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ARTICLE INFO ABSTRACT

Keywords:
Shanggong Au deposit

The Shanggong Au deposit is a world-class Au deposit in the southern margin of the North China Craton. Pyrite,
! as the primary Au carrier in this deposit, is an ideal mineral for dissecting the complex ore-forming process and
Pyrite origin of this deposit. Four types of pyrite were identified by EPMA, SEM, LA-ICP-MS, and NanoSIMS analyses:
:(:3?;252 margin of the North China Craton the coarse-grained cubic, diss'eminf'ited pyrite. (Py1) in the early ore stage (Sl)' and th.ree types of t.he ﬁne—gr.ained

pentagonal dodecahedron, disseminated pyrite (Py2-1, Py2-2, and Py2-3) with zoning textures in the main ore
stage (S2). Pyl is relatively depleted in most metals but enriched in Co and Bi compared with other types of
pyrite in S2. On the other hand, both Py2-1 and Py2-3 contain relatively high contents of As, Au, and other
metals, whereas Py2-2 contains highest Au, As, Ag, Cu, Sb, Te, Tl, and Pb. Oscillatory zoning in Py2-1 resulted
from repeated local fluid phase separation at the near-surface of pyrite crystal due to sharp fluid pressure
fluctuation. The Au and As-rich Py2-2 was probably formed under both extrinsic fluctuations in fluid pressure
and composition and intrinsic local crystal-fluid interface kinetic effects (e.g., diffusion-limited self-organization,
surface electrochemistry-driven adsorption). Crystallization of Py2-1 and Py2-2 has exhausted the metals in the
residual fluids, wherein the trace element-poor Py2-3 crystallized and locally replaced Py2-2 through a
dissolution-reprecipitation process. Our new data and previous results suggest the ore-forming fluids were likely
initial produced by degassing of the concealed pluton, and the metals were sourced from both the crust (e.g., the
Taihua complex and Xiong’er Group) and the mantle. The negative 53*S values for pyrite in the S2 stage might
result from both the isotopic fractionation between sulfide and sulfate minerals via oxidation of the ore-forming
fluid and the input of biogenic sulfur.

1. Introduction Dabie orogen are endowed with intensive tectonic-magmatic activities

during the Late Mesozoic (Mao et al., 2010; Gao and Zhao, 2017) and

The North China Craton (NCC) contains numerous Late Mesozoic
gold (Au) deposits with a total proven reserve of 4000-5000 t (Aufarb
and Santosh, 2014). These deposits mainly cluster in the eastern,
southern, and northern margins of the NCC (Li et al., 2012a; Zhu et al.,
2015). The southern margin is geologically defined by the Sanmenxia-
Lushan Fault to the north and the Luonan-Luanchuan Fault to the
south (Fig. 1b, which was affected by the orogenic event induced by the
closure of the Paleo-Tethys Ocean and the subsequent Triassic collision
between the Yangtze Block (YZB) and NCC (Zheng and Dai, 2018). The
southern margin of the NCC and its adjacent districts in the Qinling-

large-scale Au-Mo-Ag-Pb-Zn mineralization (Mao et al., 2002, 2011; Li
et al., 2012a,b; Zhao et al., 2018). This margin hosts more than 100 Au
deposits that mostly cluster in the Xiong’ershan and Xiaoqinling districts
and is the second-largest Au producer in China (Mao et al., 2002; Li
et al.,, 2012a). The Au mineralization in the Xiong’ershan district is
dominated by altered-rock type with minor quartz vein- and breccia-
types (Chen et al., 2008; Fan et al., 2011; Tang et al., 2013). Ore-
bodies are largely controlled by NE-striking brittle-ductile faults and its
ore-hosting wall rocks mainly consist of volcanic rocks of the Paleo-
proterozoic Xiong’er Group and metamorphic rocks of the Neoarchean-
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Fig. 1. (a) Major Tectonic outlines of China and (b) Geological map showing
major deposits in the Xiong’er terrane, the southern margin of the North China
Craton (modified after Zhao et al. 2018);

Paleoproterozoic Taihua Complex (Chen and Zhao, 1997; Fan et al.,
1998; Chen et al., 2008; Huang et al., 2012).

Numerous studies of geochronology, isotopes, and fluid inclusions
have been conducted for the deposits in the Xiong’ershan district, but
origins of these deposits remain controversial. Previous studies attrib-
uted the ore-forming fluids to be the Yanshanian magma-derived hy-
drothermal fluids (Fan et al., 1994, 1998; Li et al. 2012a, Li et al., 2012b;
Tang et al., 2013; Chao et al., 2020), metamorphic dehydration of the
subducted slab (Chen et al., 2006, 2008; Qi et al., 2006; Tang, 2014),
and devolatilization of mantle or mantle- and crustal- derived magma
(Luetal., 2003; Hu et al., 2013). Moreover, the metals were suggested to
be sourced from the ancient basement or overlying strata (Fan et al.,
1994, 1998; Chen et al., 2008)or devolatilization of crustal- and mantle-
derived magma (Lu et al., 2003; Li et al., 2012a, 2012b; Hu et al., 2013;
Tang, 2014; Tang et al., 2019). Both the Triassic collision between the
NCC and YZB (Mao et al., 2002; Lu et al., 2003; Chen et al., 2006, 2008;
Hu et al., 2013; Tang, 2014; Tang et al., 2019) and the lithospheric
thinning of the NCC (Fan et al., 1998; Li et al., 2012a; Zhu et al., 2015)
have been proposed to account for the geodynamic setting of these
deposits.

The Shanggong deposit is the largest (130 t Au) and representative
structure controlled altered rock-type Au deposit discovered for the first
time in the Xiong’ershan district (No.1 Institute of Geological & Mineral
Resource Survey of Henan, China, Report, 2019). In this study, we
conducted textural and geochemical investigations on pyrite that is the
foremost Au carrier in the Shanggong Au deposit. We obtained the
chemical composition of different types of Au-bearing pyrite by using
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electron probe microanalysis (EPMA) and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS). Internal textures of
pyrite grains were examined by scanning electron microscope (SEM) and
electron backscattered diffraction (EBSD). Furthermore, high-resolution
in situ Nano-secondary ion mass-spectrometry (NanoSIMS) was utilized
to acquire sulfur isotopic compositions of pyrite. Rb-Sr isochron dating
of sericite closely associated with Au-bearing pyrite was used to
constrain the age of mineralization. This new dataset, combined with
previously reported results, allow us to comprehensively understand the
ore-forming process, enrichment mechanism of Au. Additionally, this
study also has great implications for regional Au metallogeny.

2. Geology setting
2.1. Regional geology

The NCC is one of the oldest continental nuclei in the world and
consists of the Western and Eastern Blocks (Zhao and Cawood, 2012). Its
margins were influenced by Late Paleozoic to Early Mesozoic orogenic
activities (Dong et al., 1995; Zheng and Dai, 2018). After the Triassic
continental collision between the NCC and the YZB and subsequent
continental subduction, the southern margin of the NCC (Fig. 1b has
been a part of the Qinling Orogenic Belt (QOB) (Dong et al., 1995; Wu
and Zheng, 2013) and the transitional zone between the NCC and
orogenic belt (Zhao et al., 2018). The Western Block of the NCC remains
stable since the Paleoproterozoic and is characterized by a thick litho-
spheric root (>150 km) with low heat flow, weak tectonism and mag-
matism. Comparatively, the Eastern Block has undergone destruction,
lithospheric thinning, and transformation of the tectonic regime
(compression to extension) because of the westwards subduction of the
paleo-Pacific plate from Late Jurassic to Early Cretaceous, accompanied
by extension structures, rifted basins, voluminous mafic to felsic mag-
matism and Mo-Au-Pb-Zn mineralization (Mao et al., 2002; Li et al.,
2012a, 2012b; Zhou et al., 2015; Zhu et al. 2011, Zhu et al., 2015; Zheng
and Dai, 2018; Zheng et al., 2018; Zhao et al., 2018 and references
therein).

The Xiong’ershan terrane is located in the southern margin of the
NCC, immediately to the north of the QOB (Fig. 1a) and structurally
bounded by the Machaoying Fault to the south and the Luoning Fault to
the north (Fig. 1c) (Chen et al., 2004). Numerous secondary NNE-NE-
trending faults are evenly distributed, and the Au deposits are
spatially controlled by these faults in the Xiong’ershan terrane (Fig. 1c).
The crust of the studied region consists of the Archean to Early Paleo-
proterozoic basement and overlying Late Paleoproterozoic to Phanero-
zoic unmetamorphosed cover sequences (Fig. 1c¢) (Zhao et al., 2018).
The basement is dominated by Neoarchean-Paleoproterozoic Taihua
Complex (2.26-2.84 Ga) that mainly consists of metamorphic rocks,
such as amphibolite, felsic gneiss, migmatite, and metamorphosed
supracrustal rocks (Huang et al., 2012). The Xiong’er Group formed in
the period of 1.75-1.78 Ga unconformably overlays the Taihua Complex
and consists mainly of intermediate to acidic lavas and pyroclastic rocks
with minor intercalated sedimentary rocks (Zhao et al., 2004). Besides,
the Xiong’er Group is unconformably overlain by Mesoproterozoic
littoral facies terrigenous clastic rocks of the Guandaokou Group, Neo-
proterozoic neritic facies clastic-carbonate rocks and alkaline volcanic
rocks of the Luanchuan Group (Fig. 1c). In addition, the region also
accumulated lacustrine or alluvial sediments from the beginning of the
Cretaceous.

The Late Mesozoic magmatism is pervasive in the southern margin of
the NCC and formed mafic and felsic rocks with zircon U-Pb ages of
158-112 Ma and 148-117 Ma, respectively (Gao and Zhao, 2017). This
magmatism is spatially and temporally associated with Au-Mo-Pb-Zn
deposits (Mao et al., 2002; Li et al., 2012a; Zhao et al., 2018). The
major granitic intrusions in the Xiong’ershan terrane and its adjacent
region include the Huashan (148-127 Ma, Mao et al., 2010; Xiao et al.,
2012), Wuzhangshan (156.8 + 1.2 Ma, Mao et al., 2010), and Heyu
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plutons (148-127 Ma, Guo et al., 2009; Gao et al., 2010; Mao et al.,
2010). Ore-related granitic porphyry was also generally formed in this
time, such as the Haopinggou (134-130 Ma, Liang et al., 2015),
Shiyaogou (134 + 1 Ma, Han et al., 2013) and Mogou (134 + 2 Ma, Mao
et al., 2010) plutons.

2.2. Geology of the Shanggong Au deposit

The Late Mesozoic Au-Mo-Pb-Zn mineralization is widely developed
in the Xiong’er terrane (Zhao et al., 2018 and references therein), where
numerous Au deposits are hosted in the Neoarchean high-grade meta-
morphic rocks and/or late Paleoproterozoic volcanic rocks (Fig. 1c). The
Shanggong Au deposit, the largest Au deposit in the Xiong’er terrane, is
located in the northern part of the Kangshan-Qiliping fault (Fig. 1c). This
deposit contains more than 30 ore bodies that are controlled by NE-NNE-
oriented faults (Fig. 1c and Fig. 2). Structural analyses suggest that these
faults experienced early compressional deformation and were then
reactivated by late extensional faults (Mao et al., 2006). The ore-hosting
rocks in shallow levels are volcanic rocks of the Paleoproterozoic
Xiong’er Group, whereas those in deep levels are metamorphic rocks of
the Neoarchean-Paleoproterozoic Taihua Complex (Fig. 3). A majority
of mineralized veins in this deposit strike northeast and generally dip
58°-63° NW (Fig. 3. These veins are 700 ~ 2200 m long and extend for a
few hundred meters down plunge (Chen et al. 2006).

Hydrothermal alterations are common in the Shanggong deposit and
mainly comprises silicification, carbonation, sericitization, and sulfida-
tion. Three stages of mineralization and alteration in this deposit can be
identified: the early ore stage (S1) with quartz-ankerite alteration, the
main ore stage (S2) with Au-pyritized-phyllic alteration, and the late ore
stage (S3) with quartz-calcite alteration (Fig. 4). The mineral assem-
blage of the S1 stage mainly comprises quartz, ankerite, and minor
epidote and pyrite, and was sheared, mylonitized, or brecciated (Fig. 5a-
d). The S2 is characterized by sericitization, sulfidation, and silicifica-
tion (Fig. 5 and Fig. 6a-c), with two main types of ores, including breccia
(Fig. 5b-d) and altered rock-type ores (Fig. 5e and f). Pyrite is the most
important Au-bearing mineral (Fig. 6) and generally ingressed or
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Fig. 2. Geological map of the Shanggong gold deposit (modified from the
1:10,000-scale geologic map).
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Fig. 3. Cross-section A-B in Fig. 1c.

enclosed by sphalerite, galena, and trace hessite and electrum (Fig. 6d-
h). Apart from pyrite, the ores also contain minor to trace galena and
sphalerite and trace chalcopyrite, magnetite, chalcocite, tetrahedrite,
argentite, bornite, pyrrhotite, siderite, electrum, tellurides, and native
elements (Au, Ag, etc.) (Fig. 6). Gangue minerals are mainly quartz,
sericite, and chlorite, with minor epidote, ankerite, and barite (Fig. 6).
The S3 is dominated by quartz-carbonate veinlets (Figs. 5f and 6¢) with
local chlorite, sericite, fluorite, and barite. These veinlets penetrate the
mineralized fracture zones and country rocks (Fig. 5a.

3. Sampling and analytical techniques

Samples of this study were collected from the underground explo-
ration tunnel and mainly from the orebody I-12 (Fig. 3) at the 706, 666,
626, and 586 levels, respectively. Polished thin sections were prepared
for further analysis to investigate the mineral morphology, textures,
paragenesis, and compositions.

3.1. Textural and major elements analysis

Petrographic features and textural characteristics of ores and min-
erals were examined by using optical microscopes, scanning electron
microscopes (SEM, SUPRA 55 SAPPHIRE, ZEISS Company, Germany),
and electron probe microanalysis (EPMA, JXA-8230, JEOL Company,
Japan) at Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences.

Major element compositions of representative pyrite were deter-
mined by EPMA. The X-ray lines used for EPMA analyses: S (K,), Fe (K),
Co (Ko, Ni (Ko), Cu (Ky), Zn (L), As (Ly), Ag (Ly), Te (Ly) and Au (Ly).
Operation conditions included an accelerating voltage of 20 kV and a
beam current of 20 nA with wavelength dispersive X-ray spectrometers.
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Stage
Mineral

S1

S2

S3

Quartz
Ankerite
Epidote
Chlorite
Sericite
Rutile
Apatite
Barite
Calcite
Fluorite
Wolframite
Scheelite
Montmorillonite
Kaolinite
Magnetite
Pyrite
Galena
Sphalerite
Chalcopyrite
Pyrrhotite
Siderite
Hematite
Tennatite
Bornite
Redruthite
Argentite
Altaite
Melonite
Coloradoite
Petzite
Hessite
Electrum
Native gold
Native silver
Native tellurium
Native Copper

Native Zinc

Fig. 4. Paragenetic sequence of the Shanggong gold deposit.

To improve the statistics of the count rates, peak counting times were 20
s for Fe and S, 40 s for Co, Ni, Cu, and Zn, 60 s for As, Ag, and Te, and
120 s for Au. The electron beam is ~ 1 pm in diameter. Calibration
standards used were pyrite for S and Fe, sphalerite for Zn, and alloy or
pure metal for Co, Ni, Cu, As, Te, Ag, and Au. The detection limits for
each element were S (68 ppm), Fe (89 ppm), Co (59 ppm), Ni (53 ppm),
Cu (94 ppm), Zn (136 ppm), As (115 ppm), Ag (51 ppm), Au (201 ppm),
and Te (99 ppm).

Electron backscattered diffraction (EBSD) data of pyrite were
collected using an Oxford HKL Nordlys II EBSD detector coupled with an
FEI Quanta 450 field emission gun scanning electron microscope at the
State Key Laboratory of Geological Processes and Mineral Resources in
China University of Geosciences (Wuhan). The detailed analytical
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methods have been reported by Xu et al. (2014). The analyses were
conducted with an accelerated voltage of 20 kV and a working distance
of ~ 25 mm and 70 sample tilt in high vacuum mode. Besides, the
orientation maps were analyzed with a step size of 1 pm.

3.2. Trace elements analysis and imaging of sulfides

Elemental mapping and trace element compositions of pyrite were
performed by LA-ICP-MS at the Tuoyan in-situ Analytical Laboratory
(China) using a 193 nm ArF Excimer Laser Ablation system (NWR)
coupled with a thermal Fisher iCAP RQ. Spot analyses were used for
individual analyses of various chemical zones known from EPMA data.
Line scans were used for trace element mapping. Additionally, detailed
analytical procedures for elemental mapping in pyrite have been re-
ported in detail by Li et al. (2020). Spot ablation was performed using a
20 pm spot diameter at 5 J/cm? and using 10 Hz, with a 45 s baseline
and 45 s ablation. Line scans were carried out using a 5 pm square spot
with 20 Hz and a scan speed of 5 pm/s. Helium was used as a carrier gas
to enhance the transport efficiency of the ablated material. Helium was
applied as the carrier gas (0.7 L/min) and mixed with the Ar carrier gas
(0.98 L/min) via a Y-connector before entering the ICP. Trace element
compositions of sulfide minerals were calibrated using the NIST 610,
MASS-1, and GSE-2R reference material as external standards, and iron
(*’Fe) determined by EPMA was used as the internal standard. The
standards were analyzed after every 4-10 sample analyses. The
preferred values of element concentrations for reference standards are
from the GeoReM database (http://georem.mpch-mainz.gwdg.de/). Off-
line selection and integration of background and sample signals, time-
drift correction, and quantitative calibration were performed by the
software Iolite (version 4). Signals were screened visually for hetero-
geneities/abnormalities such as micro-inclusions or zoning. The detec-
tion limits for Co, Ni, Cu, Zn, As, Se, Ag, Sb, Te, Au, Hg, Tl, Pb, Bi were
shown in the Appendix Table A3.

3.3. In situ NanoSIMS sulfur isotope analysis of pyrite

In situ S isotope analysis and elemental mapping were performed
using a Camera NanoSIMS 50L at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China. The analytical
procedures have been described in detail by Zhang et al. (2014). A Cs™
beam current of ~ 7-10 pA with a diameter of 250 nm was rasterized
across the sample surface for the two types of analysis. Before image and
S isotope acquisitions, the selected area (25 x 25 um?) was sputtered
with a high-intensity beam of 1nA for ~ 2 min to remove the coating and
to implant enough Cs* into the sample surface to stabilize the yield of
the secondary ions. 3*S and other elements were counted with electronic
multipliers, whereas 325 was counted by Faraday cup to avoid the quasi-
simultaneous arrival effect (Yan et al. 2018). Sulfur isotopic composi-
tions of pyrite in this study were corrected by the certified international
standards of Balmat and CAR-123 pyrite and an internal reference
sample of PY-1117. Images, with a pixel resolution of 256 x 256, were
recorded simultaneously from the secondary ions of %S, 63Cu®2s,
75As328, 197Au. Peaks were calibrated using arsenopyrite for AsS, chal-
copyrite for CuS, and metallic Au.

3.4. Rb-Sr isotope analysis of ore-related sericite

To investigate the timing of alteration and mineralization, seven
sericite samples from the representative ores with Quartz-sericite-pyrite
alteration assemblages were dated by Rb-Sr isotope geochronology
method. The ores were collected from the ore-bearing vein V.2, at the
706, 666, 626, and 586 levels, respectively, and they mainly consist of
sericite, quartz, and pyrite.

Sericite grains for analysis were washed ultrasonically in ultrapure
water and analysis-grade alcohol, before being transferred into Teflon
vessels. They were spiked with 8°Rb-84Sr spikes and dissolved in a
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Fig. 5. (a-b) Typical orebody. The S1 quartz (ankerite) vein was intruded by quartz-sericite-pyrite vein. (c-d) Representative brecciated-type ores. The S1 quartz
(ankerite) breccia is surrounded by the S2 quartz-sericite-pyrite vein. (e-f) Representative altered rock-type ores mainly consist of quartz, sericite, and pyrite. Some
ores are crossed by S3 quartz + ankerite vein (f). Q-quartz, Py-pyrite, Ank-ankerite, Ser-sericite.

mixture of 3 ml ultrapure HF and 3-4 drops of ultrapure HClO4. Sepa-
ration and purification of Rb and Sr were conducted by cation exchange
resin. The isotopic ratios of Rb and Sr were determined on a Triton
thermal ionization mass spectrometer in the Isotope Geochemistry
Laboratory of the Wuhan geological survey center, China Geological
Survey. The 8’Rb/8%sr ratios of NBS-987 show a mean value of 0.71025
+ 0.00004 (20). The total procedural blanks for Rb and Sr were 0.3 ng
and 0.6 ng, respectively. Rb-Sr isochronal ages were calculated using the
ISOPLOT software (Ludwig, 2003), using errors of 2% for 87Rb/80%sr
ratios and the within-run measurement precision for 8Sr/%6sr.

4. Results
4.1. Sericite Rb-Sr isochronal geochronology

Seven samples were selected for Rb-Sr isotopic dating, and the data
of single sericite grains and the whole rock (17SG132A) are shown in
Table 1. The samples have large ranges of Rb (334.3-505.4 ppm) and Sr
(27.65-112.1 ppm) with 8’Rb/%5sr ratios varying from 9.352 to 53.34.
The fundamental conditions for successful isochron dating require a
homogeneous initial isotopic composition for the samples and a closed
isotopic system after mineral crystallization (Faure and Mensing, 2005).
Samples 17SG71 deviates from the mineral Rb-Sr isochron and was
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Fig. 6. Thin-section microphotographs (a-e) and backscattered electron (BSE) image (f-1) of ores. (a-c) The S2 fine-grained quartz-sulfide assemblages interspersing
or cementing the S1 quartz or ankerite breccia, and cut by S3 quartz vein. (d-e) Fine-grained pyrite with zoning textures interspersed by chalcopyrite and/or
sphalerite. (f-h) BSE images of the S2 pyrite. Py2-1 generally occurs as core overgrown by Py2-2. The Py2-2 is further overgrown by Py2-3. The Py2-1 contains
abundant mineral inclusions and pores and was locally corroded or replaced Py2-2. In some cases, the Py2-2 zones also contain pores and inclusions of rutile, sericite,
quartz, galena, but in many cases, they are absent of these inclusions or pores. Generally, Py2-3 is almost homogenous and clean. The intergranular and transgranular
fractures in pyrite are usually filled by sulfides, tellurides. (i) The S2 electrum + petzite + chalcopyrite assemblages. (j) The S2 pyrite + galena + barite assemblages.
(k-1) The S2 pyrite comprised chalcopyrite, tetrahedrite rutile, and apatite inclusions. Gn-galena, Sph-sphalerite, Ccp-chalcopyrite, Elc-electrum, Ptz- petzite, Hes-
hessite, Td-tetrahedrite, Ap-apatite, Brt-barite, Rt-rutile.

Table 1

Rb-Sr isotope data of single-grain sericite and rocks from the Shanggong gold deposit.
Number Sample number Sample name Rb (ppm) Sr (ppm) 87Rb/%6sr 878r/86sr 20 Isr149
1 17SG57 Sericite 357.3 70.49 14.668 0.74376 0.00002 0.7127
2 17SG71 Sericite 337.8 37.05 26.538 0.80696 0.00003 0.7507
3 175G66 Sericite 386.3 37.43 29.953 0.77717 0.00006 0.7137
4 17S8G77 Sericite 334.3 100.50 9.6157 0.73468 0.00002 0.7143
5 17SG81 Sericite 405.6 49.88 23.574 0.76337 0.00007 0.7134
6 178G132 Sericite 505.4 27.65 53.337 0.82914 0.00002 0.7162
7 17SG132A Whole rock 362.5 112.1 9.3520 0.73817 0.00002 0.7184




L. Meng et al.

0.85 -
2
e
7
7
0.83 9178G132
//"/
0.81 | . /,,
17SG71 //
= 079 | e
w2 e
LN v
& M 175G66
S 077 f ys
8 175G81
/‘/
0.75 | 7
17SG13.21§/-. 17SGs57 Five spots: 17SG57, 66, 77, 81, 132
® 178G77 Age=149.1+6.7
0.73 /,/ Initial ¥Sr/*°Sr=0.7138 £ 0.0016
s MSWD=1.3
e
0.71 : . .
0 20 40 60
YRb/**Sr

Fig. 7. Sericite Rb-Sr isochron ages for the Shanggong deposit.

hence excluded for isochronal age calculation (Fig. 7). The remaining
five analyses yield a good isochron age of 149.1 + 6.7 Ma, with an initial
875r/%sr ratio of 0.7138 + 0.0016 (MSWD = 1.3).

4.2. Textures and compositions of pyrite

Based on the petrographic observations, SEM and EPMA analyses in
this study and previous studies (Fan et al., 1998; Chen et al., 2006; Tang
et al.,, 2019), two major generations of pyrite were identified in the
Shanggong Au deposit. The detailed compositions of these pyrites are
shown in Appendix Table A2.

The S1 pyrite (Pyl) generally occurs as coarse-grained cubic grains
disseminated in the quartz + pyrite veins and adjacent altered rock
(Chen et al., 2006; Tang et al., 2019). The Py1 grains have average S of
52.14 + 0.43 wt% and Fe of 45.97 + 0.33 wt%, respectively, and have
Au contents generally below the EPMA detection limit (Li et al., 2004).

Pyrite in the S2 stage is characterized by disseminated, fine-grained
pentagonal dodecahedron grains (Fig. 6a-f), which are commonly
composed of three different zones, named as Py2-1, Py2-2, and Py2-3
from inner outward (Fig. 6f-h). Py2-1 generally presents as a core con-
taining mineral inclusions and pores rimmed or locally corroded or
replaced by Py2-2 (Fig. 6f-g). The BSE images of some Py2-1 grains show
oscillatory zones (Fig. 6g) represented the rhythmic alternation of dark
bands with low As (below the detection limit (b.d.L) to 0.30 wt%) but
high S (51.57 ~ 53.65 wt%) and bright bands with high As (1.47 ~ 4.81
wt%) but low S (47.69 ~ 51.10 wt%). The average compositions of Fe in
the dark and bright bands are 46.62 + 0.36 wt% and 45.55 + 0.0.48 wt
%, respectively. The Au contents in the two bands are mostly near or
below the EPMA detection limit.

Py2-2 is usually a bright band of As- and Au-rich overgrowth on Py2-
1 with 1-20 pm in width and further rimed by Py2-3 (Fig. 6f-g). How-
ever, some Py2-2 can also be present as a core directly surrounded by
Py2-3 (Fig. 6h). Most Py2-2 are free of pores or mineral inclusions
(Fig. 6h) with only minor containing pores and inclusions of sphalerite,
galena, and silicate minerals such as rutile, sericite, quartz, and apatite
(Fig. 6f-g), suggesting the complete recrystallization of Py2-2 and/or the
sealing of the porosity. The Py2-2 grains have S and Fe average value at
49.83 £ 0.83 wt% and 44.93 + 0.48 wt%, respectively, and the Au
contents have an average content of 0.32 &+ 0.11 wt%.

Py2-3 generally occurs as a subhedral to euhedral rim on Py2-2 and is
almost homogenous and free of any mineral inclusions or pores (Fig. 6f-
h). The contacts between Py2-2 and Py2-3 are sharp, and the reaction
fronts are planar and/or curvilinear, suggesting that Py2-2 was replaced
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by the Py2-3. The Py2-3 grains have average S of 53.07 + 0.37 wt% and
Fe of 46.35 + 0.30 wt% with low concentrations of As (0.01 ~ 0.08 wt
%). The corresponding Au contents are often below the EPMA detection
limit.

4.3. Trace element compositions and mapping of pyrite

To investigate the evolution of ore fluid and Au mineralization in the
Shanggong deposit, we carried out detailed LA-ICP-MS trace element
analyses on the S2 pyrite with complex textures, including 20 analyses
on Py2-1, 11 on Py2-2, and 13 on Py2-3 (Appendix Table A3). The re-
sults, combined with the S1 pyrite (Pyl) data reported by Tang et al.
(2019), are summarized in Table 2 and shown in Fig. 8.

4.3.1. Pyrite in S1 stage

The coarse-grained, euhedral, cubic Pyl, compared with the S2 py-
rites, is relatively depleted in As, Au, Ag, Ni, Cu, Sb, and Pb, but enriched
in Co and Bi (Fig. 8). The Au contents in Pyl vary from 0.65 to 70 ppm,
while As contents vary from 0.12 to 8.50 ppm (Table 2). The large ranges
of Au, Ag, Cu, and Pb in Pyl are probably related to the occurrence of
micro-inclusions with these elements (Tang et al., 2019).

4.3.2. Pyrite in S2 stage

The subhedral to euhedral Py2-1 has much higher contents of As, Ag,
Ni, Cu, Sb, and Pb compared with Py1 (Fig. 8). The Au contents of Py2-1
vary from below detection limit (b.d.L.) to 29 ppm, whereas As contents
range from 176 to 5348 ppm (Table 2). LA-ICP-MS mapping results show
that Py2-1 is locally enriched in most trace elements (Fig. 9), which
might result from the overprints of ore fluids that precipitated Py2-2.

In contrast to other types of pyrite, Py2-2 is enriched in As (range =
18644 ~ 55327 ppm) and Au (range = 1433 ~ 4511 ppm) (Figs. 8 and 9;
Table 2). Py2-2 also contains elevated elements of Ag, Cu, Sb, and T1
(Figs. 8 and 9; Table 2). Besides, LA-ICP-MS mapping results show Au
are closely associated with As, Ag, Cu Sb, Te, and TI (Fig. 9.

The clean Py2-3 has lower trace element compositions compared
with Py2-2 (Fig. 8), such as As, Au, Ag, Cu, Sb, Tl, and Pb (Fig. 8;
Table 2). Most analytical data of Zn, Sb, Hg, and Bi in Py2-3 are below
the detection limit (Appendix Table A3. LA-ICP-MS spot analyses and
mapping results show Py2-1 and Py2-3 have similar trace element
contents (Figs. 8 and 9).

The smooth LA-ICP-MS time-resolved spectra with only minor and
weak spikes of most trace elements in typical Py2-1, Py2-2, and Py2-3
(Fig. 10) indicate these metals occur mainly as solid solutions and
partially as nanoparticles. This is consisted with our previous results
(Meng et al., 2021). Spikes of the Pb, Cu, Te, Ag, Au, and time-resolved
spectra suggest a possibility of the occurrences of galena, chalcopyrite,
hessite, electrum, and free silver (Fig. 10), respectively.

4.4. Sulfur isotope compositions of pyrite

In this study, systematic sulfur isotope analyses of pyrite formed in
the S2 stage were carried out using NanoSIMS. The sulfur isotopic
compositions of these pyrites, including 47, 31, and 17 spot analyses for
Py2-1, Py2-2, and Py2-3, respectively, are graphically shown in Fig. 11,
and the detailed data are provided in Appendix Table A4-1. Py2-1, Py2-
2, and Py2-3 are characterized by negative 5§°*S values with ranges of
—16.9 ~ —3.3%0 (average of —11.0%o), —13.1 ~ —7.0%0 (average of
—10.7%0), and —13.9 ~ —6.2%0 (average of —11.0%o), respectively.
However, Py1 is evidently more enriched in 84S (—2.7 ~ 7.2%o, average
of 3.7%o, Tang et al., 2019) than that of the S2 pyrites.

5. Discussion
5.1. Age of the Shanggong Au deposit

Sericite grains for Rb-Sr isotopic dating were extracted from the
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Table 2

Trace elemental concentrations (ppm) of pyrite from the Shanggong Au deposit in the Xiong’ershan district, the Southern margin of the North China Craton.
Type Co Ni Cu Zn As Se Ag Sb Te Au Tl Pb Co/Ni
Pyl (n=18)
Avg. 335 9.83 130 31 1.30 8.39 1.11 0.19 478 11.6 nd 10.8 106
Min. 1.04 0.10 0 0 0.12 0.56 0.011 0 18 0.65 nd 0 0.79
Max. 1050 72 1940 480 8.50 39.9 10.2 1.41 3930 70.0 nd 143 524
Py2-1 (n = 20)
Avg. 115 187 53.3 36.7 1547 bdl 7.41 12.7 8.44 111 0.63 100 0.59
Min. 20.3 65.1 5.97 2.37 176 bdl 0.075 2.03 0.32 0.06 0.03 2.83 0.20
Max. 593 440 385 187 5348 bdl 29.5 34.4 18.9 29.2 3.10 526 1.35
Py2-2 (n=11)
Avg. 101 153 1765 14.2 36,086 5.96 356 59.6 372 3108 9.32 214 0.73
Min. 2.13 38.2 354 4.48 18,644 1.27 148 24.8 115 1433 2.76 83.2 0.08
Max. 298 362 3176 33.8 55,327 11.0 1152 109 812 4511 21.7 415 1.32
Py2-3(n=13)
Avg. 64 90.4 250 10.69 335 5.18 6.08 6.63 7.84 6.64 0.49 27.5 0.86
Min. 1.20 14.1 18.8 10.69 3.94 0.55 0.20 4.38 0.91 0.13 0.046 0.86 0.29
Max. 205 323 1086 10.69 2018 16.7 22.7 10.7 323 31.5 1.86 103 1.52

Note: (1) bdl denotes below detection limit; (2) n.d. denotes no data; (3) The whole dataset is listed in Appendix Table A3.

altered rock-type ores from the Shanggong Au deposit. Petrographic
observations reveal that sericite is closely associated with Au-bearing
pyrite in the ores (Fig. 6a-c) and occurs as inclusions in pyrite (Fig. 6f-
g), suggesting that the two minerals have formed from a common hy-
drothermal activity. The whole-rock sample of 17SG132A plots close to
the mineral isochron (Fig. 7), suggesting that the Rb-Sr isotopic com-
positions have reached equilibrium among minerals in the sample.
Furthermore, the Rb-Sr isochronal age of sericite has a small error and
low MSWD value (1.3, Fig. 7), indicating that the age of 149.1 + 6.7 Ma
is reliable (Li et al., 2008) and can represent the timing of the Au
mineralization in the Shanggong deposit. This age is broadly similar to
those of the adjacent Shagou Ag-Pb-Zn deposit (147 ~ 145 Ma, Mao
et al., 2006) and other Late Jurassic-Early Cretaceous Au deposits in the
southern margin of the NCC (Appendix Table A1), such as the Xiaoshan
(156 £+ 6.7 Ma, Tang, 2014), Dongtongyu (143 1.4 Ma, Li et al., 2012a,
b), Luzhoukou deposit (154 + 1.1 Ma, Li et al., 2012a). This age is also
consistent with those of widespread Mo deposits were also widely
developed, such as the Shijiawa (142 Ma), Balipo (155 Ma),
Yechangping (145 Ma), Nannihu-Sandaozhuang (144 Ma), Shang-
fanggou (144 Ma), Huoshenmiao (147 Ma), and Dawangou (146 Ma)
deposits (Zhao et al., 2018 and references therein). Additionally, felsic
magmatism was extensive during this period (Zhao et al., 2018). These
consistent chronological data suggest the Rb-Sr isochron age of this
study is convincing.

Previous Rb-Sr isochron ages constrained the Au mineralization of
Shanggong deposit at 242 + 11 Ma, 165 + 7 Ma, and 113 4+ 6 Ma (Zhang
et al.,, 1994), corresponding to the early, middle, and late stages of
mineralization (Chen et al., 2006; Chen et al., 2008), respectively.
40Ar/39Ar plateau ages of sericite (227.7 + 1.4 Ma, 236.5 + 2.5 Ma;
Tang, 2014) suggest a Triassic hydrothermal event in this deposit, which
predated the regional Au mineralization peak ages of 132-125 Ma (Zhao
et al. 2018). However, the “°Ar/3°Ar plateau ages of minerals would be
older than their formation ages due to the 3°Ar recoil losses during
irradiation, especially for minerals with fine-grained and/or low crys-
tallinity (Dong et al., 1995). Collectively, we proposed the main Au
mineralization should be constrained at Late Jurassic-Early Cretaceous
but cannot preclude the possibility of a Triassic hydrothermal activity in
the Shanggong deposit.

5.2. Genesis of pyrite and ore-forming fluid evolution

Pyitel is disseminated in the coarse-grained quartz + pyrite veins
and the adjacent altered rocks, especially at their boundaries (Fan et al.,
1998; Tang et al., 2019). Py1 is relatively depleted in Au, Ag, Ni, Cu, Sb,
and Pb compared to the S2 pyrites (Fig. 8). These suggest that the Pyl

could have resulted from the interactions between wall-rock and initial
ore-forming fluids with low contents of trace elements and have
precipitated from a condition with high fluid-rock ratios.

The oscillatory zoned S2 pyrite was formed contemporaneously with
pyrite-sericite-quartz alteration (Fig. 6a-c), including Py2-1, Py2-2, and
Py2-3 (Fig. 6f-h). Py2-1 generally occurs in the core of pyrite grains and
is rimmed by Py2-2, which is further rimmed by Py2-3. Pyrite with well-
developed zonation has been widely reported in previous studies (Baker
et al.,, 2009; Deditius et al., 2009; Peterson and Mavrogenes, 2014;
Velasquez et al., 2014; Wu et al., 2019). Changing conditions of ore-
forming fluids such as temperatures, pressures, and compositions have
been proposed to account for the compositional zones in pyrite (Baker
et al., 2009; Deditius et al.., 2009; Peterson and Mavrogenes, 2014;
Fougerouse et al., 2016a; Wu et al., 2019).

Changes in fluid compositions of multiple hydrothermal events
usually result in different stages of sulfides with distinct sulfur isotopic
compositions, irregular boundaries, and/or corrosion textures between
the alternating bands (Barker et al. 2009; Peterson and Mavrogenes
2014; Fougerouse et al., 2016a). In this study, Py2-1 contains some
concentric oscillatory zones, and Py2-2 is parallel to the crystal growing
surface (Figs. 3e-h and 5f-g). The contacts between Py2-2 and Py2-3 are
sharp, and the reaction fronts are planar and/or curvilinear, suggesting
Py2-3 precipitated continuously from fluid after Py2-2 and limitedly
replaced the Py2-2 (Figs. 6f-h and 11b). In terms of isotopic composi-
tions, the 5%*S values of Py2-1, Py2-2, and Py2-3 are very similar
(Fig. 11a) with only a small §%*S variation from the core to the rim in a
single pyrite crystal (Fig. 11c), suggesting the three types of pyrite have
precipitated from a common fluid. The Euler orientation image of the
selected pyrite grain (SG44-5) confirms that Py2-1, Py2-2, and Py2-3
have the same crystallographic orientation (Fig. 12b). The EBSD map
shows slight crystallographic misorientations of the selected pyrite
zones (Fig. 12c¢), which can be interpreted as low-angle subgrain
boundaries trigged by intragranular plastic deformation (Li et al., 2016).
Collectively, these data suggest that Py2-1, Py2-2, and Py2-3 probably
have formed from the same hydrothermal event rather than multiple
hydrothermal events.

Varying compositions of a single hydrothermal fluid driven by the
pressure fluctuation in fluids have been proposed to interpret the for-
mation of oscillatory zoning in pyrite (Velasquez et al. 2014; Baker et al.,
2009; Peterson and Mavrogenes, 2014; Wu et al., 2018, 2019). The S2
pyrites of the Shanggong deposit are generally hosted in structurally
controlled breccia and altered rock-type ores (Fig. 5d- f) and show sharp
transition among the micron-scale compositional zones of Py2-1, Py2-2,
and Py2-3 (Fig. 6f-h). These observations are indicative of fluctuations
in bulk fluid conditions. Au mineralization in this study is closely
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Table A3. (2) Pyl lacks data of the Hg and TI contents.

constrained in faults and its altered wall-rock (Fig. 3). The ore-forming
fluid pressure would increase with continuous shear strain and fluid
replenishment until it exceeds the lithostatic pressure, then starts the
shear failure and produces the hydraulic extensional fractures around
the early formed Py2-1 grains (Peterson and Mavrogenes, 2014; Cox,
2016; Li et al., 2018). This would trigger the rapid drop in fluid pressure,
which was followed by ore fluid phase separation. Previous fluid in-
clusion studies have confirmed the occurrence of fluid phase separation
in the Shanggong deposit (Fan et al., 1998; Chen et al., 2006). Recent
studies have suggested incompatible trace elements such as Au, As, Ag,
Cu, Sb, Te, and T1, prefer partitioning into the liquid phase relative to the
vapor phase under moderate temperatures (<400 °C) (Kouzmanov and
Pokrovski, 2012, and references therein). Thus, phase separation caused
by the repaid fluid pressure fluctuations would increase the concentra-
tions of dissolved As, Au, and other metals in the liquid phase and even
oversaturate the liquid to further produce the As-rich bright zones in
Py2-1 (Fig. 13b). Continued As-rich pyrite growth would deplete the

incompatible trace elements-rich fluid in the newly formed pyrite-fluid
interfaces. Furthermore, combined with the replenishment of bulk fluid
in the interface, these processes would drive the fluid system back to the
beginning again. Consequently, the As-poor dark bands in Py2-1 were
formed under these conditions (Fig. 13c). Successive shearing defor-
mation and fluid replenishment would restart the above cycle to produce
alternating zones in Py2-1 (Fig. 13d). Thus, we propose that fluid
pressure fluctuations induced by successive shearing deformation
should be responsible for the formation of the oscillatory-zoned Py2-1
pyrite. Besides, the chemistry of dark bands with low concentrations of
As and Au in Py2-1 could approximately represent the initial signature
of the Py2-1 hydrothermal fluids, whereas those of the bright bands are
indicative of the evolved fluid that experienced phase separation.
Generally, the boundaries between the clean Py2-3 and the complex
Py2-2 are sharp and vary from planar to curvilinear in the same grain,
excluding the simple Py2-3 overgrowth on Py2-2. These textures suggest
a limited fluid-mediated pseudomorphic dissolution-re-precipitation
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Fig. 9. LA-ICP-MS trace element maps of aggregates of Py2-1, Py2-2, and Py2-3 from the Shanggong deposit.

process (Fougerouse et al., 2016a). The lower Au and other trace ele-
ments of Py2-3 compared with Py2-2 (Fig. 8) imply the fluid that
precipitated Py2-3 is poor in these elements. The residual fluid phase
would become depleted in Au and other trace elements because of the
precipitation of large amounts of Py2-1 and Py2-2. Then, this fluid was
transported to the Py2-2-fluid interface and subsequently produced
trace elements-poor Py2-3, and limitedly replaced Py2-2 by a
dissolution-reprecipitation process (Fig. 13f). Moreover, this replace-
ment might release minor Au and other elements from Py2-2 into the
hydrothermal fluid and reprecipitate as nanoparticles in the same pyrite
crystal (Fig. 10c) and/or its adjacent (Fig. 6)i. Besides, the presence of
tellurides (e.g., hessite, electrum) and sulfides (e.g., sphalerite, galena)
in the microcracks and intergranular fractures of pyrite (Figs. 6g-h and
13g) suggest the tellurium fugacity increased significantly with dramatic
decreases of logfSx(g) and pH, and the logical Au oversaturation in the
remained hydrothermal fluids. These might be triggered by the precip-
itation of large amounts of Py2-1, Py2-2, and Py2-3, and input of the new

10

Te-rich hydrothermal fluid (Zhang and Spay, 1994).

5.3. Enrichment mechanisms of Au and As in Py2-2 pyrite

As discussed above, Py2-2 generally has a sharp boundary with Py2-1
and is parallel with its growing crystal surface (Fig. 6f-h), suggesting
that Py2-2 directly precipitated from the ore fluids and overgrew on Py2-
1. Au and As, Ag, Cu Sb, Te, and Tl are significantly enriched in Py2-2,
implying that the hydrothermal fluid precipitated Py2-2 carried high
budgets of these elements. The fluid might result from multiple stages of
phase separation of the initial ore-forming fluid and a new pulse of trace
elements-rich fluid. Notably, Py2-2 contains up to ~ 4511 ppm Au and
55327 ppm As (Table 2), which is consistent with arsenian pyrite with
high contents of Au and As (Deditius et al., 2014 and reference therein).
However, the concentrations of Au and As in metallogenic hydrothermal
fluids are generally very low (1-100 ppb Au and 0.10-100 ppm As;
Mikucki, 1998; James-Smith et al., 2010; Aufarb and Groves, 2015).
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Fig. 10. Representative LA-ICP-MS time-resolved depth profiles of Py2-1, Py2-
2, and Py2-3 from the Shanggong deposit.

This contradictory relation suggests that Au-As-rich zones in pyrite are
less likely to have directly precipitated from their patent ore-forming
fluids.

Many studies have emphasized that cyclical fluid flows or multistage
hydrothermal fluid processes are beneficial to form and refine Au de-
posits (Peterson and Mavrogenes, 2014; Fougerouse et al., 2016a; Xing
et al., 2019). These cyclical processes would produce a high fluid-rock
ratio, which is largely responsible for the formation of Au and As-
zones in pyrite (Mikucki, 1998; Meffre et al., 2016; Xing et al., 2019).
The extensive hydrothermal alterations in the ore-hosting faults (Fig. 6a-
c) suggest the high fluid-rock ratios in mineralization systems in the
Shanggong deposit. This would promote Au accumulation in pyrite.

Furthermore, near-surface kinetic dynamics (such as diffusion-
limited self-organization) can also play an important role in the
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Note: (1) The whole dataset is listed in Appendix Table A4-1.

enrichment of trace elements in minerals (Watson, 2004; Fougerouse
et al., 2016b; Wu et al., 2019 and references therein). Previous numer-
ical modeling studies suggested that different self-organized nonlinear
feedback processes on the fluid-mineral interface can produce centi-
meter- to submicron-scale chemical zoning (Putnis et al., 1992, Putnis,
2002; Wang et al., 2009). The diffusion-limited self-organization model
has been used to interpret the formation of zones in calcite (Watson,
2004) and pyrite (Wu et al., 2019). According to this model, during the
growth of a continuous crystal layer, when the crystal growth rate was
faster than the diffusion fate of incompatible elements in the near-
surface fluid layer, these elements would become enriched at the
crystal-fluid interface. Consequently, the new-formed crystal layer in
contact with the near-surface fluid layer would efficiently incorporate
these elements and forming the incompatible elements-rich zones in the
crystal (Watson, 2004; Wu et al., 2019 and references therein). How-
ever, continued crystal growth would consume the fluid incompatible
elements and essential contents (Fe and S) in the fluid-crystal interface,
resulting in a decrease in crystal growth rate (Wu et al., 2019) and the
subsequent new-formed layer with relatively low incompatible ele-
ments. Replenishment of ore-forming fluid into the interface would
restart the above cyclic process to produce oscillating zones with trace
element depletion and/or enrichment. Besides, when a sufficient
amount of ore-forming materials were transported to the crystal-fluid
interface, a continuous compositional zone with a relatively larger
width could be formed via a diffusion-limited organization process. Py2-
2 can contain some silicate mineral inclusions and continuous zones
(Fig. 6h), suggesting that it had a rapid growth rate and was formed with
fluctuations in fluid conditions. In the Shanggong deposit, the ion
diffusion rate should be slower relative to the pyrite crystallization rate
because the temperature of ore-forming fluids of the main ore stage was
relatively low (300-220 °C, Chen et al., 2006). Thus, we propose the
pyrite crystal growth rate was faster than the near-interface diffusion
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(0°-5°) in the selected pyrite grain.

rate of trace elements, facilitating the enrichment of fluid incompatible
elements such as Au, As, Ag, Cu Sb, Te, and Tl in Py2-2 (Watson, 2004;
Wu et al., 2019). Additionally, on the semi-conduction As-bearing Py2-2
surface, the surface electrochemistry-driven adsorption of Au and its
associated element-bearing complexes would cause the accumulation of
these elements at the pyrite-fluid interface (Mikucki, 1998 and refer-
ences therein). Combined with the diffusion-limited self-organization,
this process would also promote the incorporation of these elements in
the new-formed Py2-2. Moreover, thermodynamic calculations demon-
strated that rapid decompression and its induced phase separation in the
fluid would also decrease the temperature under adiabatic conditions
and further facilitate As and Au enrichment in pyrite (Pokrovski et al.,
2002; Perfetti et al., 2008; Kouzmanov and Pokrovski 2012). Collec-
tively, we propose that the significant enrichment of Au and other
metals in Py2-2 could have resulted from both extrinsic (e.g., fluctua-
tions in fluid pressure and composition) and intrinsic processes such as
local crystal-fluid interface kinetic effects (e.g., diffusion-limited self-
organization, surface electrochemistry-driven adsorption) (Fig. 13e).

5.4. A possible magmatic affinity

The sulfur isotopic composition of pyrite is strongly controlled by the
fO2, pH, T, and isotopic composition of hydrothermal fluids (Ohmoto,
1972). Under the low fO5 and pH conditions, the 534S values of sulfide
minerals precipitating from the ore-forming fluids are approximately
equal to the 634525 value of the solutions (Ohmoto, 1972). The inter-
growth of pyrite and pyrrhotite indicates reduced conditions of the ore-
forming fluids in the S1 stage. Besides, the fluid also has a low pH value
(4.7 ~ 7.7 with an average of 5.6, Chen et al., 2006), implying that the
634525 values of the fluid were approximately equal to that of pyrite
(Py1) in the S1 stage (—2.7 ~ 7.2%o, Tang et al., 2019). Notably, the 5%%s
values of Pyl are consistent with those of typical magmatic-
hydrothermal deposits (—=5 ~ 5%, Ohmoto and Rye, 1997; Hoefs,
2009), the Taihua Complex (1.3 ~ 5.7%o, Table A4-2), Xiong’er Group
(1.3 ~ 5.7%o, Table A4-2), and mantle (=3 ~ 3%., Chaussidon and
Lorand, 1990). Therefore, the S1 stage sulfur is most likely from a
magmatic source and partially derived from the mantle and the sur-
rounding rocks.

The 534S values of the S2 stage pyrites are much more negative than
those of Py1 (Fig. 11a). Generally, the negative 5°*S values reflect either
a source with an anoxic environment or isotopic fractionation during the
evolution of the mineralizing fluids. The paragenesis of barite and
apatite (Fig. 6j) indicates the relative oxidized condition of the ore-
forming fluid in the S2 stage (Tang et al., 2013). During this stage,
both the large input of meteoric water proved by Fan et a. (1994) and the
fluid pressure fluctuations (Hodkiewicz et al., 2009; Wu et al., 2019)
evidenced by brecciation (Fig. 5b-d), oscillatory zones (Fig. 6g-h) and
fluctuations in physicochemical parameters of fluid inclusions (Fan et a.,
1994, Chen et al., 2006) could result in fluid oxidation and increase of
HSO4 /H,S ratio. The fluid oxidation would lead to the fractionation of
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heavy 34S into the oxidized sulfur species because the 34S-O bond is
stronger than the 25-0 bond, resulting in that residual ore-forming fluid
becoming relatively 3*S-depleted and consequently producing ore-
related pyrite characterized by negative 5°*S values (Ohmoto, 1986;
Saunders et al., 1997). Thus, we propose that the negative 5>4S values
for the S2 stage pyrite might result from the S isotope fractionation
between sulfide and sulfate minerals via oxidation of ore-forming fluid
(Ohmoto et al., 1972; Auhaber et al., 1978; Fan et al., 1994). This pro-
cess was also genetically related to the extensive interaction between the
ore-forming fluid and Fe?*-rich andesite in the Xiong’er Group with the
consumption of reduced S of the fluids during the pyrite formation
(Lambert et al., 1984; Fan et al., 1994; Tang et al., 2013), as evidenced
by the common alteration in and/or near the orebodies (Figs. 5a-b and
6a-c). However, the available data show that 534S values (-0.54 ~
7.0%o) of barite in the ores from the Shanggong deposit are not very high
(Chen and Fu, 1992; Lu et al., 2004). Considering the S isotope balance
fraction between the sulfides and sulfates, suggesting the negative 5>*S
values (—16.9 ~ -3.3%o with an average of —10.9%o) of the S2 stage
pyrite might not only result from S isotope fractionation (Chen et al.,
2008; Ohmoto et al., 1972). The input of biogenic sulfur might also play
an important role in forming the negative 5°*S values of the S2 stage
pyrite (Chen et al., 2008; Ohmoto et al., 1972). Nevertheless, organic
sulfur has not been discovered in any lithological units of the Xion-
g'ershan area (Tang et al., 2013), implying the negative 5°*S values
unlikely mainly resulted from an organic sulfur source. Notably, Chen
et al. (2008) suggested that the negative 5>*S values of ore-forming fluid
in the S2 stage probably resulted from the input of biogenic sulfur in the
Guandaokou and Luanchuan Groups exposed in the south of the
Xiong’er Terrane during the continental collision between the YZB and
NCC. However, the Guandaokou and Luanchuan Groups mainly consist
of S-poor rocks (Tang, 2014) and have the 534S values of pyrite varying
from —12.4%o to 18.6%o (Luo et al., 1991; Zhou et al., 1993), suggesting
they were unlikely the major donator for the negative 5°*S (up to
—16.9%0) of the S2 stage pyrite. Collectively, we propose that the
negative 5>*S values of the S2 stage might result from both the S isotope
fractionation between sulfides and sulfates and the input of biogenic
sulfur of the Guandaokou and Luanchuan Groups.

The H-O isotopic results indicate that the S1 stage ore-forming fluid
was mainly derived from magmatic-hydrothermal fluid, with meteoric
water input in the S2 and S3 stages (Fan et al., 1998; Hu et al., 2013).
Although intrusions that providing sufficient ore-forming fluids have not
been discovered in the Shanggong deposit, gravity and magnetic
geophysical investigations have suggested the existence of a concealed
large pluton at ~ 3-5 km beneath the surface of the Shanggong deposit
(Wang et al., 2019). Our LA-ICP-MS analyses show that the main ore-
stage pyrite contains high contents of Au, As, Ag, Cu, Sb, Te, Tl, and
Pb and shows a positive correlation between Au and the other elements
(Fig. 9). The element association is consistent with that transported by
magmatic aqueous vapor (Williams-Jones and Heinrich, 2005; Simon
etal., 2005, Simon et al., 2006, Simon et al., 2007) and similar to that of
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Fig. 13. Schematic diagram of the fluid pressure-driven zoned pyrite formation process during the S2 stage at the Shanggong deposit. See detailed explanations in

the text.

the ore-stage pyrite from the Nevada’s Carlin-type gold deposits with
magmatic-origin (Muntean et al., 2011 and references therein). This
suggests the ore-forming fluid was potentially sourced from magmatic-
hydrothermal fluids. Furthermore, the main mineralization age
(149.1 £+ 6.7 Ma) is coincident with the ages of numerous Au, Mo, and
Ag-Pb-Zn mineralization (163-113 Ma) and Late Mesozoic felsic and
mafic magmas emplacement (158-112 Ma) in the southern NCC (Li
et al., 2012a; Li et al., 2016; Zhao et al., 2018). These felsic magmas
were derived from re-melting of ancient crystalline basement of the
southern margin of the NCC with input of mantle materials (Gao and
Zhao, 2017; Zhao et al., 2018), further supporting a magmatic source for
the ore-forming fluid and materials. Apart from the abnormal sample
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17SG71, the initial 8Sr/%0Sr values recalculated at 149 Ma (Igy-149 ma) Of
sericite in the Shanggong deposit range from 0.7127 to 0.7162 with an
average of 0.7141 (Appendix Table A5). This average is lower than the
recalculated mean value of the Taihua Complex (0.7460, Appendix
Table A5, Luan et al., 1985; Ni et al., 2012) and the Xiong’er Group
(0.7238, Appendix Table A5, Peng et al., 2008; Zhao, 2000), but higher
than that of the mantle (<0.706, Hu et al., 2013), suggesting the ore-
forming materials were sourced from a mixture of crust and mantle.
This conclusion is also evidenced by the Pb (Fan et al., 1994; Hu et al.,
2013) and He-Ar isotopic results (Tang, 2014). In summary, we propose
the Shanggong deposit could be potential of magmatic-hydrothermal
origin with a mixed source of crust (e.g., the Taihua complex and
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Xiong’er Group) and mantle for the ore-forming materials.
6. Conclusions

Gold mineralization in the Shanggong deposit is closely constrained
in the NW-trending faults as breccia and altered rock-type ores. The
timing of Au mineralization is constrained at 149.1 + 6.7 Ma by Rb-Sr
dating of ore-related sericite.

The S2 stage mineralization resulted from multiple pulses of hy-
drothermal fluids derived from a common sulfur source. Py2-1 with
oscillatory zoning is interpreted to be the result of repeated local fluid
phase separation at the near-surface of pyrite crystal due to sharp fluid
pressure fluctuation. Py2-2 significantly enriched in Au and other metals
should have resulted from both extrinsic (e.g., fluctuations in fluid
pressure and composition) and intrinsic processes (e.g., local crystal-
fluid kinetic effects. Then the exhausted ore-forming fluid was trans-
ported to the Py2-2-fluid interface, producing trace elements-poor Py2-3
and locally replacing Py2-2.

The Shanggong deposit is of possible magmatic origin for the initial
ore-forming fluid and sulfur, and the ore-forming materials were
sourced from both crust and mantle. The negative §°*S values for the 2
stage pyrite might result from the S isotope fractionation in the ore-
forming fluid and the input of biogenic sulfur of the Guandaokou and
Luanchuan Groups.
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