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Abstract The Huxu Au-dominated polymetallic deposit is
a hydrothermal deposit located in the Dongxiang volcanic
basin in the middle section of the Gan-Hang tectonic belt
in South China. The orebodies primarily occur within the
Jurassic-Cretaceous quartz diorite porphyry, while the gen-
esis of this deposit is unclear. This study focused on geologi-
cal and mineralogical characteristics, in-situ trace elements
and S-Pb isotopes of three generations of pyrite of the Huxu
deposit to clarify the distribution of trace elements in pyrite,
ore-forming fluid and material sources, and genetic types of
the deposit. The mineralization stage of the deposit can be
divided into quartz-pyrite stage (S1), quartz-pyrite-hema-
tite stage (S2), quartz-polymetallic sulfide stage (S3) and
quartz-hematite stage (S4), with the corresponding pyrite
being divided into three generations (Py1-Py3). in-situ trace
element data of pyrite show that Au in pyrite mainly exists
in the form of solid solution (Au™), and the content is rela-
tively low at all stages (0.18 ppm for Py1, 0.32 ppm for Py2,
0.68 ppm for Py3), while Pb and Zn mainly exist as sulfide
inclusions in the pyrite. S-Pb isotopes show that the sulfur
and ore-forming material of this deposit are mainly sourced
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from magma. The mineral association, mineral textures and
trace elements in different stages of pyrite indicate that fluid
boiling and fluid mixing are the key factors of native gold
precipitation in S2 and S4, respectively, while water-rock
interaction controlled the precipitation of Pb-Zn sulfides.
These integrating with geological characteristics suggests
that the deposit should be an intermediate sulfidation epi-
thermal deposit.

Keywords Au-dominated - Polymetallic deposit -
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1 Introduction

Epithermal gold deposits are among the most important
in the world, and > 6000 tons of gold resources 2018from
epithermal systems have been proven (Zhong et al. 2017).
They are widely distributed globally and also provide sub-
stantial amounts of silver, and some lead and zinc, hold-
ing significant economic value and research importance
(Song et al. 2018). These deposits typically form at depths
< 1.5 km, temperatures between 150 and 320 °C and pres-
sures between 10 and 50 MPa. Epithermal deposits are cat-
egorized into three types: high sulfidation (HS), intermediate
sulfidation (IS) and low sulfidation (LS) epithermal deposits.
Compared to the other two types, research on intermediate
sulfidation epithermal deposits is still relatively scarce, and
the ore-forming mechanism of this type of deposit remains
controversial (Yilmaz et al. 2010; Mehrabi and Siani 2012;
Kouhestani et al. 2015; Song et al. 2018).

The Huxu Au-dominated polymetallic deposit is located
in the middle section of the Gan-Hang tectonic belt (GHTB),
where Jurassic-Cretaceous igneous rocks are widespread
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(Fig. 1a). Many large to super-large porphyry or epither-
mal deposits have been uncovered in the eastern area of the
GHTB, such as the Dexing porphyry Cu-Mo-Au deposits
and the Yinshan epithermal Ag-Pb-Zn-Cu deposit, with
most dating back to the Jurassic period (Mao et al. 2021).
However, in the middle section of the GHTB, only a few
medium-small hydrothermal deposits or occurrences have
been uncovered in the Jurassic-Cretaceous volcanic basins.
Among these basins, the Dongxiang volcanic basin, as a typ-
ical example, has several hydrothermal polymetallic depos-
its, including the Dongxiang copper deposit in the north (Cai
etal. 2011, 2016; Ouyang 2015) and the Au-dominated poly-
metallic deposit (Au-Pb-Zn) (Liu et al. 1995; Wang et al.
1998), Huxingshan and Yinjianfeng gold deposits in the
central part. At present, less attention has been paid to these
medium-small hydrothermal deposits or occurrences. The
genesis of these deposits, the difference in the mineralization
processes between these deposits and the large deposits in
the eastern area of the GHTB and whether there is potential
for large hydrothermal deposits in this area are still unclear.

In this contribution, we focus on the Huxu gold polym-
etallic deposit in the Dongxiang volcanic basin. Detailed
geological and petrography-mineralogy studies and in-situ
trace element and S-Pb isotope analysis of sulfide have
been carried out on this deposit to better understand min-
eralization process of the Huxu Au-dominated polymetallic
deposit. The genetic type of this deposit is also discussed.
The conclusions will provide insight to the regional metal-
logeny and the deployment strategies of prospecting work.

2 Regional geology

The GHTB is a significant polymetallic metallogenic belt
in South China. It is also a collision suture zone between
the Yangtze and Cathaysian Blocks, formed in the Late Pro-
terozoic (Li et al. 2004; Sun et al. 2008; Mao et al. 2011).
Since then, although the regional Caledonian and Indosinian
orogenies have occurred, the GHTB has not been activated
significantly as evidenced by the scarcity of the related mag-
matic rocks (Li and Li 2007). During the Jurassic-Creta-
ceous, due to the subduction and/or retreat of the Pacific
plate, magmatic activities prevailed in the GHTB and thus
resulted in the widespread volcanic and subvolcanic rocks
in this area. This intense tectonic-magmatic event facilitated
polymetallic mineralization, resulting in the formation of
numerous hydrothermal metal deposits in the GHTB and
adjacent areas (Mao et al. 2011; Hu et al. 2016).

The Dongxiang volcanic basin is one of the many vol-
canic basins in the middle section of GHTB. The basement
of this basin is the Middle Proterozoic Shuanggiaoshan
Group, and it is mainly composed of quartzite, mica schist,
phyllite, metasiltstone, glutenite and sedimentary tuff. The
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main covers are Jurassic-Cretaceous rocks, including domi-
nant medium-acid volcanic rocks (dacite, andesite) and
pyroclastic rocks (tuff, agglomerate, etc.) of multiple erup-
tive cycles and secondary terrigenous clastic sedimentary
rocks in the northwestern part of the basin (Fig. 1b). Minor
coeval intrusive rocks are present in the basin, predomi-
nantly composed of intermediate acid subvolcanic intrusive
rocks, such as diorite, dacite and andesite porphyry. These
Late Jurassic to Early Cretaceous igneous rocks were dated
at 149-124 Ma (Yang 2015), coeval with the igneous rocks
in the adjacent Xiangshan (Yang et al. 2011), Shengyuan,
Huanggangshan (Qin 2014) and Tianhuashan volcanic
basins (Su et al. 2013). Most of these rocks are believed to
have formed in an extensional environment caused by the
retreat of Pacific subduction plates during the Late Juras-
sic to Early Cretaceous (Shu et al. 2017). The main struc-
tures in the Dongxiang volcanic basin include faults, folds
and volcano-related structures, with fault structures being
the most developed. Most of the faults are intruded by sub-
volcanic rocks and exhibit partial alteration, serving as the
primary rock- and ore-controlling structures in the region
(Wang et al. 1998; Yan et al. 2012a, b; Yang 2015).

3 Ore deposit geology

The Huxu Au-dominated polymetallic deposit is located
in the north of the Dongxiang volcanic basin (Fig. 1b).
The strata in this deposit are mainly the Late Cretaceous
Hekou Formation and Early Cretaceous Daguding Forma-
tion (Fig. 1c). The Hekou Formation is mainly composed
of red sandstone, calcareous sandstone and sandy conglom-
erate, primarily distributed in the northwestern part of the
mining area. The Daguding Formation is mainly composed
of rhyolitic and dacitic ignimbrite and a small amount of
andesite. According to the lithology of the formation, the
Daguding Formation can be divided into upper and lower
sections. The lower section is dominated by stratified dacite,
which is mainly distributed in the central and southern part
of the mining area, while the upper section is dominated
by tuffaceous mudstone, siltstone and sandstone, primarily
distributed in the northern part of the mining area. The intru-
sive rocks in the mining area are mainly the late Yanshanian
quartz diorite porphyry, distributed in the southeast of the
mining area. This quartz diorite porphyry, spatially con-
strained by volcanic structure and influenced by the F13 fault
in the northwest area of the mining area, exhibits wavy-like
contacts with other strata (Fig. 1c) (Wang et al. 1998; Yan
et al. 2012a, b; Wan et al. 2020). The faults in the mining
area are prevailing, and there are divided into two groups,
namely NE- and NW-trending faults. The NW-trending fault
(F13 fault, Fig. 1c) in the north of the mining area is charac-
terized by filled fracturing rocks and shows characteristics of
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Fig. 1 a Sketch geological map of the Gan-Hang tectonic belt (modified after Yu et al. 2006); b geological map of the Dongxiang volcanic
basin (modified after Yan et al. 2012a, b); ¢ geological map of the Huxu Au-dominated polymetallic deposit (modified after Zhou et al. 2019)
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multiple activities (Wang et al. 1998). Several NW-trending
faults are located to the southeast side of F13 and are the
main ore-bearing faults.

The Huxu Au-dominated polymetallic deposit is com-
posed of three ore blocks, namely, Huxu, Chaigulong and
Shangguan (Fig. 1c). The ore bodies primarily occurred in
the southwest of the Saiyangguan quartz diorite porphyry
and locally in the volcanic clastic rocks (Fig. 1c). The ore
in the mining area is mainly divided into two types: quartz-
sulfide type and quartz-hematite type. The gold in the
quartz-sulfide type is mainly in the form of invisible gold,
with minor amounts in the form of visible gold, while in the
quartz-hematite type ore, it is mainly in the form of visible
gold (Wang et al. 1998) and primarily exists in the quartz
fissure and its interior. Massive, vein-like, miarolitic, brec-
cia and druse-like ores can be observed in the Huxu deposit
(Fig. 2). The minerals in these ores mainly show euhedral-
subhedral granular, anhedral granular and metasomatic
textures. Various minerals occur in the Huxu deposit; the

main metal minerals include natural gold, pyrite, galena,
sphalerite, chalcopyrite, hematite and a very small amount
of molybdenite. Non-metallic minerals primarily consist of
quartz, with minor amounts of ankerite, calcite, muscovite or
sericite, apatite and fluorite. Commonly, sulfide contents in
the quartz-sulfide type ores of the Huxu deposit are < 20%.

The wall rocks in the study area have suffered relatively
strong alteration under the influence of mineralization; the
main alteration types are silicification, hematitization, seric-
itization, chloritization, carbonatization and pyritization
(Fig. 3), among which silicification and gold mineralization
are closely related (Wang et al. 1998).

According to the ore structure and mineral metasoma-
tism characteristics, the mineralization of the deposit can
be divided into four stages (Fig. 4). The first stage is the
quartz-pyrite stage (S1). The primary minerals in this stage
consist of quartz and pyrite (Pyl), with the pyrite display-
ing a relatively clean appearance and exhibiting a euhe-
dral-subhedral texture (Fig. 5a-g). The second stage is the
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Fig. 2 Ore structural characteristics of the Huxu Au-dominated polymetallic deposit. a Quartz-pyrite vein cutting through the surrounding rock;
b quartz-polymetallic sulfide veins; ¢ quartz, chalcedony and large quantities of hematite; d quartz geodes; e carbonate cluster with euhedral
sulfides on their surfaces; f brecciated porphyry cemented by quartz-pyrite-carbonate mineral; g brecciated porphyry cemented by quartz vein; h
quartz-pyrite vein cutting through porphyry; i quartz druse. Qtz, quartz, Py, pyrite, Hm, hematite
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Fig. 3 Alteration characteristics of the Huxu gold polymetallic deposit. a Quartz-pyrite vein cutting through the surrounding rock; b slice posi-
tion; ¢ quartz-polymetallic sulfide slice; d carbonatization; e sericitization and chloritization; f pyritization and chloritization; g kaolinization and
chloritization; h silicification; i hematitization. Py, pyrite, Qtz, quartz, Hm; hematite; Cal, calcite; Ser, sericite; Chl, chlorite
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Fig. 5 Mineral composition of the Huxu Au-dominated polymetallic deposit. Py, pyrite; Ccp, chalcopyrite; Gn, Galena; Qtz, quartz; Hm, hema-

tite; Cal, calcite

quartz-hematite-pyrite stage (S2). Hematite in this stage
is needle-like and occurs as inclusion in the pyrite (Py2).
Small amounts of sphalerite, chalcopyrite and silicate min-
eral inclusions in the pyrite can also be observed in this stage
(Fig. 5a-h). The third stage is the quartz-polymetallic sulfide
stage (S3), in which pyrite, sphalerite, galena and chalcopy-
rite can be easily observed. Pyrite (Py3) in this stage is rela-
tively pure and can either grow along the edges of Py2 or in
the form of euhedral crystals (Fig. Sb, ¢). A small amount of
calcite can also be observed in this stage (Fig. 51). The fourth
stage is quartz-hematite stage (S4), in which no sulfide is
found. The quartz grains from this stage are porous, with
some quartz in the form of cryptocrystalline chalcedony.

4 Samples and analytical methods
Before the compositional analysis, the samples were pho-
tographed and observed in detail, and then representative

samples were selected to make polished slices. The struc-
tures, textures and mineral compositions of the ores were
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determined based on macroscopic and microscopic observa-
tion, and representative mineral grains were selected. The
backscattering and energy spectrum analyses were carried
out by scanning electron microscopy (ZEISS Sigma 300VP)
in the State Key Laboratory of Nuclear Resources and Envi-
ronment, of East China University of Technology to further
determine the inclusions and altered minerals for further
analysis.

4.1 In-situ trace element analysis

Trace element analysis of sulfide was conducted using LA-
ICP-MS at the Wuhan Sample Solution Analytical Technol-
ogy Co., Ltd., Wuhan, China, and Nanjing FocuMS Tech-
nology Co. Ltd., Nanjing, China. The experiment in Wuhan
laboratory used the Geolaspro laser ablation system, which
was equipped with COMPexPro 102 ArF excimer laser
(wavelength of 193 nm, maximum energy 200 MJ) and a
MicroLas optical system, while the experiment in Nanjing
laboratory used the combination of Teledyne Cetac Tech-
nologies Analyte Excite laser-ablation system (Bozeman,
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Montana, USA) and Agilent Technologies 7700 X quadru-
pole ICP-MS (Hachioji, Tokyo, Japan). The spot size of
the laser is 40 pm, and the frequency is 5 Hz. Helium is
used as the carrier gas and argon as the compensation gas.
It is mixed with the carrier gas through the T-connector and
enters the ICP. The laser ablation system in Wuhan labora-
tory includes a "wire" signal smoothing device (Hu et al
2015). During the analysis process, each sample has about
20-30 s of background acquisition before analysis followed
by 50 s of sample data acquisition. Each acquisition in Nan-
jing laboratory includes 20 s of background (gas blank) and
then 40 s of sample acquisition with a spot diameter of 40
um and a repetition rate of 5 Hz. In addition, both experi-
ments used USGS polymetallic sulfide press sheet MASS-1
as an unknown sample to verify the accuracy of the calibra-
tion method. An external calibration using synthetic basalt
glass GSE-1G was also used in conjunction with the Nanjing
laboratory. In terms of data analysis software, the experi-
ment in Wuhan laboratory uses ICP-MS Data Cal software
based on Excel to perform offline selection and integration
of background and analysis signals, time-drift correction
and quantitative calibration of trace element analysis (Liu
et al. 2008), and the operating conditions, instrument con-
figuration and data reduction methods are the same as those
described by Zong et al. (2017).

4.2 In-situ S-Pb isotope analysis

Sulfur isotopic ratios of sulfides (pyrite) were conducted
by LA-MC-ICP-MS at Nanjing FocuMS Technology Co.,
Ltd. Teledyne Cetac Technologies Analyte Excite laser-
ablation system (Bozeman, MT, USA) and Nu Instruments
Nu Plasma II MC-ICP-MS (Wrexham, Wales, UK) were
combined for the experiments. Adjustable source slit of Nu
Plasma II was set to 50 pum width to achieve pseudo-reso-
lution resolving power (5%—95%) > 8000, and the magnet
was set to left edge of peak (interference-free shoulder). The
193-nm ArF excimer laser, homogenized by a set of beam
delivery systems, was focused on the surface with fluence
of 2.5 J/em?. Each acquisition incorporated 30 s background
(gas blank) followed by spot diameter of 35 um at 5 Hz rep-
etition rate for 40 s. Helium (800 ml/min) was applied as
carrier gas to efficiently transport aerosol out of the ablation
cell and was mixed with argon (~ 0.8 I/min) via T-connector
before entering ICP torch. Integration time of Nu Plasma
IT was set to 0.3 s (equating to 115 cycles during the 35 s).
Natural Wenshan pyrite (§**S = +1.1% V-CDT) was used as
external bracketing standard every fourth analysis. Pressed
powder pellets of pyrite GBW07267 and chalcopyrite GBW-
07268 (8**S = +3.6%, — 0.1%, respectively, from National
Research Center for Geoanalysis, China) and fine-grained
sphalerite SRM 123(6345 = +17.5%, from National Institute
of Standards and Technology, USA) were treated as quality

control. The long-term reproducibility of 8°*S is better than
0.5% (1 SD).

In-situ lead isotope analyses of sulfide (pyrite) were per-
formed on a Neptune Plus MC-ICP-MS (Thermo Fisher
Scientific, Bremen, Germany) equipped with a Geolas HD
excimer ArF laser ablation system (Coherent, Gottingen,
Germany) at the Wuhan Sample Solution Analytical Tech-
nology Co., Ltd., Hubei, China. In the laser ablation sys-
tem, helium was used as the carrier gas for the ablation cell
and was mixed with argon (makeup gas) after the ablation
cell. The spot diameter ranged from 44 to 90 pm dependent
on Pb signal intensity. The pulse frequency was from 4 to
10 Hz, but the laser fluence was kept constant at~5 J/cm?.
A new signal-smoothing and mercury-removing device was
used downstream from the sample cell to efficiently elimi-
nate the short-term variation of the signal and remove the
mercury from the background and sample aerosol particles
(Hu et al. 2015). The Neptune Plus was equipped with nine
Faraday cups fitted with 1011Q resistors. Isotopes 2®Pb,
207py, 206pp, 204py, 2OSTI, 20371 and 202Hg were collected in
Faraday cups using static mode. The mass discrimination
actor for Pb was determined using a T1 solution nebulized
at the same time as the sample, using an Aridus II desolvat-
ing nebulizer. The mass fractionation of Pb isotopes was
corrected by 2°°T1/2%*T1 with the exponential law. Note that
the optimized values of 20571/293T1, which were calibrated
by measuring two Pb isotope standards, MASS-1 (USGS)
and Sph-HYLM (sphalerite, in-house standard), replaced
the natural TI isotopic composition for the mass fractiona-
tion correction of Pb isotopes. The 2°*Hg signal was used
to correct the remaining 2**Hg interference on 2**Pb, using
the natural 2?Hg/***Hg ratio (0.2301). In addition, the mass
fractionation of 2**Hg/?*?Hg was corrected by the 2°5T1/2T1
normalization. In this case, we assumed identical mass frac-
tionation factors for 2**Hg/***Hg and *>T1/**T1. Sph-HYLM
was used to monitor the precision and accuracy of the meas-
urements after ten sample analyses over the entire period of
analysis. The obtained accuracy is estimated to be > +0.2%
for 298Pb/2%Pb, 297Pb/2%Pb and 2°°Pb/***Pb compared to the
solution value by MC-ICP-MS with a typical precision of
0.4% (20). More detail of the in-situ Pb isotopic ratios analy-
sis was described in Zhang et al. (2016). All data reduction
for the MC-ICP-MS analysis of Pb isotope ratios was con-
ducted using “Iso-Compass” software (Zhang et al. 2020).

5 Results

Three generations of pyrite from the Huxu Au-dominated
polymetallic deposit have been identified: Pyl in stage 1,
Py2 in stage 2 and Py3 in stage 3. In total, 94 spot analyses
were performed using LA-ICP-MS to examine trace ele-
ments in pyrite (Pyl =33, Py2=37, Py3 =24). Additionally,
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30 spot analyses were conducted with LA-MC-ICP-MS to
study sulfur isotopes in pyrite (Pyl =7, Py2=11, Py3=12),
while ten more spot analyses were carried out for lead iso-
topes using LA-MC-ICP-MS in pyrite (Pyl =1, Py2=6,
Py3=3).

5.1 Trace elements of pyrite

The trace element compositions of pyrite of different stages
(Py1-Py3) are listed in supplementary Table 1 and shown
in Fig. 6. Pyrite from different generations shows significant
variation in trace element compositions.

A variety of trace elements can be detected in Pyl. In
comparison to Py2 and Py3, these pyrites exhibit the high-
est concentrations of Cu (average 410.04 ppm) and Ni
(average 15.01 ppm) but relatively lower concentrations
of Au (average 0.18 ppm), As (average 316.70 ppm), Ag
(average 8.64 ppm), Pb (average 581.31 ppm), Zn (aver-
age 82.96 ppm), Bi (average 55.80 ppm) and Co (average
75.74 ppm).

Py2 has the highest concentrations of As (aver-
age 470.89 ppm), Ag (average 25.49 ppm), Pb (aver-
age 3650.98 ppm), Zn (average 312.15 ppm), Bi (aver-
age 92.58 ppm), Co (average 148.60 ppm), W (average
27.27 ppm) and Al (average 103.31 ppm). These pyrites
have lower concentrations of Cu (average 283.35 ppm) and
Ni (average 1.46 ppm) and higher concentrations of Au
(average 0.32 ppm) than Py1.

Py3 has the highest concentrations of Au (average
0.68 ppm). However, it has lower concentrations of other
elements compared to Py2. The concentrations of Sb, Ni, W,
Sc, V, Ti and U in Py3 are extremely low (average <5 ppm).

The concentrations of Ag, Pb, Zn, Bi, Co, U and Sc
initially increased and then decreased from early to late
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Fig. 6 Box plots for trace elements in pyrite from the Huxu Au-dom-
inated polymetallic deposit (ppm)

@ Springer

(Pyl — Py2 — Py3). Similarly, As, Al, W, Ti and V also
displayed a trend of increasing and then decreasing, but
with concentrations of these elements of Py3 slightly higher
than those of Pyl (Fig. 6). The concentrations of Cu and Ni
decreased gradually, whereas those of Au and Sb increased
gradually. Notably, an increase in the concentration of Au
was accompanied by a high concentration of As (Fig. 7).

5.2 In-situ S-Pb isotope

In-situ sulfur and lead isotope values of pyrite from the
Huxu Au-dominated polymetallic deposit are presented in
Tables 1 and 2, respectively. In-situ 83*S values of pyrite
from different generations are similar, with those of Pyl
ranging from — 0.7% to+3.2%, Py2 from — 1.5% to 4.2%
and Py3 from — 0.3% to+4.3%. As a whole, the 5**S val-
ues of these pyrites show a narrow range from — 1.5%
to+4.3%, with an average value of 1.72%, closely approxi-
mating zero. In-situ lead isotope ratios of pyrites in the
deposit display 2°Pb/?**Pb values ranging from 38.462 to
38.684, 207Pb/?*Pb values ranging from 15.579 to 15.768
and 2%°Pb/***Pb values ranging from 18.037 to 18.241.

6 Discussion
6.1 Trace element distributions in pyrite

Pyrite, as the most common product in hydrothermal activi-
ties, often contains Au, Ag, Pb, Zn, Cu, Co, Ni, As, Sb, Se,
Te, Bi and other trace elements (Bi et al. 2004; Gong et al.
2011; Wang et al. 2021; Zhang et al. 2022). These trace ele-
ments exist in different forms, including (1) invisible solid
solutions within the pyrite lattice, (2) invisible mineral nano-
particles and (3) visible micrometer-scale mineral inclusions
(Zhang et al. 2022).

Co, Ni and As are always occur as solid solutions in
pyrite (Fan et al. 2018; Zhang et al. 2022).

The trace element maps show that the distribution of
their content is relatively uniform (Fig. 7). Additionally,
the flat patterns of the LA-ICP-MS time-resolved signal
spectra of As, Co, Ni and their consistent spectral patterns
to those of Fe and S suggest that these elements probably
occur as solid solutions in the pyrite crystal lattice in the
Huxu deposit (Fig. 8a) (Fan et al. 2018; Zhang et al. 2022).
In the trace element maps, the high-content areas of Cu,
Pb and Zn elements are spatially overlapped with sulfide
inclusions in pyrite (Fig. 7), indicating distribution of these
elements is mainly controlled by mineral inclusions, such
as chalcopyrite, galena and sphalerite. In the time-resolved
spectrograms, sharp peaks of signals for these elements can
be observed (Fig. 8b, c), further supporting their presence
in the form of mineral inclusions in pyrite. In the Huxu
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Table 1 In-situ isotopic compositions of pyrite from the Huxu Au-
dominated polymetallic deposit

No. Stage 5**Sv_ cpr 2SE
CHXOla-1-04 1 -0.1 0.3
CHXO0la-1-05 1 -02 0.3
CHXO01a-3-06 1 -07 0.3
CHXO01a-3-07 1 0.2 0.3
CHXO0lc-2-14 1 2.5 0.2
CHXO0la-1-01 2 -05 0.2
CHXO01a-1-02 2 0.6 0.3
CHXO01a-1-03 2 0.0 0.3
CHXO0la-3-12 2 -15 0.3
CHXO01a-3-13 2 0.4 0.3
CHXO0lc-2-15 2 4.0 0.3
CHXO0lc-2-16 2 4.2 0.2
CHXO01c-4-23 2 2.5 0.2
CHXOlc-1-28 2 4.1 0.3
CHXOlc-1-29 2 2.8 0.3
CHXO01¢-1-30 2 2.5 0.3
CHXO01a-3-08 3 1.6 0.3
CHXO01a-3-09 3 -03 0.3
CHXO01a-3-10 3 0.8 0.3
CHXO0la-3-11 3 1.2 0.2
CHXO01c-2-17 3 4.3 0.3
CHXO01c-2-18 3 3.8 0.2
CHXO01c-2-19 3 2.0 0.2
CHXO01¢-3-20 3 1.8 0.2
CHXO0lc-3-21 3 2.9 0.3
CHXO01¢-3-22 3 2.3 0.2
CHXOlc-4-24 3 3.2 0.2
CHXO01c-4-25 3 2.4 0.2

Table 2 [n-situ Pb isotopic data of pyrite from the Huxu Au-domi-
nated polymetallic deposit

No. Stage  2%Pb/™Pb  2Pb/%Pb  209Pb/2%Pb
CHXO0l1a-04 1 38.580 15.614 18.183
CHX01a-08 2 38.574 15.613 18.183
CHX01a-09 2 38.590 15.617 18.187
CHX01a-10 2 38.592 15.618 18.191
CHXO0la-11 2 38.591 15.621 18.196
CHXO0la-24 2 38.568 15.611 18.186
CHX0la-27 2 38.574 15.611 18.188
CHX01a-20 3 38.462 15.579 18.163
CHX0l1a-23 3 38.625 15.631 18.208
CHX0la-33 3 38.684 15.654 18.241

Au-dominated polymetallic deposit, there are clear positive
correlations among Ag, Bi and Sb with Pb (Fig. 9a, b). In
the time-resolved spectrogram, an identical trend could be
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observed for Ag, Bi, Sb and Pb (Fig. 8b, c). These collec-
tively suggest that Ag, Bi and Sb predominantly exist as
solid solutions within galena inclusions in pyrite (Shannon
1976; Cook et al. 1998; Wang et al. 2021).

Gold could occur as solid solution (Au*) or gold-bearing
mineral inclusions (such as native gold, gold-bearing tel-
luride, etc.) in pyrite (Tauson 1999; Reich et al. 2005; Li
et al. 2010). In the Huxu Au-dominated polymetallic deposit,
there is no correlation between Au and Te (Fig. 9¢), and no
telluride inclusions are found under the microscope. There-
fore, Au in pyrite should not exist in the form of gold-bear-
ing telluride. It is contended that the presence of gold (Au)
in pyrite crystal lattice is intricately controlled by the exist-
ence of arsenic (As) within the pyrite, since the introduction
of As into pyrite would result in the distortion of its octa-
hedral structure, consequently facilitating the incorporation
of gold into pyrite crystal lattice (Reich et al. 2005). In the
Huxu Au-dominated polymetallic deposit, there is a positive
correlation between Au and As, and the Au content is lower
than the maximum solubility of gold in pyrite (Fig. 9d). In
the LA-ICP-MS time-resolved spectrogram, the profile of
Au shows no peak signals caused by gold-bearing inclusions
(Fig. 8d). Therefore, we believe that the invisible gold in the
Huxu Au-dominated polymetallic deposit mainly exists in
the form of solid solution (Au%) in the pyrite lattice.

6.2 Fluid and metal sources
6.2.1 Fluid source

The S isotopes in sulfide serve as an indicator of the sulfur
source in the fluid and, consequently, indirectly reveals the
origin of the fluid. Previous studies have demonstrated that
the average sulfur isotope value of sulfides can serve as a
rough estimation of sulfur isotope compositions of the ore-
bearing hydrothermal solutions, especially when no sulfates
are present (Ohmoto 1972). Different sources commonly
exhibit distinct isotopic compositions. Commonly, fluids
derived from seawater or marine sedimentary strata show
notable positive 5>*S values; those from organic materials
show obvious negative 8%S values, while those from mantle
show near-zero &°*S values (Ohmoto 1986).

In the Huxu Au-dominated polymetallic deposit, the
ores are mainly composed of pyrite, chalcopyrite, galena
and sphalerite and are devoid of any sulfate. Thus, the sul-
fur isotopic composition of the sulfide could generally rep-
resent the sulfur isotopic composition of the fluid. In the
frequency histogram of &°*S, §3*S of pyrites from differ-
ent stages all exhibits a relatively similar small range, with
an overall range from —2% to 5%. This suggests that the
sulfur and by inference the fluid in each stage have a simi-
lar source. The limited range of 5>*S values and near-zero
average 5°*S values suggest that the sulfur involved in ore
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formation, and consequently the associated fluid, is unlikely
to originate from sedimentary rocks. Instead, they are more
likely derived from a magmatic source. Furthermore, the
84S values of pyrite in the Huxu Au-dominated polymetal-
lic deposit are highly similar to those of sulfides in nearby
magmatic-hydrothermal deposits such as the Dexing por-
phyry deposit (— 4%-3.1%; Zhou et al. 2012), Dongxiang
deposit (0.3%—1.6%; Cai et al. 2016) and Yinshan deposit
(1.7%-3.2%; Wang et al. 2013) (Fig. 10). This further con-
firms that sulfur and by inference the ore-forming fluid of
the Huxu Au-dominated polymetallic deposit should be from
magma.

The H-O isotopic composition serves as a reliable tracer
for fluid origin. Here, we also compiled H-O isotope data
published to further constrain the fluid sources of the Huxu
Au-dominated polymetallic deposit. The H-O data for fluid
inclusions enclosed in quartz from the Huxu Au-dominated
polymetallic deposit are illustrated in Fig. 11. The 8D values

range from —70.1 to —84.4, and the 5'%0 values range from
0.1 to 1.8, demonstrating generally low 8D and §'30 values
(Wang et al. 1998). In the covariation diagram of 8D and
5'80 (Fig. 11), the data concentrate below the magmatic
water region, trending closer to the evolution line of mete-
oric water. This suggests that the ore-forming hydrothermal
fluid may have multiple sources, predominantly consisting of
magmatic water with minor meteoric water involved.

6.2.2 Metal source

The pyrites from the Huxu Au-dominated polymetallic
deposit exhibit average 2°Pb/?**Pb of 38.556, 2O"Pb/***Pb
of 15.667 and 2°°Pb/***Pb of 18.173. These pyrites have
uniform radiogenic Pb isotopic compositions, indicating
that the metals in all stages should have a similar source.
The lead isotopic compositions of pyrite from the Huxu
Au-dominated polymetallic deposit closely resemble those
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of the magmatic-hydrothermal Yinshan deposit in the
adjacent area, indicating a shared source for their metals
(Fig. 12). Considering the metals of the Yinshan deposit
are believed to originate from magma (Wang et al. 2013),
we contend the metals of the Huxu Au-dominated poly-
metallic deposit also have a magmatic origin. In addition,
the lead isotope ratios of the pyrite from the Huxu Au-
dominated polymetallic deposit are almost consistent with
those of the Yanshanian trachyandesitic rocks in the adja-
cent Shengyuan Basin (Shu et al. 2017) and Yanshanian
granodiorite porphyry in the Dongxiang deposit (Fig. 12)
(Ouyang 2015) but markedly different from those of the
Shuangqiaoshan formation. This further suggests that lead
and other metals (e.g., Au, Cu and Zn) of the Huxu Au-
dominated polymetallic deposit likely originated from the
Yanshanian magma.

@ Springer

6.3 Metal precipitation mechanism

Metals (Au, Pb, Zn, etc.) usually exist in the form of com-
plexes during the migration and deposition processes. Au is
generally complexed with HS™, while Pb and Zn are mostly
complexed with CI™ under typical hydrothermal conditions.
Changes in the physical and chemical conditions of the ore-
forming fluid, such as temperature, pH, fO, and fS,, could
cause the decomposition of metal complexes in it and precip-
itation of metals (Zhang et al. 1997a, b; Schaarschmidt et al.
2021; Cao et al. 2023). The processes that lead to changes
in the physical and chemical conditions of the ore-forming
fluid mainly include fluid boiling, fluid mixing, water-rock
interaction or cooling (e.g., Schaarschmidt et al. 2021; Cao
et al. 2023). Based on previous studies, the precipitation of
visible gold (Au) in the Huxu Au-dominated polymetallic
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deposit primarily occurs in the quartz-hematite-pyrite stage
(S2) and the quartz-hematite stage (S4), while the precipita-
tion of Pb and Zn primarily occur in the quartz-polymetallic
sulfide stage (S3) (Wang et al. 1998). In the following dis-
cussion, we focus on the mineral precipitation mechanism
during stages 2 to 4, during which visible gold and Pb-Zn
precipitated.

6.3.1 Precipitation mechanism of gold

The trace elements and textures of pyrite can offer informa-
tion on the chemical evolution of hydrothermal fluid and thus

have implications for elucidating the metal precipitation pro-
cess (Maslennikov et al. 2009; Roman et al. 2019; Schaar-
schmidt et al. 2021). As shown in Fig. 5, numerous acicular
or blade-like hematites can be observed in the Py2. Py2 dis-
plays porous texture, and numerous minute inclusions of
chalcopyrite, sphalerite and silicate can be observed, indicat-
ing that rapid crystallization may have occurred (Gamarra-
Urrunaga et al. 2013). Furthermore, brecciform ores have
developed in the area, and the breccias are often cemented
by quartz-sulfide veins (Fig. 3f, g). These characteristics are
consistent with those observed in pyrite for deposits under
condition of fluid boiling (Roman et al. 2019; Ni et al. 2020).
Thus, we propose that fluid boiling occurred at stage 2 of
Huxu deposit. The trace elements of pyrite seem also to
support the above proposal. Py2 has the highest As, Ag and
Pb contents among the analyzed pyrites, consistent with the
chemical characteristics of pyrites formed in boiling envi-
ronment (Roman et al. 2019). Based on previous studies, Te
is less likely to enter pyrite under more oxidizing conditions,
and Te contents have a negative correlation with fO, (Keith
et al. 2018). In Huxu Au-dominated polymetallic deposit, the
Te contents of pyrites decrease from Pyl (0.894 ppm) to Py2
(0.396 ppm) and increase in Py3 (0.543 ppm). The decrease
in Te content in Py?2 at stage 2 implies a possible increase in
JfO, of the fluid, which is also evidenced by the occurrence
of hematite at this stage. Considering fluid boiling would
increase fO,, the lower Te content in Py2 may indirectly sug-
gest fluid boiling during this stage. Moreover, Schaarschmidt
et al. (2021) proposed that the Ag, As, Cu and As/Sb ratios
in pyrite may indicate whether pyrite is the product of fluid-
boiling. By comparing the trace element characteristics of
Py1 to Py3 of the Huxu Au-dominated polymetallic deposit,
it was observed that the data of Py2 are mainly plotted in

@ Springer



Acta Geochim

15.9

A HuxuPyl @HuxuPy2 M Huxu Py3

Sulfides in the Yinshan deposit
Dongxiang granodiorite porphyry

Shengyuan trachyandesitic rocks

15.7

@ Shuanggiaoshan Group
x o

‘Pb

“pby?

ot crust

ro W

Upper crust

Orogenic belt

18.0 185
06p 5Pl

T
19.0

19.5  20.0

o

0.5

40.0.
—

39.5]

37.5]

37.0.

16.5

t
17.0

T
17.5

1 t t + 1
18.0 18.5 19.0 19.5  20.0 205

“*Pb/*Pb

Fig. 12 Lead isotope compositions of the Huxu Au-dominated polymetallic deposit [reference lines of upper crust, orogenic belt, mantle and
lower crust are from Zartman et al. (1981); data of the Yinshan deposit, Dongxiang granodiorite porphyry, Shengyuan trachyandesitic rocks and
Shuanggiaoshan group are from Wang et al. (2013), Ouyang (2015), Shu et al. (2017) and Lu et al. (2005), respectively. The lead isotope compo-
sitions of Dongxiang granodiorite porphyry, Shengyuan trachyandesitic rocks and the pyrite of ores from the Yinshan deposit are also shown for

comparison

the fluid boiling region, which further supports the fluid
boiling during the stage 2 (Fig. 13). In reality, as a typical
fault-controlled deposit (Fig. 1c), the earthquake-induced

fault-valve processes could frequently

result in fluid boiling

(Sibson 1987). Taken together, we speculate that fluid boil-
ing should have occurred during stage 2. The fluid boiling
should also be the primary reason for the precipitation of

metals, especially native gold, during

this stage, since fluid

boiling would decrease H,S of the fluid and thus decompose
the Au-S complexes [e.g., Au (HS), ].
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Apart from stage 2, native gold also precipitated in
stage 4. Distinct from the S2 stage, no pyrite or other
sulfides, are observed in the stage 4 ores. Instead, large
amount of hematite and cryptocrystalline chalcedony
occurred in this stage (Fig. 2c¢), which suggests low
temperature and high fO, for the fluid. Considering the
H-O isotopic characteristics (Fig. 11), we speculate that
there was an infiltration of low-temperature and oxidized
meteoric water during the S4 stage. The involvement of
meteoric water should lead to a rise in fO, and decrease
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(2021b)

@ Springer



Acta Geochim

in fluid temperature, which subsequently promotes the
precipitation of native gold. However, a further study is
necessary to clarify the detailed process of the gold pre-
cipitation in this stage.

6.3.2 Precipitation mechanism of lead and zinc

Lead and zinc mainly precipitated during stage 3 and
thus information related to fluid evolution could be
recorded by Py3. In contrast to Pyl and Py2, Py3 is rela-
tively clean, and there nearly no mineral inclusions are
enclosed. The Pb and Zn mainly occur as galena and
sphalerite co-precipitated with pyrite in quartz veins.
These characteristics indicate that Py3 may be the prod-
uct of slow crystallization under relatively stable physi-
cal and chemical conditions (Large et al. 2009; Moncada
et al. 2012; Roman et al. 2019). Considering the occur-
rence of calcite in stage 3 (Fig. 51), we speculate that an
increase in pH may occur during stage 3. This speculation
is supported by feldspar alteration of the wall rocks, since
alteration of feldspar into clay mineral or sericite usually
consumes H* in the hydrothermal solution (e.g., sericiti-
zation, kaolinization), leading to an increase in pH. Here,
we infer that the increase in pH may be the reason that
leads to the precipitation of Pb-Zn based on the present
limited evidence, since the solubility of Pb and Zn in the
fluid always decrease as pH increases (Shang et al. 2004).
In summary, we propose water-rock interaction may be
one of the reasons for Pb and Zn precipitation in stage 3,
although more pieces of evidence are necessary.

6.4 Genetic type of the deposit

The geological characteristics, such as (1) the occurrence
of ore bodies primarily as veins in subvolcanic or volcanic
rocks (Fig. 1c¢) and (2) alterations including silicification,
sericitization, chloritization (Fig. 3), with scarcity of high-
temperature alteration combinations, indicate that the Huxu
deposit should be an epithermal deposit. This contention is
further supported by the relatively low homogeneous tem-
perature of fluid inclusions in quartz (varying from 120 to
280 °C; Wang et al. 1998) and development of gas-liquid
two-phase fluid inclusions instead of CO,-bearing three-
phase fluid inclusions (Wang et al. 1998; Chen et al. 2007).

The trace elements within pyrite can also provide val-
uable insights into the genetic type of the deposit. Ore
deposits of different origins always display differences in
the trace elements in their pyrite, since pyrite from various
deposit types precipitates in different tectonic settings and/
or physical-chemical conditions. The Co/Ni ratio is widely
used to identify the origins of pyrite and, by inference, the
genetic type of the deposit (Large et al. 2009; Reich et al.
2013). In general, sedimentary pyrite has a Co/Ni ratio < 1,
while pyrite being magmatic with volcanic hydrothermal
origins has a ratio > 1. Metamorphic hydrothermal pyrite
tends to have a ratio similar to sedimentary pyrite, usually
close to 1 (Gong et al. 2011). In the Huxu Au-dominated
polymetallic deposit, the Co/Ni ratios of pyrite are gener-
ally > 1 (median 21.64, average 742.06), indicating their
hydrothermal origin (Fig. 14). In addition, the mass frac-
tion ratio of Co-Ni-As in pyrite is also commonly used to
identify the source of pyrite, thereby indirectly indicating
the genetic type and mineralization processes of the deposit
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Fig. 14 a Co (ppm) versus Ni (ppm) diagrams of pyrite; b Co-Ni-As ternary diagram of pyrite [I. magmatic hydrothermal and volcanic hydro-
thermal types, II. overlap, III. Carlin, IV. metamorphic; the areas of I, I, II and IV are from Yan et al. (2012a, b)]
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(Gong et al. 2011; Yan et al. 2012a, b; Yuan et al. 2018;
Wang et al. 2021; Cao et al. 2023). Yan et al. (2012a, b)
conducted a comparative analysis of the mass fraction ratios
of Co, Ni and As in pyrite from various types of gold depos-
its, categorizing them into magmatic hydrothermal, volcanic
hydrothermal, Carlin and metamorphic hydrothermal types.
In the Huxu Au-dominated polymetallic deposit, most data
points of three-generation pyrites are plotted in magmatic
and volcanic hydrothermal regions. Taken together, we con-
tend that the Huxu Au-dominated polymetallic deposit is an
epithermal deposit.

Epithermal deposits can be divided into three subtypes:
(1) high sulfidation (HS); (2) intermediate sulfidation (IS),
(3) low sulfidation (LS) (Taylor 2007; Hedenquist et al.
2000; Song et al., 2018; Wang et al. 2019). Different types of
epithermal deposits can be distinguished by ore-forming tec-
tonic background, characteristics of mineralization-related
igneous rocks, sulfide content of ores, iron contents of sphal-
erite, mineral composition, fluid sources and so on (Taylor
2007; Song et al. 2018). For the Huxu Au-dominated poly-
metallic deposit, it formed in an intracontinental extensional
setting in the Late Jurassic to Cretaceous, as evidenced by
the red basins and volcanic rocks regionally (Fig. 1a); the
primary rocks in the mining area are diorite-porphyry and
rhyolite (Fig. 1c); the ore bodies occur predominantly as
veins or stockworks (Figs. 1c and 2); the ore contains mod-
erate levels of sulfides (Fig. 3), the sphalerite present is of
light color and low-iron (Fig. 3c); carbonate is common in
the ores (Figs. 2e and 5i); the ore-forming fluid is a mix-
ture of magmatic water and meteoric water (Fig. 11). These
integrated characteristics are consistent with those of the
IS epithermal deposit (Song et al. 2018; Wang et al. 2019).
The Ag/Au ratios for pyrites from all stages are far greater
than 60 (Py1=128.1, Py2=569.881, Py3=398.502); these
are identical to IS epithermal deposits in an intracontinental
extensional setting (Ag/Au ratios > 60, Wang et al. 2019).
In summary, the Huxu Au-dominated polymetallic deposit
should be an IS epithermal deposit.

7 Conclusion

This study conducted in-situ trace element and S—Pb isotope
analysis of pyrite in the Huxu Au-dominated polymetallic
deposit. The chemical states of trace elements within the
pyrite and the source of both the metals and the ore-forming
fluid were discussed. The main conclusions of this study are
as follows:

(1) For the pyrite in the Huxu Au-dominated polymetallic

deposit, Au primarily exists in the form of visible gold;
Pb, Zn and Cu predominantly occur as inclusions of
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galena, sphalerite and chalcopyrite; Ag, Sb and Bi are
primarily associated with galena inclusions.

(2) The ore-forming fluid is a mixture of magmatic and
meteoric water, with the ore-forming materials primar-
ily originating from magma.

(3) The fluid boiling and mixing of different fluids are the
main reasons for native gold precipitation, while water-
rock interaction may be the primary reason for Pb and
Zn precipitation.

(4) The Huxu Au-dominated polymetallic deposit belongs
to the intermediate sulfidation epithermal deposit.
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