), and the others during four mineralization stages:
1) the coarse-grained pyrite-quartz stage (Pyll), 2) the
quartz and medium- to fine-grained pyrite stage (Pylll),
3) the polymetallic sulfide stage (PyIV), and 4) the
carbonate-quartz stage (PyV). Gold mainly occurs in
Pylll and PyIV. We find that Au, Ag, Pb, and Cu are
incorporated into pyrite as micro-/nano-inclusions and that
Co, Ni, As, and Se enter the pyrite lattice via isomorphous
replacement.

The Co/Ni values and Se concentrations indicate that
Pyl formed from metamorphic hydrothermal fluids and
that pyrites (Pyll, Pylll, and PyIV) from the ore-forming
stages typically reflect a hydrothermal genesis involving
magmatic fluid.

The 3**S values of Pyl (1.45 %0—2.09 %o) are similar to
that of plagioclase amphibole schist, indicating that S was
primarily derived from wall rock, while those of Pyll,
Pylll, and PyIV (3.10 %0—5.55 %o) suggest that S was
derived from the Guishanyan Formation and the Laowan
granite. The four mineralization stages show a systematic
decrease in 0D (from —77.1 %o to —82.8 %o, —84.7 %o,
and —102.7 %o0), while the SlsOHZO values showed a
gradual decrease from 5.7 to 2.7 %o, 1.0 %o, and — 1.3 %o.
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These data show that the ore-forming fluid was similar to a
mixture of magmatic and meteoric waters. Thus, we
conclude that the Laowan gold deposit is related to
magmatic-hydrothermal fluid.

Keywords pyrite, trace elements, S-H-O isotopes, gen-
esis, Laowan gold deposit

1 Introduction

The Laowan metallogenic belt is located in the eastern
segment of the E-W-trending Qinling-Dabie orogenic belt,
located between the North China Craton and the Yangtze
Craton (Fig. 1(a)). The Laowan metallogenic belt is a
narrow strip nearly 20 km long from north to south and 1.5
to 2.5 km wide (Fig. 1(b)). The Laowan gold deposit, a
typical large ore deposit in this belt, is composed of the
Laowan and Shangshanghe ore blocks (Gao, 1989; Ma,
2007; Chen et al., 2009). New exploration data indicate
that the control depths of the ore bodies increased from
—350 m to — 1150 m and that the quantity of Au reserves
reach more than 100 t at Au grades of 3.75-6.77 g/t (Zhou,
2016).

Numerous studies have investigated the Laowan gold
deposit since its discovery, with most focusing on the
relationship between the Laowan granite and its miner-
alization, sources of ore-forming material, and genetic type
(Zhao, 1990; Shao, 1995; Xie et al., 2000, 2001, 2003, and
2005; Pan and Yue, 2002; Fang and Hou, 2004; He and
Wang, 2005; Wang and Xu, 2005; Li, 2007; Zhang et al.,
2008b; Yang et al., 2014a and 2014b; Kou et al., 2016;
Kou, 2016). Despite a number of previous studies, the
genesis of this deposit remains controversial. The main
dispute is whether gold metallogenesis had a close genetic
relationship with Yanshanian magmatism (Pan, 1999;
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Fig. 1 Regional geological map of the Laowan gold belt (modified from Liu et al., 2011; Yang et al., 2014b). I—Nanwan Formation;
2—Guishanyan Formation; 3—Kuanping Group; 4—Erlangping Group; 5—Qinling Group; 6—Xionger Group; 7—Tongbai
metamorphic gneissic complex; 8—High pressure rock pile; 9—Diorite; 10—Granite; 11—Fault; 12—Gold-silver deposit; 13—Study
area Fi—Youfangzhuang fault; F,—Waxuezi fault; F;—Zhuxia fault; F,—Laowan-Songpa fault (Gui-Mei fault); Fs—Tongbai-

Shangcheng fault; Fe—Xincheng-Huangpi fault

Yang et al., 2014b; Vikent’ev et al., 2015; Yang et al.,
2015) or with tectonic activity in collisional orogenic belts
through geological time (Zhang et al., 2002; Liu et al.,
2003; Lin et al., 2010).

Even though past research on the Laowan gold deposit
has resulted in the accumulation of abundant data on the
geochemistry, sources of the ore-forming fluid, and
isotopic compositions of the deposit, no research has
been conducted on the trace element compositions of the
sulfides and the occurrence of Au in the deposit. Pyrite is
the main metal sulfide in the Laowan gold deposit, and it
exhibits a close genetic relationship with Au enrichment
and mineralization. Moreover, as the main Au-bearing
mineral, studying the concentrations and associations of
trace elements in hydrothermal pyrite can provide for a
better understanding of the ore-forming processes and their
physicochemical conditions (Li et al., 2004; Zheng et al.,
2013). Additionally, many studies have shown that the
typomorphic characteristics and compositions of pyrite can
provide significant information about enrichment in Au
(Cook et al., 2009; Large et al., 2009; Sung et al., 2009;
Zhao et al., 2011; Zheng et al., 2013; Zhang et al., 2014;

Mills et al., 2015). Therefore, increased knowledge of the
genesis and trace element composition of pyrite may
provide useful information on the ore-forming fluid and the
ore-forming process.

In this contribution, we report the results of trace
element and S isotope analyses of pyrite obtained via laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and scanning electron microscopy (SEM).
We also discuss the occurrence and concentrations of trace
elements in pyrite and the associations of elements closely
related to Au. Combing these data with hydrogen and
oxygen isotopes, we present a new understanding of the
ore-forming process and ore genesis.

2 Geological setting
2.1 Regional geological setting
The 1000-km-long Qinling-Dabie orogenic belt is located

within a fold belt positioned along the southern margin of
the North China Craton, and bounded by the Chenghui
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basin to the west and the Tanlu fault to the east
(Fig. 1(a)). This orogenic belt was caused by the collision
between the southern active continental margin of the
North China Craton and the northern passive continental
margin of the Yangtze Craton. This region features a
complex tectonic history (Dong et al., 2008) and abundant
mineral resources. The Tongbai orogenic belt is located in
the central-eastern part of the Qinling-Dabie orogenic belt
(Zhao, 2007; Yuan and Li, 2008). The Laowan metallo-
genic belt, located in the central part of the Tongbai
orogenic belt, is north of Tongbai Mountain (Fang and
Hou, 2004) and adjacent to the Nanyang Basin to the west
and the Wucheng Basin to the east (Fig. 1(b)) (Suo et al.,
2002). It is 20 km long and 1.5-2.5 km wide (Yang et al.,
2015) and bounded by the Songpa fault to the north and the
Laowan fault to the south (Fig. 1). Due to the unique
geological background, complex structure, and superior
metallogenic conditions of the Laowan metallogenic belt,
many ore deposits have been formed (Zhong et al., 2001).
The study area of the “Laowan gold deposit” represents an
important large Au deposit in this metallogenic belt.

Due to the superimposed deformation caused by multi-
ple tectonic and metamorphic episodes, the regional strata
primarily consist of a set of strongly deformed medium- to
high-grade metamorphic and disordered rock series that
were zonally distributed and formed during the Paleopro-
terozoic to the Cenozoic (Henan Geology and Mineral
Bureau, 1989; Wang et al., 2009). The exposed strata
mainly comprise the Kuanping Group, Erlangping Group,
Qinling Group, Guishanyan Formation, and Nanwan
Formation (Zhang et al., 2001) (Fig. 1(b)). The Kuanping
Group comprises mica schists, quartzites, marbles, and
amphibolites. Based on its preliminary isotopic ages, the
Kuanping Group has been interpreted to have been
metamorphosed during the late Proterozoic or Paleozoic
(Zhang et al., 1991; Zhang et al., 1994). The Erlangping
Group, which contains Paleozoic fossils (Niu et al., 1993),
is a metavolcanic complex consisting of abundant upper
greenschist-facies to amphibolite-facies rocks, whose
protoliths may have been mafic to intermediate volcanic
rocks and hypabyssal dikes (Zhang et al., 1989). The
Qinling Group includes felsic and mafic granulites,
amphibolites, granitoid gneisses, marbles, and subordinate
metapelites. Its 2°’Pb/?°Pb zircon ages range from 434 to
475 Ma (Kroner et al., 1993). The Guishanyan Formation
is composed of plagioclase amphibole schist, biotite quartz
schist, metamorphic quartzite, mylonites, and gneisses. Its
age of metamorphism has been determined to be 470 Ma
(Liu et al., 2010). The Nanwan Formation consists of
sericite schist, amphibolite and muscovite schist, which are
distributed on the south side of the Laowan granite.

The fault structures are relatively well-developed in this
area, and the observed tectonic framework shows a NW-
trending distribution. The faults closely related to the
mineralization include the Tong-Shang, Gui-Mei
(Songpa), Laowan and Dahe faults. The Tong-Shang

fault is part of the strongly deformed Triassic plate suture
zone (Suo and Zhang, 1993). The fracture is inclined to
the south or to the north, with its inclination ranging from
70°-80°. This fault is characterized by a mylonite belt that
is hundreds of meters to several kilometers wide (Chou
et al., 1983). The Gui-Mei fault is an important rock- and
ore-controlling structure in the Tongbai-Dabie orogenic
belt, which is referred to as the Songpa fault in the study
area (Suo et al., 2001). The Songpa fault is one of the most
important faults in the Laowan gold deposit; it is located in
the northern part of the area and is approximately 20 km
long. This fault has had a long period of activity, with
frequent tectonic movements (Shao, 1995). The Laowan
fault, located in the southern part of the Laowan gold
deposit, is also one of the most important faults. The fault
structure is complex and exhibits multiple stages, with
strikes ranging from 260°-280°; it is nearly 20 km long
and also controlled the intrusion of the Laowan granite. In
terms of the Dahe fault, the part of the fault located in the
western region of the Nanyang Basin, is called the Zhuxia
fault. The Erlangping Group is located on the north-eastern
side of the fault, and the Qinling Group is located on its
south-western side. A several hundred meters-long tec-
tonic melange zone extends along the fault (Zhang et al.,
2012).

The widespread igneous rocks in this area range from
Archean volcanic rocks to Cenozoic granites. Based on
previous studies, Mesozoic calc-alkaline granitoids and
volcanic-intrusive potassic basaltic rocks may be closely
associated with the mineralization. The magmatic rocks in
this region mainly consist of Taoyuan medium-grained
biotite granite, Liangwan biotite granite, Laofenpa granite
stock, and Laowan biotite granite, as well as minor granitic
porphyry, porphyry dikes, and lamprophyres.

2.2 Deposit geology

The Laowan gold deposit, one of the important deposits in
the Laowan metallogenic belt, contains Au reserves
reaching the scale of a large Au deposit (a defined reserve
of approximately > 100t Au at 3.75-6.77 g/t). The
exposed strata in the Laowan gold deposit primarily
comprise the Paleoproterozoic Qinling Group and Yan-
linggou Formation, the Mesoproterozoic Guishanyan
Formation, and the Cenozoic Quaternary (Fig. 2). The
Guishanyan Formation is the principal ore-hosting stratum
and is composed of plagioclase amphibole schist with
some metamorphic gabbro dikes, two-mica quartz schist,
leptynite, and plagiogneiss. It strikes NW with a dip angle
of 48°-82°. The protolith of this unit was a set of
intermediate to basic volcanic rocks and clastic rocks, both
of which experienced regional greenschist-facies to lower
amphibolite-facies metamorphism (Liu et al., 2010; Yang
et al., 2015).

The Laowan and Songpa faults are boundary faults of
the ore-controlling fault system in the Laowan gold
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Fig. 2 Geological map of the Laowan gold deposit (modified after Kou et al., 2016).

deposit. The lengths are approximately 16 km, and the
strikes are approximately 285° (Yang et al., 2015). The
Laowan granite and Songpa granite porphyry dike intrude
these faults, and also control the occurrence of ores and
their secondary faults (Yang et al., 2014a and 2014b).

The magmatic activity in the study area was very strong
and resulted in the formation of the Laowan granite, as well
as its associated granite porphyry dikes and quartz
porphyry dikes. The tabular Laowan granite is approxi-
mately 23 km long and 0.5 to 2 km wide (Yang et al.,
2015). The Laowan intrusion is a biotite monzonite granite
with a light pink color and porphyritic texture (zircon U-Pb
age of 132.542.4 Ma; Liu et al., 2008a). Quartz albite
porphyry dikes are widespread in the metallogenic belt and
are less than 10 m in length. The alteration in the contact
zones with these dikes is intense and associated with gold
mineralization. The granite porphyry dikes (zircon U-Pb
age of 13943 Ma; Yang et al., 2015) occur in the northern
region of the Laowan metallogenic belt and strike WNW.
They are heavily fragmented at the edges of the veins, and
Au-Ag polymetallic mineralization has been found in these
zones.

The Laowan gold deposit is the primary mining area
consisting of four nearly parallel gold veins. Most ore

bodies are hosted by the plagioclase amphibole schist and
two-mica quartz schist. These ore bodies occur as strati-
form, stratoid, lenticular, or vein bodies and are controlled
by faults with steep dips of 60°-80° (Fig. 3).

The major ore minerals of the Laowan gold deposit
include pyrite, chalcopyrite, and small amounts of native
gold, electrum, galena, sphalerite, and arsenopyrite. The
gangue minerals consist primarily of quartz, sericite,
muscovite, and small amounts of epidote and zircon.
Common ore textures include the automorphic/xeno-
morphic granular texture, cataclastic texture, poikilitic
texture, solid solution structure, and metasomatic texture.
The alteration types in the Laowan deposit include
silicification, pyritization, K-feldspathization, sericitiza-
tion, carbonatization, and epidotization. In addition, the
boundaries between wall-rock alteration and mineraliza-
tion are unclear, as gradual transitions are present. Gold
mineralization is closely associated with silicification.
Strong silicification leads to strong gold mineralization,
while weak silicification leads to poor gold mineralization.
Based on the observed field geological conditions,
mineralogical assemblages, and crosscutting relationships,
four stages of mineralization can be distinguished from
early to late, as described below (Fig. 4).
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Fig. 3 Mineral geological map of (a) W10 exploration line and (b) 204 exploration line (after preliminary report of No. 1 Geological
Exploration Institute Henan Bureau of Geo-exploration and Mineral Development).
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Fig. 4 Stages of mineralization and mineral paragenesis in the
Laowan gold deposit.

1) Stage I is primarily composed of milky, massive, and
barren quartz and minor coarse-grained euhedral pyrite,
which is labeled Pyll (Figs. 5(d), 5(e), and 5(f)). The few
pyrites are poorly developed and sporadically distributed
in the quartz veins. The barren quartz and pyrite veins
extend along strikes with cracks or are disseminated in the
wall rock (Fig. 5(d)) and are commonly crosscut by later
sulfide-bearing veinlets. In this stage, the Au mineraliza-
tion is poor.

2) Stage II is defined by quartz, pyrite, and minor gold
minerals. The quartz is smoky gray in color and darker
than the earlier quartz, commonly displaying subhedral to
euhedral features (Figs. 5(j) and 5(h)). Ubiquitous pyrite is
present in the form of medium- to fine-grained subhedral-
anhedral crystals, which occur as bands or veins parallel to
the Stage I quartz veins (Fig. 5(h)). It generally forms
disseminations coexisting with minor chalcopyrite in the
quartz veins (Fig. 5(1)). This type of pyrite is denoted PylIIl.

Chalcopyrite is intergrown with pyrite and quartz in
irregular or stockwork forms or as inclusions in the pyrite
(Figs. 5(i) and 5(k)). Minor anhedral pyrrhotite with a light
rose color is also present, which encloses the earlier pyrite
(Fig. 5(j)). Stage Il is the early stage of Au mineralization.
The gold minerals mainly include electrum (Fig. 5(k)) and
minor native gold. The mineral assemblage observed in
this stage is quartz 4 pyrite 4+ native gold + electrum.

3) Stage III exhibits the major Au mineralization
episode, characterized by abundant polymetallic sulfides,
such as pyrite, chalcopyrite, galena, sphalerite, arsenopyr-
ite, and native gold (Figs. 5(1), 5(m), 5(n), 5(0), and 5(p)).
These sulfides occur in the form of disseminations or
stockworks or are interspersed in fissures in the early
pyrite, quartz, and other minerals (Figs. 5(n) and 5(p)).
Pyrite occurs as euhedral-subhedral crystals bordered by
chalcopyrite, pyrrhotite, or sphalerite (Figs. 5(n) and 5(0)).
This type of pyrite is labeled PyIV. Chalcopyrite is
intergrown with pyrite, sphalerite, quartz, and other
minerals in irregular stockwork shapes or exists as
inclusions in sphalerite (Fig. 5(n)). Sphalerite appears as
irregular shapes that are intergrown with pyrite, galena,
and chalcopyrite, and commonly contains pyrite and
chalcopyrite inclusions (Figs. 5(n), 5(0), and 5(p)). A
few examples of arsenopyrite can be found in SEM
images. Most of the arsenopyrite is present in the form of
silver-white, euhedral acicular, and prismatic crystals, with
notably smaller sizes than those of the pyrites. Native gold
exists as round inclusions in the sulfides or as irregular
shapes distributed in the intergranular spaces or fissures in
the sulfides. The mineral assemblage in this stage is quartz
-+ pyrite + chalcopyrite + galena 4 sphalerite + native
gold.
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Fig. 5 Mineral assemblage characteristics of the Laowan gold deposit in different metallogenic stages. Metamorphic-diagenetic epoch:
(a) plagioclase amphibole schist hand specimen (LWO1); (b) irregularly shaped pyrites aggregates; (c) pyrites present mineral orientation.
Mineralization Stage I: (d) milky, massive and barren quartz veins with little pyrite (LW02); (e) pyrites present star-like or spot-like distributions
in milky quartz veins; (f) cubic pyrite crystals. Mineralization Stage II: (g) quartz vein, mainly consisting of quartz and fine-grained pyrite; (h)
hand specimen of quartz and sulfides (LW03); (i) chalcopyrite in cracks or along the edges of pyrites; (j) anhedral pyrrhotite with a light rose
color encloses the earlier pyrite; (k) chalcopyrite and electrum in the fissure of pyrite. Mineralization Stage III: (1) quartz vein (Stage II)
coexisting with polymetallic sulfides (Stage III); (m) polymetallic sulfide ore hand specimen (LW04); (n) Pyrite is bordered by chalcopyrite, and
chalcopyrite exists as inclusions in sphalerite; (0) sphalerite appears as irregular shapes and are intergrown with pyrite, galena and chalcopyrite
and arsenopyrite; (p) chalcopyrite, galena, sphalerite and native gold are in the crack of pyrite. Mineralization Stage IV: (q) the early quartz veins
(Stage I) cut by the latest barren calcite-quartz vein (Stage IV); (r) calcite hand specimen (LW05); (s) calcite with little pyrite; (t) calcite and
quartz. Py-pyrite, Elc-electrum, Gn-galena, Sp-sphalerite, Ser-sericite, Qz-quartz, Gl-gold, Amp-amphibole, Apy-arsenopyrite, Ccp-
chalcopyrite, Po-pyrrhotite, Cc-calcite.
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4) Stage IV marks the waning of hydrothermal activity
without any major metal deposition. This stage is
characterized by the extensive formation of carbonate
(calcite), some of which is interspersed within the early
quartz veins (Figs. 5(q), 5(r), 5(s), and 5(t)). These veins
are poorly developed and are distributed parallel to,
perpendicular to, or at acute angles to the schistosity.
Only a small quantity of anhedral pyrite is present
(Fig. 5(s)) (called PyV); the mineral assemblage is calcite
+ quartz + pyrite.

3 Pyrite types and occurrence of gold

Based on the methods developed in previous studies of
pyrites from sediment- and volcanic-hosted gold deposits
(Mumin et al., 1994; Large et al., 2007 and 2009; Zhang
et al., 2014), the morphologies and internal structures of
pyrites are used here as indicators to establish the
correlation between pyrite growth and gold mineralization.

A total of five hand specimens were collected from the
ores, quartz veins, and wall rocks belonging to different
stages and polished into sections for petrographic study.
LWO01, LWO02, LWO03, and LW04 were collected from
exploration line 301, measurement point 5004, and LWO05
was collected from exploration line 301, measurement
point 1501. LWO1 is a melanocratic plagioclase amphibole
schist, which has columnar crystalloblastic fabric
and block structure (Fig. 5(a)). The main minerals
are plagioclase, amphibole, quartz, and minor sericite
(Figs. 5(b) and 5(c)). LW02, LWO03, LW04, and LWO05
were collected from the four mineralization stages I, 11, III,
and IV, respectively. LW02 was collected from the barren
quartz vein 100 m from LWOI. The quartz vein is
interspersed in the plagioclase amphibole schist. LW03
was collected near LWO02. The sample is a quartz vein with
abundant sulfides, mainly pyrite, chalcopyrite, and pyr-
rhotite, and minor electrum. LW04 was collected 300 m
from LWO03, which is near the fault. It is a massive ore with
a high grade of Au. LW05 was collected from a carbonate-
quartz vein.

Pyrite is widely developed in the study area and can be
divided into five generations: one that formed during the
metamorphic-diagenetic phase (Pyl) and four that formed
during the metallogenic phase (Pyll, Pylll, PyIV, and
PyV).

Pyl occurs as euhedral-subhedral microcrystals with
sizes of 5-10 pum (Fig. 5(b)) with irregularly shaped
aggregates sized from 50-150 pm (Fig. 5(b)). Pyl is
preferentially hosted in the plagioclase amphibole schist
and exhibits a mineral-parallel orientation (Fig. 5(c)).
Hence, this generation of pyrite is considered to have
formed during the metamorphic-diagenetic phase.

Pyll occurs as euhedral crystals with large particle
sizes (0.05-0.8 mm) and present as star- or spot-like

distributions in milky quartz veins (Fig. 5(d)). Under
the microscope, cubic pyrite crystals are predominant
(Figs. 5(e), 5(f), and 5(g)); some pyrites have fissures at the
edges that are filled with quartz veinlets. This generation of
pyrite formed in the coarse-grained pyrite-quartz stage
(Stage I). In this stage, the gold mineralization is poor, and
minor Au exists dominantly in coarse-grained pyrite.
Visible gold occurs in droplet-like and regular shapes with
sizes of approximately 2 um (Fig. 6(h)). This form of Au is
regarded as electrum due to its high silver content (Figs. 7
(a) and 7(b)). The results of an energy spectrum analysis
show that the Au is distributed throughout the pyrite and
that the distribution of Ag is similar to that of Au (Fig. 7),
indicating that the Au in PylIl is mainly invisible gold
(invisible solid solution or nanoparticles), with some
visible electrum.

PylIll occurs as subhedral-anhedral crystals that are
0.05-0.5 mm in size (Figs. 5(i), 5(j), and 5(k)).
Chalcopyrite is found in cracks or along the edges of this
type of pyrite (Figs. 5(i) and 5(k)); some cubic crystals of
pyrites are surrounded by pyrrhotite (Fig. 5(j)). Cracks are
present within the pyrite and are often filled with quartz,
chalcopyrite, galena, native gold, and electrum. This
generation of pyrite formed in the quartz and the medium-
to fine-grained pyrite stage (Stage II). This stage was the
major metallogenic stage of the Laowan gold deposit.
Numerous independent Au minerals (native gold and
electrum) are visible under the microscope and in SEM
images (Figs. 6(a), 6(b), 6(c), 8(a), 8(b), and 8(c)). Gold
minerals with sizes of 1-10 pum form stockwork, veinlet,
irregular granular, and oval patterns, and are primarily
present within the pyrite and chalcopyrite particles,
along crystal boundaries, and in cracks within the sulfides
(Figs. 6(a), 8(a), and 8(c)). The microscopic and trace
element characteristics of the gold minerals show that their
silver contents are low; thus, they are native gold. The
results of the energy spectrum analysis of the pyrite show
that the distribution of Au is uniform (Fig. 8), which
suggests the occurrence of invisible gold.

PyIV occurs as euhedral-subhedral crystals with sizes of
0.1-1 mm that are intergrown with chalcopyrite, galena,
and sphalerite (Figs. 5(m) and 5(n)). The pyrite in this
stage is highly fractured, and the cracks and edges of
these pyrite grains are filled/coated with other sulfides
(Fig. 5(0)). Arsenopyrite occurs in these cracks, as
observed in the SEM images (Fig. 5(p)). This generation
of pyrite formed in the polymetallic sulfide stage (Stage
III). This was the most important stage of gold miner-
alization resulting in the formation of the highest-grade
gold ore, which is currently the main focus of exploitation.
Considerable microscopic particles of native gold were
found along the boundaries between pyrite and chalcopyr-
ite, and in cracks within the sulfides (Figs. 6(d), 6(e), and
6(f)). Thus, the gold minerals were observed to have
formed after the sulfides, possibly via fluid metasomatism.
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Fig. 6 The occurrence of visible gold. PylIl: (h) oval gold inclusions in pyrite. PyIll: (a) gold inclusion in chalcopyrite; (b) and (c) gold
inclusions in the boundaries of sulfides. PyIV: (d) gold in the fissure of pyrite; (e) and (f) gold in cracks of sulfides; (g) and (i) anhedral granular,
acicular and flake gold inclusions. Gl — gold, Py — pyrite, Qz — quartz, Ccp — chalcopyrite, Gn — galena, Sp — sphalerite

The shapes and sizes of the gold minerals are diverse, but
generally feature amorphous shapes, such as anhedral
granular, acicular, and flake shapes (Figs. 6(g), and 6(1)).
Additionally, single Au particles range from approximately
0.001 mm to 0.035 mm in size. The gold minerals are
primarily native gold, and their Ag contents are lower than
those observed in previous stages. The results of the energy
spectrum analysis of the pyrite show similar distributions
of Au and Ag (Fig. 9), but the concentration of Au is
higher.

PyV occurs as euhedral-subhedral, predominantly cubic
crystals, with sizes of 0.01-0.02 mm (Fig. 5(r)). This pyrite
type is rare and is intergrown with calcite, dolomite, and
quartz (Fig. 5(r)). This generation of pyrite formed in the
carbonate-quartz stage (Stage IV), with no gold miner-
alization.

4 Analytical methods
4.1 LA-ICP-MS analysis of pyrite

The LA-ICP-MS analyses of pyrites were conducted on an
Agilent 7700 Quadrupole ICP-MS instrument at the State
Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences (Wuhan).
This instrument was equipped with a 193 nm excimer laser
ablation system (GeoLasPro). Helium was applied as a
carrier gas. Argon was used as the make-up gas and mixed
with the carrier gas via a T-connector before entering the
ICP. A “wire” signal smoothing device is included in this
laser ablation system (Hu et al., 2015). The spot size,
frequency, and beam energy of the laser were set to 70 pum,
5 Hz, and ~5.5-6.5 J/cm?, respectively. Trace element
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Fig. 7 SEM images of Pyll. (a) and (b) electrum in Pyll. Elc — electrum, Py — pyrite, Qz — quartz.

compositions of sulfides were calibrated against various
reference materials (NIST 610 and NIST 612) without
using an internal standard (Liu et al., 2008b). The sulfide
reference material MASS-1 (USGS) was used as the
unknown sample to verify the accuracy of the calibration
method. Each analysis incorporated a background acquisi-
tion of approximately 20-30 s followed by 50 s of data
acquisition from the sample. An Excel-based software
ICPMSDataCal was used to perform off-line selection and
integration of background and analyzed signals, time-drift
correction, and quantitative calibration for trace element
analysis (Liu et al., 2008b). A series of 55 elements were
measured during each spot analysis (including S, Fe, Au,
Ag, Cu, Pb, Zn, Co, Ni, Ge, As, Bi, Ti, Se, Sb, Al, Mg, Si,
Cd, and rare earth elements (REEs)) in this study, but the
concentrations of certain elements were below the
detection limits.

4.2 In situ sulfur isotopes

The laser ablation multi-collector ICP-MS (LA-MC-ICP-
MS) S isotope analyses of pyrites were carried out using a
Neptune Plus MC-ICP-MS instrument coupled with a
GeoLas 2005 excimer laser at the State Key Laboratory of
Geological Processes and Mineral Resources, China
University of Geosciences (Wuhan). Helium gas carrying
an aerosol of each ablated sample was mixed with an argon
carrier gas and nitrogen as an additional diatomic gas to
enhance the sensitivity before finally flowing into the MC-
ICP-MS instrument.

During the experiment, the diameter of the laser spot
was 33 um with a frequency of 10 Hz, the energy density
was 2.7 J/em?, and the ablation process was set to last for
40 s. Standard sample bracketing (SSB) was used to
determine the 3**S values of the samples throughout the
MC-ICP-MS analytical sessions. An international sphaler-
ite standard NBS-123 (3*Sy.cpr = + 17.1 %o) and an in-
house pyrite standard named WS-1, consisting of a natural
pyrite crystal from the Wenshan polymetallic skarn deposit
in Yunnan Province in south China, was used to calibrate
the mass bias for S isotopes. The 8*Sy.cpr values
(+ 1.1£0.2 %0) of WS-1 were determined with secondary
ion mass spectrometry (SIMS) at the Chinese Academy of
Geochemistry, Guangzhou (Zhu et al., 2016). The true
sulfur isotope ratio of unknown samples was calculated
with correction for instrumental mass bias by linear
interpolation between the biases calculated from two
neighboring standard analyses. The 2c analytical precision
was approximately 0.3 per mil (Li et al., 2019).

4.3 H and O isotopes

In this paper, the H and O isotopes were determined on
quartz and calcite grains obtained from the four stages of
mineralization, but grains from the diagenetic stage were
not analyzed. Pure quartz and calcite separates were
prepared for the isotope analysis at the Analytical
Laboratory Beijing Research Institute of Uranium Geol-
ogy. The O isotope compositions of quartz and calcite were
analyzed following the BrFs method (Clayton et al., 1972).
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Fig. 8 SEM images of Pylll. (a), (b) and (c) irregular electrum in PyIll. Elc — electrum, Py — pyrite, Qz — quartz, Ccp — chalcopyrite.

The 8'%0 values of these separates were determined on a
Finnigan MAT 253 ratio mass spectrometer. The 8D values
of water were analyzed using the Zn reduction method
(Coleman et al.,, 1982). H, and CH4 from the fluid
inclusions were first converted to H,O by passing through
a CuO furnace at a temperature of 600°C. Next, all of the
H,0 was combined and converted to H, by reacting with
Zn in a vacuum line. The 3D values were measured on the
same mass spectrometer. These results are reported relative
to V-SMOW, and the analytical precisions are £0.2 %o for
both 3'*0 and dD. The degrees of isotopic fractionation
between quartz and water and calcite and water were
calculated using Egs. (1) and (2) (Clayton et al., 1972) at
the minimum trapping temperature, which was defined
based on the average homogenization temperatures of the
fluid inclusions in each quartz and calcite sample, as
reported by Kou et al., (2016).

18 18 3
8" Oyater-sMow = 0 Oy_smow — 10 lnaquar‘fz—water

= 8" 0y.smow —3.38 x 10°/T? +3.39, (1)

18 18 3
g Owater—SMOW =39 OV—SMOW_ 10 hlacalcite—water

= 3" 0y.smow —2.78 x 10°/T% + 3.39. )

5 Results

5.1 LA-ICP-MS analysis of pyrite

A total of 35 LA-ICP-MS spot analyses were completed on
pyrites selected from different samples from the Laowan
deposit (Table 1), including 4, 8, 11, and 12 spots on Pyl,



588 Front. Earth Sci. 2020, 14(3): 578-600

30 pm
| S —

i,

30 um
| S —— |

Fig. 9 SEM images of PyIV. (a), (b) and (c) gold inclusions in PyIIl. Gl — gold, Sp — sphalerite, Elc — electrum, Py — pyrite, Qz — quartz,

Ccp — chalcopyrite.

Pyll, Pylll, and PylV, respectively. PyV has no Au
mineralization, and its size is too small to be analyzed by
LA-ICP-MS; hence, it is not discussed further in this paper.

5.1.1 Characteristics of the LA-ICP-MS profiles of pyrite
To obtain precise trace element data from pyrite grains in
this study, attempts were made to remove the larger
inclusions (i.e., both fluid and some minor minerals).
Distributions of the different trace elements in pyrite were
estimated by LA-ICPMS analysis (Maslennikov et al.,
2009; Zhang et al., 2014). Representative time-resolved
depth profiles obtained from different generations of pyrite
are illustrated in Fig. 10.

All spots on pyrites contain measurable quantities of
gold. The concentration of Au in each sample is relatively
constant, but varies in different samples by an order of

magnitude (Table 1). The time-resolved depth profiles of
Au from Pylll and PylV are wavy, with several spikes
(Figs. 10(c) and 10(d)), suggesting the occurrence of Au
inclusions in the pyrite. However, the Au distribution
pattern for Pyll is relatively flat (Fig. 10(b)), with no
spikes, indicating that the Au primarily occurs as a solid
solution or nanoparticles in the pyrite lattice (Cook et al.,
2009; Zhang et al., 2014).

Silver is also an important trace element (Table 1).
Figure 10 shows that the trend of Ag is parallel to that of
Au, demonstrating that Ag may occur in the form of
electrum. In PylIl and PylV, the trend of Ag is similar to
that of Bi, which indicates that matildite likely occurs as a
solid solution or as inclusions in the pyrite (Figs. 10(b) and
10(d)).

The time-resolved depth profiles for arsenic are flat, with
no spikes (Fig. 10). As is abundant in these samples, thus
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Table 1 LA-ICPMS analyses of selected pyrite grains from the Laowan gold deposit
Sample No. Type S Fe As Au Ag Cu Zn Pb Co Ni Ge Bi Ti

wt%  wt%  /10°  /10¢  /10°  a10°  /10¢  /10°  /10¢ /10° /10 /10° /10°¢
LWO1-1 Pyl 47.71 51.66 2988 0.04 0.19 2.4 0.5 14.6 1275 430 11.9 0.33 628
Lwo1-2 47.47 51.8 2415 0.1 2.4 3.7 0.42 28.2 194 159 11.6 2.6 11.1
Lwo1-3 45.69 53.91 1470 0.97 13.8 42 0.57 36.4 499 665 12 3.6 12.7
LwWo01-4 42.62 57.03 1636 0.15 0.09 5.5 0.69 8 690 907 11.6 0.18 11.1
LW02-1 Pyll 41.06 58.74 218 11.2 49 22.3 0.08 279 342 39.1 13.2 37.2 8.9
Lwo02-2 39.28 60.43 806 16.5 535 11.8 0.68 188 123 748 15.2 8.1 8
Lwo02-3 42.86 57.01 409 6 19.5 42 0.19 61.9 44 67 14.2 72 10.2
Lwo02-4 42.06 57.67 761 96.3 337 294 0.3 282 163 245 12.7 16.4 8.9
LWwWO02-5 42.45 57.29 965 14.1 56.9 41.5 0.06 263 23.8 227 13.6 11.3 9.4
LW02-6 44.54 55.22 539 10.8 333 98.3 0.18 364 83.6 548 11.3 18.3 8.6
LwW02-7 40.82 58.9 324 47.8 125 30.3 0.01 734 80.9 176 12.4 30.4 7.3
LwWo02-8 44.98 54.72 592 242 80.5 162 1 744 206 201 10.8 32 10
LWO03-1 Pylll 47.38 52.21 2534 0.77 9.2 120 0 88.8 83 234 13.6 1.5 10.5
LwWo03-2 44.36 54.72 2270 1159 1952 2568 1.6 199 97.2 44.6 13.4 33 7.1
LWO03-3 45.44 54.26 2181 0.16 0.56 2.8 0 12.9 43.2 28.5 12.5 0.07 8.1
LW03-4 46.68 53 2077 0.3 2.2 3.6 0.54 57.1 39.3 27.3 12 0.82 8.4
LWO03-5 47.72 51.86 812 19.6 21 1911 1.2 205 1.1 8.8 11.6 3.6 9.4
LWO03-6 48.68 51.11 956 0.31 1.5 32 0.46 46.5 8.8 352 13.3 0.81 79
LwWO03-7 51.56 47.75 511 4.9 80.1 3616 1.7 160 12.5 18.5 10.5 5.8 9.6
LW03-8 50.24 49.67 175 1.7 9.5 34 0.44 26.4 76.2 4 11.4 1.4 8.9
LW03-9 52.34 46.78 532 8.1 132 7129 4.6 213 329 28.7 11.3 9.9 10.4
LWO03-10 50.97 48.86 543 6.6 27.5 2.4 0 47.7 9.3 26.5 11.1 4.1 53
LWO03-11 51.93 47.89 619 9.9 38.1 32.1 0.12 150 87 37.6 11.8 9.8 8.4
LWo04-1 PylvV 53.58 45.85 673 4.9 90 2313 1.1 390 16.8 328 10.7 6.3 25.8
LWo04-2 56.67 43.07 327 7.3 65.8 93 0.2 589 35.4 236 10.5 6.3 7.2
LW04-3 53.02 46.65 989 20.8 182 96.8 0.27 464 83.8 890 10.6 2.4 6.9
LwWo04-4 56.15 43.56 912 22.5 155 139 1.2 239 71 356 10.9 3.1 7.5
LwWo04-5 55.49 41.89 2302 10.6 279 3044 622 15221 33 713 9.6 19.9 5.7
LWo04-6 57.56 40.57 1705 8.9 40.6 422 0.48 16392 0.98 41 11.2 16 6.5
LW04-7 55.64 43.9 1796 8.2 94.3 1116 0.84 603 0.4 349 10.9 2.8 8.2
LW04-8 59.97 39.79 980 2.5 14.6 33.8 0.13 124 25 297 10.1 1.1 8.5
LW04-9 57.92 41.77 2283 0.14 0.48 1.7 0 14.5 4.5 56.2 9.1 0.03 5.5
LWO04-10 60.04 375 670 10.3 167 5437 14.9 16872 324 448 10 31.1 6.6
LWO04-11 59.83 37.69 683 21.1 975 6715 1120 8797 164 305 9 483 3.8
LW04-12 60.48 38.65 188 4.1 42.9 807 2.4 5888 110 730 11.2 10.8 6
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(Continued)

Sample No. Type Se Sb Co/Ni Mg Al Cr Tl Mn Sn Ba v w Zr

/10°  /10°° /0% /10 /10°  s0° /0% /10¢ /10° /10¢ n10° /10°°
LWO01-1 Pyl 9.9 0.3 2.97 32 69.2 5.5 0 0.4 0.67 0.41 0.5 0.29 0.36
LWO01-2 0 0.84 1.22 41 709 5.3 0.03 2.1 11.6 1.9 0.27 0 0.05
LWO1-3 18.5 0.25 0.75 45.4 124 9.4 0.05 0.66 14.5 0.73 0.1 0.01 0.13
LWO01-4 44 0.11 0.76 9.6 39.6 28.8 0 12 12 0.52 0.21 0.04 0.08
LW02-1 Pyll 0 9.6 8.75 0.59 5.6 3.8 0.03 0.65 0 0 0.19 0 0
LW02-2 3.1 5.2 0.16 0.39 2 3.5 0.05 0 0 0.21 0.04 0 0.01
LW02-3 12.5 3 0.66 0.22 2.6 3.4 0.06 0 0 0.14 0.01 0 0.08
LW02-4 14.8 9.3 0.67 0.69 2.1 1.2 0.03 22 0.25 0.56 0.03 0.01 0
LW02-5 20.5 10.6 0.1 0.13 43.8 3.9 0.05 0.11 0.46 0.12 0.02 0.01 0.03
LW02-6 20.8 12.8 0.15 0.42 1.4 0.43 0.02 1.7 0.35 0.11 0 0 0.02
LW02-7 3.7 13.9 0.46 1.5 10.4 8 0.04 0.06 0.06 0.04 0 0.25 0
LW02-8 13.2 22 1.02 2.9 1.9 0.83 0.08 4.6 0.44 0.53 0 0.13 0
LW03-1 Pylll 298 6.2 3.55 0.32 0 1.6 0 0.83 0.22 1.1 0 0 0.01
LW03-2 21.7 12.2 2.18 1.5 15.7 3.4 0.05 0 0.15 0.11 0.02 0 0.3
LW03-3 20.1 0.39 1.52 0.77 1.3 5.4 0.01 13 0.1 0 0.07 0 0
LW03-4 6.7 3.1 1.44 0.48 1.8 43 0 0 0.29 0.18 0 0.02 0.06
LWO03-5 6.1 13.5 0.13 0.66 1.4 6.2 0.04 0 0.24 0.16 0 0 0.04
LW03-6 17.3 32 0.25 0.31 1.5 2.7 0.01 0.59 0.45 0.07 0.04 0.01 0.06
LW03-7 0 11.4 0.68 0 1.7 12 0.06 16.4 0 0.27 0.09 0.02 0
LW03-8 272 1.4 19.05 0 0.28 9.2 0 26.7 0.32 0 0.02 0 0
LW03-9 26.9 16.7 1.15 0.59 0.71 0.22 0.05 333 0 0.05 0.02 0.01 0.01
LW03-10 183 2.5 0.35 0.63 0.72 0 0 0.68 0.09 0.04 0.1 0.01 0.01
LWO03-11 7.2 6.4 2.31 0 1 1.3 0.04 0.27 0.18 0 0.06 0.03 0.03
LW04-1 PylV 12.9 14.4 0.05 2 20.3 43 0.04 3.6 0.38 0.06 0.18 4.3 0.05
LW04-2 243 17 0.15 0.85 1.8 0.25 0.04 0 0.13 0.17 0.05 0 0.01
LW04-3 5.7 8.6 0.09 1.3 5.6 1.4 0.04 0.32 0 0.06 0 0 0.01
LW04-4 41.9 9.3 0.22 1.4 13.5 19.3 0.03 0.8 12 0.06 0.05 0 0.01
LW04-5 0 2883 0.04 0.05 0.13 0 0.14 529 0 0.28 0.04 0.02 0
LW04-6 11.1 20 0.02 12 42 0.64 0.03 0 1.1 0.03 0 0.01 0.01
LW04-7 35.1 10.6 0.01 0.24 1.9 45 0.01 0.44 0.18 0.06 0 0 0.02
LW04-8 16 4.6 0.08 0.4 0.16 1.9 0.02 0 0.07 0.06 0 0 0
LW04-9 0 0.66 0.08 0.82 0.25 0.87 0 0 0.23 0 0.06 0.03 0.02
LW04-10 20.5 88.4 0.07 0.41 0.05 0.81 0.09 1.7 0.63 0.04 0.04 0 0.02
LW04-11 1.8 4808  0.54 0.48 0.74 0 0.2 2.5 0.55 0.42 0 0 0
LW04-12 26.75 13.8 0.15 0.51 2.7 6.5 0.03 0 0.66 0.1 0.04 0.01 0.03
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Fig. 10 Representative time-resolved depth profiles for pyrite analyzed in this study indicating the occurrences of gold and other major

metal elements.

suggesting that the pyrites in the Laowan deposit bear As
(Zhang et al., 2014) which is incorporated into the pyrite
lattice.

The Pb concentrations vary over several orders of
magnitude. The majority of higher concentrations (i.e., the
spikes in Figs. 10(c) and 10(d)) can be readily attributed to
inclusions of galena. However, in the samples of Pyl and
Pyll, the consistent concentrations and flat time-resolved
depth profiles (Figs. 10(a) and 10(b)) indicate the
incorporation of Pb in solid solution into the pyrites.

Cobalt and Ni are common trace elements in pyrites, but
the concentrations vary widely in different samples
(Table 1). The flat and similar time-resolved depth profiles
(Fig. 10(a)) observed of Co, Ni, and Fe demonstrate the
presence of Co and Ni in the pyrite lattice.

Copper and Zn are also present in the pyrites, with
higher concentrations of Cu than Zn (Table 1). The spikes
of Cu in the time-resolved depth profiles indicate the
presence of chalcopyrite inclusions.

5.1.2  Geochemical data of pyrite and their trends

Some of the elemental concentrations and their variations
in the different types of pyrites are shown in Fig. 11.

The Au concentrations in Pyl, Pyll, PylIll, and PyIV are
0.04-0.15 10°%, 6.0-96.3 10, 0.16-19.3 10 ¢, and 0.14—
22.5 1079, respectively (Table 1, Fig. 11(a)). The Ag

concentrations are 0.09-13.8 10°°, 19.5-337 10°°, 0.56—
132 107 (with a maximum value of 1952 107°), and 0.48—
975 10°%, respectively (Table 1). The samples from the
metallogenic epoch (Pyll, Pylll, and PyIV) have higher
concentrations of Au and Ag than Pyl samples (Fig. 11(a)).
The Ag-Au plot shows a prominent positive correlation
between Au and Ag, indicating that some Ag occurs as
electrum. As confirmed by the results of the energy
spectrum analysis and microscopic observations, abundant
Au and Ag occur as visible native gold and electrum within
pyrite crystals and fissures, as well as in sulfide cracks.
Furthermore, the results of energy spectrum analyses and
the relatively parallel smooth time-resolved depth profiles
of Au and Ag show that some Au and Ag are
homogeneously distributed within the pyrite as an invisible
solid solution or nanoparticles in the pyrite crystal lattice.
The Pb vs. Ag and Sb vs. Ag plots show positive
correlations of Ag with Pb and Sb, indicating that Ag may
occur as a S-Sb compound (e.g., argyrythrose) in galena
(Cook et al., 1998; Zhang et al., 2014)

The arsenic concentrations range from 175 to 2988 10°°.
The generally flat LA-ICP-MS time-resolved depth
profiles for As indicate that As occurs in the different
types of pyrite via isomorphism (Table 1). Small amounts
of Au are incorporated into the pyrite lattice or the
interstices when some elements (e.g., As, Te, and Sb)
distort the pyrite lattice (Palenik et al., 2004; Reich et al.,
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Fig. 11 Binary plots of (a) Ag vs. Au, (b) As vs. Au, (c) Bi vs. Au, (d) Ni vs. Au, (e) Pb vs. Au, (f) Cu vs. Au, (g) Sb vs. Au, (h) Pb vs.

Ag, (1) Bivs. Ag, (j) Sb vs. Ag, (k) Ni vs. Co, (I) Zn vs. Cu in different pyrite types. The trace element concentrations are from Table 1.

2005 and 2006; Cook et al., 2009; Zhao et al., 2011).
However, the As-Au plot shows that in Pyll, Pylll, and
PylV, no correlation exists between As and Au (Fig. 11(b)),
indicating that the enrichment of Au in the Laowan gold
deposit is unrelated to As. This may be due to the presence
of gold in the Laowan gold deposit is mainly visible
gold, and does not become incorporated into the pyrite
lattice.

Both Co and Ni are abundant in pyrite and enter the
lattice via the isomorphous replacement of Fe (Zhang et al.,
2014), and their concentrations are 0.40-1275 107 and
4.0-907 10°°, respectively. The Co-Ni plot reveals that Co
and Ni have a certain positive correlation (Fig. 11(k)). On
the Co/Ni-Auw/Ag plot (Fig. 12), the Pyl spots plot close to
Co/Ni= 1, and the Pyll and PyIV spots primarily plot in
the third quadrant with Co/Ni < 1. The PyllI spots plot in
the second and third quadrants with values of Co/Ni> 1
and Au/Ag < 1. Because Co is incorporated into the pyrite
lattice, the good positive correlations observed between
Pb/Co and Au/Co, and between Ag/Co and Bi/Co, may
also indicate that these elements (Pb, Au, Ag, and Bi)
typically occur as discrete, minute inclusions in pyrite
(Fig. 13) (Zhao et al., 2011).

Compared with the pyrite that formed during the
metallogenic period (Pyll, Pylll, and PylV), the diagenetic
pyrite (Pyl) contains lower concentrations of Cu and Zn
(Table 1). The Zn-Cu plot shows a positive correlation,
indicating the coexistence of chalcopyrite and galena
inclusions (Fig. 11).
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Fig. 12 Binary plots of Co/Ni vs. Au/Ag.

Lead is least likely to be incorporated into the pyrite
crystal lattice due to its ionic size. Pb forms galena prior to
forming pyrite (Huerta-Diaz and Morse, 1992; Morse and
Luther, 1999; Koglin et al., 2010), and galena inclusions in
pyrite are common (Zhao et al., 2011). The high
concentration of Pb observed in PyIV supports this
hypothesis.

5.2 Sulfur isotopes

The S isotope results obtained from the present study and
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Fig. 13 Correlation diagrams of Pb/Co and Au/Co, Ag/Co and
Bi/Co ratios for all the LA-ICP-MS analyses showing good
correlations. Correlation coefficients (R) are given in the figures.

previously published studies are presented in Table 2 and
Table 3, respectively. The measured 3**S values of the four
stages of pyrites range from 1.45 %o to 5.55 %o (n = 15,
average= 3.89 %o) (Table 3), while the S isotope
compositions of the ores show a tower distribution. From
Pyl to Py III, the sulfur isotopes obviously increase, and

subsequently, the sulfur isotope of PyIV decreases
(Fig. 14). Pyl has the lowest d**S values, ranging from
1.45 %o to 2.09 %o, with an average of 1.77 %o. The 5**S
values of Pyll, Pylll, and PyIV range from 3.10 %0—4.21 %o
(average = 3.55 %o), 4.44 %0—5.55 %o (average = 5.16 %o),
and 3.87 %0—4.12 %0 (average= 3.75 %o), respectively.
Based on these S isotope data, we can conclude that the
diagenetic fluid and ore-forming fluids have different
sulfur sources. The 3**S values of pyrite reflect the H,S in
the fluid that precipitated the pyrite. Given sulfides are the
most abundant sulfur-bearing minerals in the Laowan gold
deposit,, with pyrite being dominant, the small proportions
of other sulfides have minor effects on the total sulfur
signature of the hydrothermal fluid (Dong et al., 2018).
Hence, the 3**S value of pyrite and the primary 3**S value
of H,S in the hydrothermal fluid should be related as
shown in Eq. (3) (Ohmoto and Goldhaber, 1997).

1000Inatyice.pr,s = 0.4 x 10°/T* = Spyrite—SH,S. (3)

The calculated 3**S values of the ore-forming fluids are
2.03 %0—3.14 %o in Stage I, 3.00 %0—4.12 %0 in Stage II,
and 2.26 %0—2.51 %0 in Stage III, based on the fluid
inclusion average homogenization temperatures of 337°C,
256°C, and 225°C, respectively (Kou et al., 2016; Table 3).

5.3 Hydrogen and oxygen isotopes

The fluid inclusions in the quartz and calcite samples
studied here show 8D values ranging from —76.8 %o to
—108.9 %o0. The four stages of mineralization show a
systematic decrease in the 3D values: the 3D values of the
four samples overlap, ranging from —77.4 %o to —76.8 %o
in Stage I, —85.6 %0 to —79.4 %o in Stage II, —90 %o to
—77.8 %o in Stage II1, and —108.9 %o to —96.5 %o in Stage
IV. The quartz and calcite samples from these four stages
of mineralization show 3'*O values ranging from 10.2 %o
to 11.8 %o (Table 4), exhibiting a gradual decrease that is
not obvious. The 8'*0 values of the samples are 10.9 %o—
11.8 %o in Stage I, 10.8 %o0—11.8 %o in Stage 11, 0.8 %0—11.5

%o in Stage 111, and 10.2 %o—11 %o in Stage IV. Calculating
the precise SISOHZO values of the fluids that were in
equilibrium with the quartz and calcite is difficult due to
the large variation in the temperatures obtained from the
fluid inclusions (Goldfarb et al., 2004). Here, we use the
average homogenization temperatures of these fluid
inclusions to calculate their 8'80H20 values. The average
homogenization temperatures (Kou et al., 2016) of the
fluid inclusions obtained from each of the quartz samples
are listed in Table 4. The calculated 6180HZO values of
these fluids are similar in all four samples and show a
systematic decrease with the evolution of the mineraliza-
tion stages. The SISOHZO values of the samples are 5.2 %o—
6.1 %o (average = 5.7 %o) in Stage I, 2.7 %0—3.1 %o (average
= 2.7 %o) in Stage II, 0.6 %0—1.3 %o (average= 1.0 %o) in
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Table 2 Previous studies of 3**S isotope characteristics in the Laowan
gold deposit

Objects Samples 3°*S/ %o (n) Reference
Ore Pyrite 1.4-3.8 (4) Chen (2017)
Guishanyan Whole rock 2.5(1)
Formation
Laowan Granite Whole rock 3.7()
Ore Pyrite 2.9-5.8 (17)
Ore Galena 1.9-4.4 (3)
Ore Sphalerite 33 (1)
Ore Chalcopyrite 4.9 (1)
Guishanyan Pyrite 3.6-43 (5)
Formation
Ore Pyrite 2.9-6.0 (21) He and Wang
Ore Galena 1.69-2.69 (3) (2005)
Ore Sphalerite 3.33 (D)
Ore Chalcopyrite 4.9 (1)
Guishanyan Pyrite 3.63-4.26 (5)
Formation
Guishanyan Galena 2.78 (1)
Formation
Alterated Pyrite 2.9-5.9 (29) Yang et al.
rocks-quartz vein Galena 1.7-2.8 (4) (2014b)
Sphalerite 33(1)
Chalcopyrite 4.9 (1)

Table 3  3*S isotope characteristics of pyrites and fluid in the Laowan
gold deposit

Sample  3°*S;yrite/ %o 7°C 5*S,s/ %o

Ore Pyrite (PyI) 1.45 / /
2.09 / /

Pyrite (PyIl) 3.49 337 242

3.40 337 2.33

3.10 337 2.03

421 337 3.14

Pyrite (PyIll) 5.17 256 3.74

5.48 256 4.05

4.43 256 3.00

5.55 256 4.12

Pyrite (PyIV) 4.12 225 2.51

3.87 225 2.26

4.04 225 2.43

3.95 225 2.34

4.02 225 2.41

Note: 534SH25 / %o represent the 3**S of hydrothermal fluid that precipitated the
pyrite.

Stage III, and —1.7 %o——0.9 %o (average= —1.3 %o) in
Stage IV.

7
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Fig. 14 3°*S of the pyrites in Laowan gold deposit.

6 Discussion
6.1 Sources of ore-forming fluids

The 3D values obtained from fluid inclusions in quartz and
calcite can accurately reflect the 3D values of the original
hydrothermal fluids (Faure, 2003; Yan et al., 2014). The
d0D values observed here show a systematic decrease
through the four stages of mineralization, decreasing from
—77.1 %o to —82.8 %0, —84.7 %o, and —102.7 %o (Table
4). The 380 values of quartz and calcite are indistinguish-
able and fall in a narrow range of 10.2 %0—11.8 %o (Table
4). The SISOHZO values that were calculated using the
formula based on the 3'*0 values of quartz and calcite can
represent the 3'*0 values of the ore-forming fluid. In Table
4, the values of 8180H20 also exhibit a gradual decrease
with the evolution of mineralization. On the plot of 3D vs.
SISOHZO (Fig. 15), all the samples in the Laowan gold
deposit are located between the magmatic water field and
the meteoric water line. These hydrogen and oxygen
isotope data deviate from the values of magmatic water
(3D = —80 %0——40 %o, 5'®0,0 = 5.5%0—9.5 %o), pro-
posed by Ohmoto (1986) and Sheppard (1986). As shown
in Fig. 15, the fluids of the Laowan gold deposit may
represent magmatic water mixed with some meteoric
water: in Stage I, the ore-forming fluids were primarily
derived from magma; in Stages II and III, some meteoric
water was added into these fluids, thus increasing its
proportion; and in Stage IV, the ore-forming fluid was
mainly meteoric water.

6.2 Sources of sulfur
Under equilibrium conditions, the enrichment sequence of

S in sulfides is Bi2S3 < Sb2$3 < CuZS <PbS <« CU5FGS4 <
CuFeS, < ZnS < FeS;_x < FeS, <MoS,. The sulfides in
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Table 4 H and O isotope characteristics of different stages of mineralization in the Laowan gold deposit

Sample No. Mineral Stages of Homogenization 380 mineral! %o 6180H20 / %o 8Dyy,0 / %o
mineralization temperature*/°C

LWB-1-2 quartz I 337 11.8 6.1 -76.8
LWB-1-4 quartz 10.9 52 -77.4
Average 11.35 5.65 -717.1
LWB-2-1 quartz I 256 11 23 —-85.6
LWB-2-5 quartz 11.8 3.1 -83
LWB-2-6 quartz 10.8 2.1 -79.4
LWB-2-11 quartz 11.8 3.1 -83.2
Average 11.35 2.65 -82.8
LWB-3-1 quartz I 225 10.8 0.6 -77.8
LWB-3-2 quartz 11.5 1.3 -86.3
LWB-3-3 quartz 11.4 1.2 -90
Average 11.23 1.03 -84.7
LWB-4-1 calcite v 153 11 -0.9 —108.9
LWB-4-2 calcite 10.2 -1.7 -96.5
Average 10.6 -13 -102.7

Note: * The data of homogenization temperatures of fluid inclusions were from Kou et al. (2016).
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Fig. 15 Plot of 3D versus SISOHZO for ore-forming fluids of the
Laowan gold deposit (modified by Taylor, 1997). SMOW:
standard mean ocean water.

the different mineralization stages of the Laowan gold
deposit are present in the following order: 3**S (pyrite) >
d**S (sphalerite) > 8**S (galena) (Table 2), indicating that
the various minerals in the ore-forming fluid reached S
isotope equilibrium. Because pyrite is the main sulfide, the
small proportions of other sulfides have minor effects on
the total sulfur signature of the hydrothermal fluids, and the
S isotope composition of pyrite thus approximately
represents the S isotope composition of the ore-forming
fluid (Zheng and Chen, 2000).

In this paper, the 3**S values of the pyrites range from
1.45 %o to 5.55 %o, and the 3**S values of Pyl (1.45 %o—
2.09 %o) are close to zero, similar to those of meteorite S
(043 %o). These values are obviously lower than those of
the metallogenic pyrites, indicating that the hydrothermal
fluids present during diagenesis were different from the
ore-forming fluids present during mineralization. Previous
studies have shown that the 3**S values of the whole-rock
Guishanyan Formation, the pyrite from the Guishanyan
Formation, and the whole-rock Laowan granite are 2.5 %o,
3.6 %0—4.3 %o, and 3.7 %o, respectively (He and Wang,
2005; Ding and Wang, 2014; Yang et al., 2014b; Chen
2017), which are similar to the 3**S values of the samples.
The &**S values of Pyl are similar to those of the whole-
rock Guishanyan Formation, indicating that its source of
sulfur may be consistent with the source of the protolith of
plagioclase amphibole schist. The 3**S values of Pyll,
which are lower than those of pyrites from the other two
stages of mineralization, are similar to the values of the
Guishanyan Formation, showing that its S is mainly
derived from strata. A mathematical mixing model is used
to process the S compositional data from the samples (Li,
2007) and shows that the S in the Laowan gold deposit was
derived from two sources: 41% from the Laowan granite,
and 59% from the Guishanyan Formation. Therefore, we
conclude that the S in the ore-forming fluids was derived
from both strata and the Laowan granite.

6.3 Pyrite genesis

The concentrations of Co and Ni in pyrite can reflect the
origin of the pyrite and the geological setting in which it
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was formed (Bralia et al., 1979; Cook et al., 2009). Nickel
can be easily incorporated into the pyrite crystal lattice via
isomorphous replacement of Fe and is not readily released
during the hydrothermal recrystallization (Huerta-Diaz and
Morse, 1992; Morse and Luther, 1999; Tribovillard et al.,
2006; Large et al., 2009; Koglin et al., 2010; Zhao et al.,
2011). Ultramafic and certain mafic rocks are typically
strongly enriched in Ni; in contrast, felsic rocks usually
contain low Ni concentrations. Consequently, the pyrite
grains from granite-related gold deposits are expected to
contain negligible Ni (Zhao et al., 2011). In the Laowan
gold deposit, the Ni concentrations are highest in Pyl,
demonstrating that in the diagenetic stage, the ore-forming
fluid was primarily derived from the Guishanyan Forma-
tion, which has relatively high Ni concentrations because
its protoliths were intermediate to basic volcanic rocks and
clastic rocks. The Ni concentrations of Pyll, Pylll, and
PyIV are obviously lower than those of Pyl, which may be
due to the ore-forming fluids originated from the Laowan
granite and meteoric water in the metallogenic stage. In
addition, PyIll and PyIV are intergrown with abundant
chalcopyrite and galena, indicating that the physicochem-
ical conditions and composition of the ore-forming fluid
changed considerably, and that more Cu and Pb had been
leached into the ore-forming fluid. Previous studies have
also shown that pyrites related to magmatic or volcanic
hydrothermal fluids have Co/Ni values > 1 and that their
concentrations of Co and Ni vary greatly. In contrast,
pyrites that underwent sedimentary genesis typically
exhibit Co/Ni values that are smaller than 1 with lower
concentrations of Co and Ni (Loftus-Hills and Solomon,
1967; Price, 1972; Bralia et al., 1979). Nonetheless, when
using the Co/Ni ratio to classify and discriminate, the
context of geological evidence should be considered
because numerous hydrothermal pyrites have Co/Ni ratios
less than 1.0 (Price, 1972; Bralia et al., 1979). The
concentrations of Co and Ni are highest in Pyl, with the
Co/Ni ratios ranging from 0.75 to 2.97, with an average of
1.42 (Table 1). However, the S isotope composition
(1.45 %o to 2.09 %o) of Pyl indicates that the S derived
from the Guishanyan Formation. So, we consider that Pyl
is metamorphic hydrothermal origin. The concentrations of
Co and Ni in Pyll are lower, with Co/Ni ratios ranging
from 0.10-1.03 (with an average of 0.46). However, the
Pyll formed in Stage I has positive 3**S values (ranging
from 3.10 to 4.21 %o, mean 3.55 %o), which are closely
associated with magmatic-hydrothermal activity. There-
fore, Pyll should be classified as magmatic in origin. The
concentration of invisible gold is highest in Pyll, which
corresponds to the initial Au enrichment stage. Compared
with Pyll, PyIll contains lower concentrations of Co and
Ni, with Co/Ni values ranging from 0.12 to 3.55 (with an
outlier of 19.07 and an average of 1.35). The range of Co/
Ni values increases, which is characteristic of the addition
of magmatic hydrothermal fluids (Table 1). The invisible
gold concentration decreased significantly, while the

concentration of visible gold increased, indicating that
the invisible gold in pyrite was extracted by the added
magmatic hydrothermal fluid and the resulting Au-bearing
fluid precipitated Au in the fissures in pyrite and cracks in
sulfides. Compared with other types of pyrites, PyIV has
lower Co and higher Ni concentrations, with Co/Ni ratios
of 0.01-0.54 (with an average of 0.13); the 3**S values of
PyIV (range from 3.87 %o to 4.12 %o) are closely associated
with magmatic hydrothermal activity. In this stage,
numerous other sulfide minerals formed, which may
have occurred because a larger amount of meteoric water
was added during this mineralization stage , and the
changes in temperature and pressure might have caused
more Cu, Zn, and Pb to precipitate from the ore-forming
fluid (Zhao et al., 2011; Hu et al., 2019). In addition, this
pyrite phase is especially enriched in microscale Au.

Due to the similar geochemical characteristics of Se and
S, Se can partially replace S in pyrite. This isomorphism is
much more favorable under conditions of endogenous
hydrothermal mineralization than it is under those of
exogenous deposition (Song, 1984; Song and Zhang,
1986). Previous studies have shown that the Se concentra-
tions of pyrites that form from sedimentogenesis are 0.5 X
107°-2 x 107° and that their S/Se ratios can reach up to tens
or hundreds of thousands. In contrast, the Se concentra-
tions of pyrites related to magmatic hydrothermal fluids are
greater than 20 x 107, and their S/Se values are smaller,
generally less than 15000 (Liu et al., 1984; Song, 1984;
Zhou et al., 2010; Xing et al., 2016). The Se concentrations
of the pyrites from the Laowan gold deposit are 0—42.0 x
10°¢ (with an average of 14.3 x 10 °°), yet most greater than
2 x 10°° The Se concentrations in Pyl, PyIl, PyIIl, and
PylVare 0-18.5 x 10°°,0-20.8 x 10°°,0-29.8 x 10°°, and
0-41.9 x 107, respectively. The Se contents of PyIIl and
PylV are higher than those of Pyl and Pyll. Therefore, we
suggest that the addition of magmatic hydrothermal fluid
may have occurred during the formation of pyrites.

6.4 Ore-forming process

To date, no reliable isotopic age has been obtained for the
metallogenic epoch of the Laowan gold deposit because no
suitable minerals have been observed. The Laowan deposit
is located in the south-central portion of the Qinling-Dabie
orogenic belt on the northern edge of the south China plate.
Therefore, we deduce that the formation of the Laowan
gold deposit was closely related to the structural evolution
of the north China and south China cratons. The garnet
amphibolite of the Guishanyan Formation yields an
amphibole Ar-Ar age of (401.4943.8) Ma, suggesting
that the Guishanyan Formation was involved in the
Caledonian to early Hercynian metamorphic thermal
event (Liu et al., 1993). Zhai et al. (1998) also obtained
an amphibole Ar-Ar age of (404+4) Ma for the Xinyang
and Qinlin Groups. Therefore, 400408 Ma was the peak
metamorphic period in this region. During this time, the
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amphibolite and Pyl formed. Large-scale magmatic
intrusions occurred in the study area in the Yanshanian,
forming the Laowan granite ((132.54+2.4) Ma; Liu et al.,
2008a) and the Liangwan granite ((132.5+2.3) Ma; Jiang
et al., 2009). The mineralization time of the Laowan gold
deposit obtained by *°Ar-**’Ar age of hydrothermal
muscovite included in ore veins is (138+2) Ma (Zhang
et al., 2008a). The spatial and temporal associations
between the Laowan granite and Laowan gold deposit led
to speculation that gold mineralization was temporally and
genetically related to granite magmatism (Xie et al., 2000;
Zhang et al., 2008a; Yang et al., 2015). Pyll formed in the
initial stage of gold mineralization, with minor gold
minerals. Pylll, which contains micron-scale visible gold
and less invisible gold, formed during this stage from a
mixture of meteoric and magmatic hydrothermal fluids. Its
S isotopes also indicate a mixture of magmatic and strata
sulfur. The involvement of meteoric water led to the third
stage of mineralization in the Laowan gold deposit. PylV,
which contains the highest visible gold content, exhibits
the characteristics of magmatic pyrite which was pre-
cipitated from an ore-forming fluid derived from a mixture
of meteoric and magmatic water.

Previous studies have suggested that the Guishanyan
Formation is generally gold-bearing. The Au and Ag
concentrations of its two-mica quartz schist and plagio-
clase amphibole schist are 0.08 x 107° and 0.08 x 107° and
2.14 x 10° and 2.2 x 107, respectively. Note that the
Laowan granite and its associated dike rocks have no Au or
Ag and that gold and silver are only present where they
have intruded schists (Ding and Wang, 2014). The S, H,
and O isotope data show that the S isotopes in the pyrites
that formed during the three stages of mineralization were
derived from strata and the Laowan granite. Their ore-
forming fluids were primarily derived from magma during
the early stage of mineralization. Meteoric water was
added later. Therefore, these data suggest the following
possible mineralization process: when the Laowan granite
intruded the strata, the magmatic fluid reacted with the wall
rock and extracted Au and Ag. Pyll, which has a highly
invisible gold concentration, was formed during this stage.
With the evolution of the mineralization process, the
magmatic water reacted with the early minerals and
extracted the invisible gold from Pyll, which facilitated
the further enrichment of Au in the fluid. During the
migration of Au-bearing fluid, a small amount of meteoric
water was added, which changed the temperature and
pressure of the ore-forming fluid. The changed physico-
chemical conditions might have caused Au to precipitate in
the fissures and cracks of PylIl. In mineralization Stage IlI,
more meteoric water was added. The changes in
temperature and pressure might have caused more Cu,
Zn, and Pb to precipitate from the ore-forming fluid (Zhao
et al., 2011; Hu et al., 2019). During this stage, more
visible gold precipitated in the fissures and cracks of PyIV
and other sulfides, such as chalcopyrite, sphalerite, and

galena. At the end of the metallogenic stage, a large
amount of meteoric water was added, which further
decreased the ore-forming temperature and formed the
gold-free pyrite PyV. Thus, we conclude that the Laowan
gold deposit is related to the magmatic hydrothermal fluid.

7 Conclusions

Pyrite is widely developed in the study area and can be
divided into five generations: one that formed during the
metamorphic-diagenetic epoch (Pyl) and four that formed
during the metallogenic epoch (Pyll, Pylll, PylV, and
PyV). Pyl contains almost no Au, indicating that no gold
mineralization occurred during the diagenetic epoch. In the
mineralization stages, Au and Ag are present as visible
native gold and electrum, some of which also occur as an
invisible solid solution or nanoparticles in the pyrite crystal
lattice. Furthermore, the positive correlations between Ag
and Pb and Sb and Bi demonstrate that Ag may occur as S-
Sb compounds (e.g., argyrythrose) in galena.

The H and O isotope data show that the ore-forming
fluids of the Laowan gold deposit exhibit the character-
istics of mixing between magmatic water and meteoric
water. In Stage I, the ore-forming fluids were mainly
derived from magma. In Stages II and III, some meteoric
water was added to these fluids. In Stage IV, the ore-
forming fluid was primarily composed of meteoric water.
The S isotopes of pyrites indicate that the hydrothermal
fluids present during diagenesis were different from those
present during mineralization and the sulfur was derived
from both the Guishanyan Formation and the Laowan
granite.

The observed Co/Ni values and Se concentrations
indicate that Pyl in the metamorphic-diagenetic stage
mainly reflects metamorphic sedimentary genesis. The
pyrites in the ore-forming stages mostly reflect hydro-
thermal genesis implying that magmatic water was added
during their formation. Thus, we conclude that the Laowan
gold deposit is related to the magmatic hydrothermal fluid.
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