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ARTICLE INFO ABSTRACT

Keywords: The Qiyugou gold deposit, located in the Xiong’ ershan area of the North China Craton, contains abundant
Qiyugou gold deposit bismuth-sulfosalts that are closely associated with gold mineralization. Pyrite is the dominant Au-hosted mineral,
Trace element of pyrite and has been formed in three generations (Pyl, Py2, and Py3). Pyl grains, generally intergrown with milky

Bismuth minerals
Bi melts scavenging Au
The southern margin of the North China craton

quartz, are coarse (>1 mm), euhedral in shape, and Au-depleted in composition. In contrast, subhedral Py2
grains, associated with light gray quartz, are medium to coarse (0.2-3 mm) and are enriched in gold that is both
invisible and visible. Py3 grains (0.1-0.5 mm), intergrown with abundant sulfide minerals, are relatively fine and
Au-depleted. The time-resolved LA-ICP-MS depth profiles of the Py2 grains indicate that invisible gold occurs as
either solid solution or nano-particles of native gold and electrum. Visible gold occurs as small blebs in the Py2
grains where inclusions of native bismuth, galenobismutite, lillianite homologs, tetradymite, and galena are also
present. In addition, it is common that electrum in microfracture infillings or along grain boundaries of the Pyl
and Py2, are intergrown with bismuthinite derivatives, Bi-Cu sulfosalts, emplectite, tetradymite, chalcopyrite,
galena, and Py3.

Based on textural relationships and mineral assemblages, calculation of physicochemical conditions show that
gold was formed in conditions of fTey = ~107! and fSy = ~107!! to 1072 for Py2, and fTe; = ~107° to 107
Mand fS; = ~1071% to 101! for Py3. We thus proposed that such physicochemical conditions may have triggered
the precipitation of Bi melt, and sulfidation driven by cooling or increase in sulfur content results in the
transformation of the Au-Bi liquid into a stable assemblage of native gold and bismuthinite. These bismuth
minerals are associated with native gold/Au-bearing minerals, indicating that the Au mineralization of the
Qiyugou gold deposit might be genetically associated with Bi melt. The present study highlights the role of Bi as
important gold scavengers in arsenic-deficient ore-forming fluid.

1. Introduction common association of Au and Bi could be explained by the hypothesis
that Bi melt is an effective Au collector (Douglas et al., 2000; Tooth et al.,

Gold deposits containing low As but anomalously high concentra- 2011). Furthermore, as bismuth-sulfosalts and tellurides assemblages
tions of bismuth have attracted considerable attentions in scientific are sensitive to physical-chemical fluctuations, diversity of Bi-minerals
communities (Buzatu et al., 2015; Chapman et al., 2017; Ciobanu et al., that are closely associated with Au can also provide important physi-
2010; Cook et al., 2009a; Oberthiir and Weiser, 2008; Tormanen and cochemical information on Au ore-formation (Ciobanu et al., 2010;

Koski, 2005; Zhou et al., 2018). Based on available studies, such a Cook et al., 2009b; Liu et al., 2013; Meng et al., 2020; Xu et al., 2014).

* Corresponding author.
E-mail address: tpzhao@gig.ac.cn (T.-P. Zhao).

https://doi.org/10.1016/j.oregeorev.2021.104085
Received 1 September 2020; Received in revised form 7 February 2021; Accepted 25 February 2021

Available online 3 March 2021
0169-1368/© 2021 Elsevier B.V. All rights reserved.


mailto:tpzhao@gig.ac.cn
www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2021.104085
https://doi.org/10.1016/j.oregeorev.2021.104085
https://doi.org/10.1016/j.oregeorev.2021.104085
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2021.104085&domain=pdf

Q. Wu et al.

Ore Geology Reviews 133 (2021) 104085

|
112°

a 80°E  90°E 100°E 1d°E 120°E 130°E

Archean strata - Early Mesozoic granite
Pt Proterozoic stratal:l Late Mesozoic granite
Paleozoic strata I:I Alkaline-slightly granite

Triassic strata Fault

Jurassic strata

2|0 0

20 40km
! )

@ Molybdeum deposita@ Selver deposita
Cretaceous strata @ Gold deposits (D Pb-Zndeposita

(=]

5

T

10km

Cretaceous to
Cenozoic sediments

Mesoproterozoic
LuanchuanGroup

Mesoproterozoic
Guandaokou Group

[ ]
]

Late Archean Taihua
Group
Paleoproterozoic
Xiong’er Group

Mesozoic granitoid
intrusion

Huashan

ugou
o
o / O
(0]
Heyu
EI Gold deposits Molybpnum
deposits
Unconformity surface
Ag-Pb-Zn
L] Faus [ ] e

Fig. 1. (a) Major Tectonic outlines of China and (b) tectonic setting of the southern margin of the North China Craton, modified after Zhao et al. (2018); (c)
geological and tectonic map of the Xiong’er terrane and the location of the Qiyugou gold deposit, modified after Lu et al. (2004).
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Fig. 2. (a) Geological map of the Qiyugou gold deposit and (b) No. 10 prospecting profile.

The Xiong’ershan gold area in the southern margin of the North
China Craton is one of the largest gold districts in China, containing 20
~ 30 major gold deposits, with gold reserves up to 300 tons (Mao et al.
2002). Some gold deposits in this area have a Bi-rich, As-poor signature
(Wang et al., 2020), providing an ideal example to investigate the

formation of Au-Bi association in these deposit and the role of bismuth in
gold mineralization. The Qiyugou Au deposit is one of the largest gold
deposits in the area, and contains several auriferous breccia pipes that
are spatially related to granite-porphyry in Qiyugou (Qi et al., 2019).
Numerous geochronology and fluid inclusion studies are available on
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Fig. 3. Paragenetic sequence of minerals in the Qiyugou gold deposit.

the Qiyugou deposit and confirmed that the deposit was formed at ca.
125 Ma (Wang et al., 2001, 2020) and the ore-forming fluids were
magmatic in origin (Chen et al., 2009; Fan et al., 2011; Guo et al., 2007;
Li et al., 2012). Abundant Bi-minerals were also suggested to be closely
associated with Au mineralization (Wang et al., 2020). However, the
study on the mineralogy of ores, particularly the Bi-minerals, is still very
limited. Thus physicochemical conditions and mechanisms of Au-
mineralization remain poorly understood in this deposit. In such
contribution, we study the different types of mineralization at the
Qiyugou deposit with the focus on the relationship between Bi-minerals
and Au mineralization. In-situ trace and major elemental compositions
of different generations of pyrites were obtained to constrain the phys-
icochemical conditions of the gold mineralization, consequently con-
firming that whether such a kind of gold metallogenic system has
produced preferential conditions for liquid Bi precipitation and Au
concentrations.

2. Geological background

The Qiyugou deposit is located in the Xiong’ershan area, which lies
on the southern margin of the North China Craton (NCC) (Fig. la).
Numerous gold deposits (>300 t Au) exist in this area with different
occurrences, including breccia pipe-hosted (Qiyugou and Dianfang), and
altered-type gold deposits (Shanggong, Gongyu, Kangshan, Qing-
gangping and Luyuangou) (Mao et al., 2002). The Xiong’ershan area is
bounded by the Machaoying Fault to the south and the Luoning Fault to
the northwest (Fig. 1b). This area is dominated by amphibolite-facies
metamorphic rocks of the Late Archean to early Paleoproterozoic Tai-
hua Group (2.5-2.3 Ga; Xue et al., 1996; Xu et al., 2009), which mainly

consists of felsic gneiss, TTG gneiss, migmatite, amphibolite, and
metamorphosed supracrustal rocks intercalated with mafic to ultramafic
rocks (Xu et al., 2009). The Taihua Group is unconformably overlain by
intermediate to silicic volcanic rocks of the Paleoproterozoic Xiong’er
Group (Chen et al., 2009; Mao et al., 2010; Fig. 1b). The Xiong’er Group
formed in the period of 1.80-1.75 Ga (Zhao et al., 2004, 2009) mainly
comprising basaltic andesite, andesite and minor dacitic-rhyolitic rocks
(Zhao, 2000; Zhao et al., 2002).

During the Mesozoic and Cenozoic, thinning of the cratonic litho-
sphere generated abundant intrusions of calc-alkaline granitoid and
lamprophyre in the Xiong’ershan area, such as the Huashan (132.0 +
1.6 Ma; Mao et al., 2010) and Wuzhangshan plutons (156.8 + 1.2 Ma;
Mao et al., 2010) (Fig. 1b). A large number of important alkaline
porphyry-related gold and molybdenite deposits have been discovered
in the Xiong’ershan area, such as the Leimengou porphyry Mo deposit
and the Qiyugou breccia pipes Au deposit (Mao et al., 2002).

3. Geology of the Qiyugou gold deposit

The Qiyugou gold deposit is situated in the south-central part of the
Xiong’ershan area. The deposit is located on the southeast part of the
Mesozoic Huashan granitic pluton and bounded with the Taocun-
Mayuan fault. Strata at Qiyugou includes the Late Archean amphibo-
lite facies metamorphic rocks and the Paleoproterozoic silicic volcanic
rocks, which are overlain by Quaternary sediments. Porphyries exposed
at the Qiyugou area include quartz-porphyry (ca. 165 Ma; Deng et al.,
2014), granite-porphyry (ca. 130 Ma; Qi et al., 2019), and monzonite-
porphyry (ca. 125 Ma; Qi et al., 2019). Previous studies suggested that
these porphyries have a spatial-temporal relationship with Au
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mineralization (Chen et al., 2009; Mao et al., 2008; Yao et al., 2009).
This deposit contains three types of ores, which are porphyry-, breccia-
and quartz-vein-types, respectively. The total ore reserves of this deposit
are approximately 70 t of gold (Mao et al., 2002) with ore grades ranging
from 3 to 7 g/t (Chen et al., 2009).

The Au mineralization occurs in the porphyry complex of the central
Qiyugou district and is named as No. 189 ore bodies (Fig. 2a). The
mineralized zone is ~500 m long and ~100 m wide with a vertical
thickness for over several hundred meters. The gold ore bodies mainly
occur in the silicified core of porphyry bodies and can be divided into
silicified and brecciated ore bodies. Breccia Au mineralization is the
most important mineralization and distributes around No.189 ore-
bodies (Fig. 2a). These breccia pipes are developed along NW-trending
faults, resulted from NE-SW and NW-SE trending compression during
the Mesozoic (Chen et al., 2009). The breccia mineralization, repre-
sented by J2, J4, J5, and J6 breccia pipes of ore bodies, mainly consists
of massive pyrite and chalcopyrite that bear precious metals and cement
breccias. Breccia is mainly sourced from rocks of the Taihua Group (60%
~ 80%) and metamorphosed volcanic rocks of the Xiong’er Group (40%
~ 20%) with latter occurring at the top of the breccia bodies. Granitic
breccia, which were sourced from syenitic porphyry and granitic por-
phyry appeared in the middle and lower part of the breccia bodies.
Additionally, quartz-vein-type gold ores also occur in the northwest of
the Qiyugou gold deposit, bounded by NE-trending faults, which is
considered as the distal products of porphyry mineralization (Shao,
1992). Along N-E trending faults, more than 70 gold-bearing veins have
been discovered, and can be divided into three groups including NNE
direction (such as F39 and F41), NE direction (such as F120 and F146),
and NEE direction (such as F119 and F120) (150 ~ 2600 m length and
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Fig. 4. Photographs (a, c, e) and reflected light pho-
tomicrographs (b, d, f) showing three generations of
pyrite (Pyl, Py2, and Py3) with different textures and
morphologies. (a) Large crystals of the Pyl dispersed
in milky quartz. (b) Pyl is coarse-grained subhedral
crystals dispersing in quartz (c) The first and second
generations of pyrite. (d) Py2 distributes around Pyl
with abundant inclusions of sulfide mineral, native
bismuth, and native gold in associated with light gray
quartz. (e) (f) Py3 is intergrown with chalcopyrite and
galena, characterized by medium- to fine-grained
euhedral grains. Mineral abbreviations: Py pyrite,
Qtz quartz, Ccp chalcopyrite.

0.3 ~ 9.8 m width) (Fig. 2a). Although the occurrence of these three type
of mineralization is very different, we found that their mineral assem-
blages are similar.

Based on mineral assemblages, the hydrothermal alteration, and the
cross-cutting relationships, five stages of mineral precipitation are
recognized (Fig. 3). Stage 1 is represented by milky quartz and K-feld-
spar, and stage 2 is dominated by milky quartz accompanied with
coarse-grained, euhedral to subhedral “clean” pyrite (Fig. 4a, b). Stage 3
is characterized by light gray granular quartz and abundant medium-
grained pyrite containing abundant bismuth mineral inclusions
(Fig. 4c, d). Stage 4 is marked by a quartz-polymetallic sulfide assem-
blage consisting of pyrite, galena, chalcopyrite, and sphalerite (Fig. 4e,
f). Stage 5 is composed of carbonate and quartz veins and traces of py-
rite. Stages 3 and 4 are considered as the most important stages of gold
deposition.

Pyrite is proved to be an important mineral hosting gold in the
Qiyugou gold deposit, and has grain sizes highly variable from 100 pm
to 30 mm and generally does not present clear compositional zonation
under back-scatter electron images. Based on distinct morphology, tex-
tures, and paragenesis, three generations of pyrite, Pyl, Py2, and Py3,
were identified in Stages 2, 3, and 4, respectively (summarized in Fig. 3).
Pyl with length of >1 mm occurs as coarse-grained subhedral crystals
dispersing in milky quartz veins (Fig. 4a, b). This type of pyrite is devoid
of any inclusions (Fig. 4b), but commonly disturbed by micro-fractures
filled with quartz, chalcopyrite, galenobismutite, lillianite homologs,
and galena. Py2 grains, generally overgrowing on Pyl, are also associ-
ated with light gray quartz. Besides, they are coarse- to medium-grained
(0.2 to 3 mm). Py2 grains differ from Pyl by abundant inclusions of
sulfide minerals, native bismuth and native gold (Fig. 4c, d). Py3 is
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Table 1
Individual LA-ICP analyses of pyrite grains.
Sample no. Pyrite stage Pb Co Ni Cu Zn As Ag Sb Au Bi
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
QYG-7 Pyl - 5.52 14.0 0.02 - 0.41 - - - -
QYG-7 Pyl 3.19 2.28 5.39 0.23 0.10 1.32 0.05 - 0.03 1.26
QYG-7 Pyl - 40.1 25.7 0.08 0.12 1.68 - - - -
QYG-7 Pyl 425 124 7.56 16.3 1.70 2.84 5.27 0.09 0.38 39.0
QYG-13 Pyl - 2.50 1.05 0.02 0.18 10.8 - - - -
QYG-13 Pyl 1.32 20.4 21.0 0.18 0.09 7.23 0.02 0.01 0.02 1.51
QYG-17 Pyl 0.61 2.33 95.5 0.08 0.08 18.8 0.03 - - 0.83
QYG-18 Pyl 2.76 0.05 40.0 0.19 0.20 3.57 0.03 0.02 0.02 3.46
QYG-18 Pyl 0.09 64.6 32.7 0.25 1.54 3.30 0.03 - - 0.64
QYG-18 Pyl 1.23 283 38.5 0.10 0.10 4.50 - - - 0.09
QYG-18 Pyl 0.02 447 174 0.12 0.11 1.40 0.03 0.01 - 0.15
QYG-18 Pyl 0.11 406 406 0.15 0.76 2.61 0.01 0.02 - 0.36
QYG-38 Pyl 2.89 317 67.6 0.55 0.11 10.0 0.67 - - 3.44
QYG-38 Pyl 0.61 716 34.2 0.07 0.18 0.75 - 0.03 - 0.11
QYG-38 Pyl 3.45 9.38 6.98 0.10 0.11 0.44 0.29 0.01 - 1.28
QYG-38 Pyl 0.03 443 333 0.29 0.16 8.40 - - - 0.02
QYG-38 Pyl 0.01 148 74.2 1.01 0.32 2.12 - 0.02 - -
QYG-38 Pyl 0.01 283 249 0.66 1.17 6.78 - - - -
QYG-37 Pyl 621 87.5 6.11 3.15 0.13 28.7 17.3 0.07 0.23 51.2
QYG-37 Pyl 26.6 219 73.2 0.54 0.09 2.39 1.84 0.01 - 6.85
QYG-37 Pyl 1.68 204 0.47 0.06 0.05 247 - 0.03 0.02 0.40
QYG-37 Pyl 9.95 0.37 0.13 0.27 0.24 3.81 0.45 0.02 - 16.2
QYG-37 Pyl 55.3 2.03 0.08 1.24 15.8 6.26 0.07 0.05 0.02 2.04
QYG-37 Pyl 567 300 106 7.91 0.45 3.57 12.8 0.04 0.23 69.5
QYG-37 Pyl 634 267 105 7.25 0.28 4.99 9.87 0.14 0.23 70.9
QYG-28 Py2 6,341 117 1.69 50.0 10.0 66.3 80.5 0.01 0.08 181
QYG-5 Py2 28.2 0.13 0.68 126 7.55 40.3 2.76 0.04 0.22 32.0
QYG-5 Py2 0.06 0.32 0.32 0.00 0.07 11.6 0.01 - - 0.07
QYG-5 Py2 5,130 606 0.14 7.05 0.08 10.7 114 0.86 0.30 4,635
QYG-22 Py2 20.4 86.6 58.3 27.2 0.26 176 0.99 0.02 0.03 12.7
QYG-22 Py2 2.14 143 15.6 1.97 0.10 1.65 0.39 - 0.10 23.4
QYG-22 Py2 0.83 127 157 15.9 0.12 0.20 0.12 - 0.03 3.00
QYG-22 Py2 238 141 27.5 510 1.88 52.3 51.3 0.12 0.33 720
QYG-22 Py2 14.634 98.6 62.9 0.12 0.15 1,483 0.71 - 0.09 2.21
QYG-22 Py2 10,100 744 114 59.9 0.15 1.36 1,265 3.12 0.37 10,758
QYG-3 Py2 176 196 209 84.0 2.99 2.86 35.7 0.38 0.18 18,587
QYG-3 Py2 46.8 5.27 129 0.49 0.16 0.20 1.73 - 0.06 40.2
QYG-3 Py2 14,751 2,437 209 333 0.89 7.80 1,340 6.65 0.05 14,913
QYG-3 Py2 594 305 388 68.7 0.64 10.7 60.9 0.03 2.03 474
QYG-3 Py2 172 377 210 224 2.73 3.32 10.3 0.23 0.19 10,134
QYG-32 Py2 12.8 23.1 20.3 0.43 0.50 17.2 0.45 0.01 0.04 20.7
QYG-32 Py2 26.8 6.90 16.3 113 12.4 17.0 2.99 0.01 0.06 33.1
QYG-17 Py2 45.6 31.7 17.7 7.20 1.95 5.21 1.42 0.03 0.15 72.2
QYG-18 Py2 11.7 58.0 18.1 85.3 2.48 4.13 1.89 0.04 1.38 39.1
QYG-18 Py2 6.47 299 46.5 833 55.9 18.8 12.3 0.07 1.06 43.0
QYG-18 Py2 4.75 95.7 420 0.76 3.97 8.84 0.27 0.00 0.04 6.52
QYG-18 Py2 10.9 96.7 184 0.48 0.48 5.28 0.08 0.05 0.05 9.62
QYG-18 Py2 2.53 30.0 28.9 174 12.0 5.92 1.53 - 0.13 8.67
QYG-18 Py2 3.44 20.0 14.9 0.20 0.32 4.46 0.09 0.01 - 7.84
QYG-18 Py2 79.5 32.1 58.1 224 15.9 10.9 4.40 0.02 0.32 52.8
QYG-18 Py2 0.12 36.5 118 0.34 0.17 8.86 0.01 - - 0.54
QYG-37 Py2 1,849 209 27.2 20.3 0.35 29.3 47.7 2.02 1.31 360
QYG-38 Py2 56.1 139 1.92 29.1 0.10 15.6 24.3 0.13 28.9 32.2
QYG-38 Py2 415 41.2 18.7 22.0 0.53 0.12 17.6 0.01 0.05 40.0
QYG-38 Py2 15.6 232 5.35 0.31 0.17 0.48 0.64 0.01 0.04 11.3
QYG-38 Py2 20.5 5.16 6.42 1.53 0.04 5.08 0.32 0.14 0.05 7.60
QYG-38 Py2 6,695 198 25.2 36.8 22.9 1.51 79.9 0.22 0.05 171
QYG-5 py3 69.2 2.47 1.38 161 2.83 37.0 8.11 0.03 0.24 153
QYG-22 py3 8.87 437 58.7 137 0.27 0.92 0.97 0.01 0.04 2.63
QYG-22 py3 - 74.8 54.7 0.01 0.13 1.35 - - - 0.01
QYG -3 py3 0.10 24.2 657 0.12 0.13 40.8 0.01 0.01 - 0.24
QYG-38 Py3 0.01 390 22.6 0.07 0.15 0.96 - 0.01 - 0.02
QYG-38 Py3 4.26 49.7 43.8 432 6.07 4.76 3.81 - 0.77 14.1

— = Below the detection limit.

intergrown with chalcopyrite, galena, electrum and bismuthinite de-
rivatives. The Py3 grains are euhedral and characterized by medium- to
fine-grained sizes ranging from 0.1 to 0.5 mm (Fig. 4e, f). Only Py2 and
Py3 grains are closely associated with gold mineralization.

4. Sampling and analytical methods

Representative ore samples were collected from the ore bodies at
different levels in the Qiyugou gold deposit. In present study, fourteen
samples (QYG-1, -2, -3, -5, -7, -13,-14, -16, -18, -22, -23, and -24) taken
from breccia pipes, four samples (QYG-25, -28, -32, and -33) from
No.189 ore body, and two samples (QYG-37 and QYG-38) collected from
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Fig. 5. Correlations between Au, Ag, Bi, As, Pb, Co, Ni for different generations of pyrite.

quartz-vein-type gold ores were selected. The selected samples were
prepared as polished sections for electron microscopic, in situ electron
probe and laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) analyses.

Scanning Electron Microscope (SEM, SUPRA 55 SAPPHIRE, ZEISS
Company, Germany) was used to investigate the bismuth mineral
texture and semi-quantitative composition under the back-scattered
electron (BSE) mode at the Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences. Major element compositions of the ore
minerals were obtained by a JXA-8230 electron-probe micro-analyzer
(EPMA) at the Institute of Geochemistry, Chinese Academy of Sci-
ences. With a beam diameter 1 pm, peak counting time 20 s, and
background counting time 10 s, the EMPA analyses were performed
under an acceleration voltage 20 kV and a beam current 20 nA. Co? (for
Co), FeS, (for S), Sb° (for Sb), FeAsS (for As), FeS, (Fe), Au® (for Au), Ni°
(for Ni), CuFeS, (for Cu), ZnS (for Zn), FeS, (for S), Pb° (for Pb), Bi® (for
Bi), Ag0 (for Ag), Te? (for Te) and Se° (Se) were used as standards. Used
X-ray lines and typical detection limits were listed as following: Ag (La,
0.03 wt%), As (La, 0.05 wt%), Au (La, 0.12 wt%), Bi (Ma, 0.12 wt%), Co
(Ka, 0.03 wt%), Cu (Ka, 0.03 wt%), Fe (Ka, 0.02 wt%), Ni (Ka, 0.02 wt
%), Pb (Ma, 0.10 wt%), S (Ka, 0.02 wt%), Sb (La, 0.03 wt%), Se (La,

0.03 wt%), Te (La, 0.04 wt%), and Zn (Ko, 0.04 wt%).

In addition, trace element concentrations in pyrite of different gen-
erations were measured by Laser Ablation Inductively-Coupled Plasma
Mass Spectrometry (LA-ICP-MS) on polished thin sections at the In situ
Mineral Geochemistry Lab, Ore deposit and Exploration Centre (ODEC),
Hefei University of Technology, China. The analyses were carried out on
an Agilent 7900 Quadrupole ICP-MS coupled to a Photon Machines
Analyte HE 193-nm Ar-F Excimer Laser Ablation system equipped. A
squid signal smoothing device is included in this laser ablation system.
Helium was applied as a carrier gas. Argon was employed as the make-
up gas and mixed with the carrier gas via a T-connector before entering
the ICP (Wang et al., 2017). Each analysis was performed by a uniform
spot size diameter of 30 mm at 8 Hz with energy of ~ 4 J/cm? for 40 s
after measuring the gas blank for 20 s. The following basic set of isotopes
for magnetite and hematite were monitored: 25Mg, 27Al, 2951, 43(44)Ca,
455 497i, 51y 53¢y, 55Mn, 57Fe, 59Co, ©°Ni, 55Cu, %0Zn, 71Ga, 74Ge, 83sr,
89y, 907: 93Nb, Mo, %Mo, 11'cd, 5In, 18sn, 137Ba, 178Hf, 181Ta,
182y, and 2%Bi. Multiple isotopes of Ca and Mo were measured to test
for data consistency. The isotopes for ilvaite are ’Li, !B, 2Na, °Mg,
271, 2951, 42Ca, 45c, 49Ti, 51, 53Cr, 55Mn, 57Fe, 5°Co, 5°Ni, 55Cu, %6Zn,
71Ga, 74Ge, S5Rb, 88sr, 8y, %°7r, %3Nb, Mo, 1%%Ag, 111cd, 118n, 12!sb,
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Fig. 6. Time-resolved LA-ICP-MS depth-concentration profiles (ion-signal intensity, counts per second) of Au, Ag, Te, Fe, Co, Ni, Cu, Pb, and Bi for pyrite grains of
different generations from the Qiyugou gold deposit. (a-b) Pyl is depleted in most elements, like Pb, Zn, Cu, Ag, B, and Au. The time-resolved LA-ICP-MS depth
profiles of Py2 (c-f) show a significant increase in Au, Pb and Bi signal intensities with sharp irregularities in other portions, indicating that some Py2 grains contain
small amounts of invisible gold and bismuth minerals, occurring as microscopic inclusions or solid solutions. (h-i) The Py3 is similarly to Py1.

133cs 137, 1391, 140Ge 141py 146NQ 147gm 153py, 157Gq, 159Th,
163y, 165y, 166p, 1697y 172yp 1751y 178y 1817, 182y 208pp, 209p;
232Th and 2%8U. Data reduction was performed with ICPMSDataCal’
software program (Liu et al., 2008) using >’Fe determined by EPMA as
the internal standard and SRM 610, BCR-2G, and MASS-1 as external
standards in order to plot calibration curve. The preferred values of
element concentrations for the USGS reference glasses are from the
GeoReM database.

Previous studies have demonstrated that fugacity-fugacity diagrams
are useful tools to predict the physicochemical conditions (e.g. fTes, fSo
and fO,) of ore formation (Afifi et al., 1988a, 1988b; Xu et al., 2014).

The detailed calculation methods of fugacities of Sx(g), Tea(g) and O2(g)
have been shown in previous studies (Afifi et al., 1988a, 1988b; Simon
et al., 1997; Xu et al., 2014). LogfO2 vs. pH diagrams at different tem-
perature showing the areas of iron oxides can be used to estimate
approximately oxygen fugacity. The thermodynanic databases are from
SUPCR92 and SLOP98, and the diagram was drawn by the CHOSZ
package of R (Dick, 2008).
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Fig. 7. Reflected-light photomicrographs of bismuth minerals assemblages from the Qiyugou gold deposit. (a-e, g-h) Tetradymite (Ttd), cosalite (Cot), magnetite
(Mag), hematite (Hem), chalcopyrite (Ccp), electrum (Elc), gustavite (Gus), and native gold (Au) in pyrite (Py). (f) Bleds of native bismuth (Bsm), galena (Gn), and
cosalite (Cot). (i) Bleds of native bismuth (Bsm) and galena (Gn) coexisting with pyrrhotite (Po). Figure. a, b, and c are reflected light microphotographs, while others

are BSE images.

5. Result
5.1. LA-ICP-MS trace elements of pyrite

LA-ICP-MS data of totally 136 individual analytical spots of pyrites
from the Qiyugou deposit are given in Table 1 and detailed data in
Appendix table. The Pyl grains that formed during stage 2 are depleted
in Pb, Zn, Cu, Ag, Bi, and Au elements. Only 19 of 70 analyses of Pyl
reveal detectable gold, with values varying between below detection
and 1.35 ppm and averaging in0.20 ppm. The Py2 grains are enriched in
selected trace elements (Au, Ag, Cu, Pb, Bi) compared to Pyl. The Au
contents of the Py2 grains vary from below detection limit to 7.63 ppm,
with an average of 0.96 ppm, and Pb varies from 0.24 ppm to 0.48 wt%,
with an average of 1923 ppm, which is similar to Bi that varies from
0.99 ppm to 0.86 wt%, with an average of 2574 ppm. The wide range of
Bi and Pb contents in Py2 and the positive correlation between Pb and Bi
(Fig. 5a) are probably related to abundant micro-inclusions of Pb-Bi
sulfosalt in the Py2, as observed in the thin sections (Fig. 7). The LA-
ICP-MS trace elemental composition of Py3 is similar to Pyl. The Au
contents of Py3 range from below detection limit to 0.77 ppm, 0.35 ppm
on average. Arsenic, which is generally considered to play essential role
for incorporation of invisible gold in pyrite (Reich et al., 2005), is poor in
the Qiyugou deposit and has no correlation with Au (Fig. 5e).

The time-resolved LA-ICP-MS depth profiles obtained from pyrite
grains of different generations can be employed to illustrate the relative
concentrations of Au, Ag, Bi, Pb, Te, and As and trace gold nanoparticles
in the analyzed samples. Pyl and Py3 grains have Au, Ag, Te, Pb, and Bi

signal intensities that are comparable to the respective background
values (Fig. 6a, b, g, h). This suggests that these pyrite grains contain
extremely little Au, Ag, Te, Pb, and Bi. In contrast, the time-resolved LA-
ICP-MS depth profiles of Py2 grains show a significant increase in Au, Pb
and Bi signal intensities with sharp irregularities in other portions,
suggesting the overall presence of inclusions in the ablated material.
Representative depth profiles are illustrated in Fig. 6c, d, e, f. Individual
LA-ICP-MS spots have irregular depth profiles due to the gold and bis-
muth mineral inclusions of varying sizes and the time-resolved LA-ICP-
MS depth profiles of Py2 grains preserve excellent correlation trends
between Au and Bi.

5.2. Mineralogy and mineral chemistry of bismuth minerals

Numerous bismuth minerals have been recognized in the Qiyugou
gold deposit, including cosalite, tetradymite, lillianite homologs, native
bismuth, bismuthinite derivatives, and cuprobismutite homologs. These
Bi-minerals are mostly shown in Stage 3 and 4, which contain different
the assemblages of Bi-minerals assemblages show the difference. Stage 3
is dominated by coarse-grained pyrite containing chalcopyrite, galena,
pyrrhotite, native-Bi, Ag-Pb-Bi + Cu sulfosalts (members of the lillianite-
homologous series), Pb-Bi sulfosalts, electrum, and native gold in-
clusions (Fig. 7). In contrast, Stage 4 comprises mainly chalcopyrite,
pyrite, galena, bismuthinite, aikinite, magnetite, hematite, chlorite,
epidotite, and electrum (Fig. 8). The characteristics of diverse Bi-
minerals are described below. Their chemical compositions are shown
in Tables 2, 3.
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Fig. 8. Images of bismuth chalcogenides from the Qiyugou gold deposit. (a-b) Electrum (Elc), tetradymite (Ttd), and aikinite (Aik) occur as microfractures of Py2. (c)
Bismuthinite (Bmt), tetradymite (Ttd), and chalcopyrite (Ccp) along the boundary of pyrite. (d) Bismuthinite (Bmt), tetradymite (Ttd), cuprobismutite (Cbs), and
aikinite (Aik) as inclusions in pyrite. (e) Bismuthinite (Bmt), tetradymite (Ttd) along the boundary of pyrite and gold as tiny inclusion in pyrite. (f-i) Bi-sulfosalts
(Bismuthinite, tetradymite, aikinite, cuprobismutite, and aikinite) filling the intergranular spaces of pyrite.

5.2.1. Pb-Bi sulfosalt

As shown in the Bi-(Ag + Cu)-Pb ternary diagram (Fig. 9), cosalite is
the main Bi-Pb sulfosalts in the deposit (Fig. 7a, b, f, g, h). It occurs as
irregular inclusions in pyrite and coexists with chalcopyrite, galena,
lillianite-gustative, native bismuth, and native gold. Cosalite contains
42.6 ~ 45.2 wt% Bi, 31.8 ~ 36.0 wt% Pb, and 15.8 ~ 16.7 wt% S as well
as trace amounts of Fe (<3.53 wt%), Cu (<4 wt%), and Ag (<2.15 wt%)
(Table 3). The chemical composition of cosalite is calculated as
Biz.90~7.99 (Pbe 68~7.22F€1.36~2.42)8.60~9.10918.91~19.50-

5.2.2. Pb-Bi-Ag sulfosalt

Lillianite homologs belong to the main type of Pb-Bi-Ag sulfosalts at
the Qiyugou deposit (Fig. 7c, e). The ideal formula is proposed as Pby.1.
2xBi2 i xAgxSN+2 (Makovicky and Karup-Mgller, 1977). All these minerals
generally contain Ag, Bi and Pb, while Cu, Sb and Te are below the
detection limits in most cases (Table 3).

5.2.3. Native bismuth

Native bismuth occurs in the Qiyugou deposit as blebs intergrown
with pyrrhotite and galena (Fig. 7f, i). It also occurs in contact with gold
and Pb-Bi sulfosalts. EPMA results of native bismuth indicate the min-
eral contains ca. 97 wt% Bi and ca. 3.6 wt% of Fe (Table 2).
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5.2.4. Bismuthinite derivatives

Bi-Cu-Pb sulfosalts are abundant in the Qiyugou deposit and belong
to the bismuthinite derivatives, which are an isomorphic series with the
two end members of bismuthinite (BisSg) and aikinite (CuyPbyBisSg)
(Fig. 8). Besides, they are usually shown as micro-fracture infillings or
intergranular phases of pyrite coexisting with chalcopyrite, galena,
electrum, and tetradymite. Compositionally, bismuthinite includes ca.
77 wt% Bi and ca. 20 wt% S, with small amounts of Cu (1.13 ~ 2.34 wt
%) and Fe (<1.14 wt%) (Table 3). The average composition of bismu-
thinite can be formulated as Biy g1 ~7.82(Cug.35~0.74F€0~0.12) S11.75~12.41-
Based on the substitution mechanism of Pb** + Cu!™ = Bi®*, the
generalized formula of bismuthinite derivative is given as CuxPbyBig.1 /2
(x+y) S12, where x should be equal or very similar to y. The SEM data of
bismuthinte derivatives from the Qiyugou gold deposit is shown in
Table 3, which can be plotted in the Bi-Cu-Pb ternary diagram (Fig. 10).

5.2.5. Cu-Bi sulfosalt

Cuprobismute homologues are present as acicular blades in the
microfracure and intergranular of pyrite. Cuprobismute homologues
from the Qiyugou deposit contain ca. 66.2 wt% Bi, ca.12.9 wt% Cu, and
ca. 18.7 wt% S, with minor amounts of Fe (ca. 0.53 wt%) and Ag(ca. 1.1
wt%) (Table 2; Fig. 8d, f, g, h, i).



Q. Wuetal

Table 2

Ore Geology Reviews 133 (2021) 104085

Electron microprobe data of visible gold, native bismuth and Bi-chalcogenide in the Qiyugou gold deposit.

Au Fe Bi Se Co Te Ni Ag Cu Pb Zn S Total Au/(Au + Ag)
Gold
QYG-1 76.04 1.29 0.85 0.02 - - 0.00 21.05 - - 0.26 0.26 99.67 0.78
QYG-3 76.21 3.61 1.25 0.01 - 0.08 - 19.09 0.01 - - 0.36 100.61 0.80
QYG-3 80.21 0.13 0.85 0.31 - - 0.01 15.09 - - 0.22 0.25 100.77 0.84
QYG-14 89.25 0.09 0.87 - - - - 10.12 - - - - 100.33 0.90
QYG-22 89.91 0.58 0.97 0.26 - - 0.01 7.43 - - 0.19 0.20 98.98 0.92
QYG-16 90.01 1.35 1.39 - - 0.01 0.01 7.87 0.01 - 0.01 0.04 100.72 0.92
QYG-17 92.57 1.58 0.98 0.19 - - 0.01 4.85 - - 0.25 0.26 98.96 0.95
QYG-18 92.87 - 0.96 0.20 0.01 - 0.01 2.50 - - 0.03 0.29 98.52 0.97
QYG-17 93.73 0.71 0.98 0.16 - - - 3.07 - - 0.20 0.20 97.61 0.97
QYG-22 93.90 0.98 1.46 0.03 - - 0.01 3.56 0.04 - 0.02 0.06 100.06 0.96
QYG-22 94.01 0.48 0.97 0.06 0.01 - - 2.75 - - 0.23 0.19 99.31 0.97
QYG-22 95.38 1.03 0.93 - - 0.00 - 3.13 - - - 0.03 100.50 0.97
QYG-22 95.91 0.05 0.95 - - 0.00 - 3.57 - - - - 100.47 0.96
QYG-25 96.63 0.40 0.90 - - - - 2.63 - - - 0.05 100.63 0.97
Native bismuth
QYG-32 - 3.49 96.26 - - - - - - - - - 99.75
QYG-32 - 5.21 94.53 - - - - - - - - - 99.74
QYG-33 - 2.04 97.55 - - - - - - - - - 99.59
QYG-24 - 3.08 95.98 - - - - - - - - - 99.07
QYG-25 - 3.02 96.34 0.20 - - - - 0.05 - - 0.61 100.22
Bi-chalcogenides
QYG-25 0.23 59.52 35.00 0.10 0.05 - 0.04 4.72 99.65
QYG-25 0.06 59.28 34.36 0.11 - - 0.08 4.61 98.50
QYG-32 0.06 58.70 34.62 0.12 0.02 - 0.06 4.66 98.24
QYG-32 0.37 53.04 41.96 0.01 0.06 - - 4.61 100.04
QYG-33 - 1.44 54.43 38.28 0.05 0.01 - 0.05 4.26 98.51

— Below the detection limit.

5.2.6. Bi-chalcogenides

In most case, bismuth chalcogenides are present as irregular in-
clusions or microfracture infillings in pyrite intergrown with chalcopy-
rite, galena, lillianite-gustative, native bismuth, bismuthinite
derivatives, electrum and native gold (Figs. 7, 8). Tetradymite (Fig. 11)
represented by formula Bi1_73~2,03Te1_92~2,230_92~1,03, containS ca. 57.0
wt% Bi, ca.37.0 wt% Te, ca. 4.6 wt% S, and trace amounts of Fe (<0.08
wt%) and Cu (<0.054 wt%).

5.2.7. Native gold and electrum

Visible gold (native gold or electrum) is mainly hosted by pyrite as an
infill of microfractures or inclusions (1 ~ 100 pm) (Fig. 12). In the
meanwhile, chalcopyrite or quartz is also an important host for gold in
the Qiyugou deposit. At stage 3, gold occurs as small blebs within pyrite,
coexisting with chalcopyrite, galena, Bi-Pb sulfosalts, Ag-Pb-Bi sulfosalts
(Fig. 12a, b, ¢, d, e). Visible gold has a high number in Au fineness (i.e.,
Au/ (Au + Ag)*1000), ranging from 841 to 982, 950 on average
(Table 2), with smaller amounts of Fe (<1.58 wt%) and Bi (0.85 and
1.45 wt%). The gold of Stage 4 is shown as electrum locating in
microfracture infillings or intergranular among pyrite grains, inter-
grown with bismuthinite derivatives, Bi-Cu sulfosalts, chalcopyrite,
galena, and tetradymite (Fig. 12f, g, h, i). The Au fineness of electrum
ranges from 783 to 898, 832 on average. In addition, it also contains
minor amounts of Fe (0.09 ~ 1.29 wt%) and Bi (0.83 ~ 0.86 wt%).

6. Discussion
6.1. Formation conditions of bismuthide in different stages

A large number of bismuth minerals that coexist with gold have been
found in the Qiyugou gold deposit, which can be divided into two groups
based on the textural relationships and mineral assemblages. According
to our result, Pyl grains of Stage 2 are free of any inclusions of bismuth
minerals or gold, whereas Py2 of Stage 3 has abundant bled-like in-
clusions of native bismuth, pyrrhotite, native gold, lillianite homo-
logues, Pb-Bi sulfosalt (galeobismutite and cosalite), and tetradymite,
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indicating a decrease in fSg, fO5 and increase in fTe,. Obviously, Py3 of
Stage 4 is associated with chalcopyrite, galena, bismuthinite derivatives
(bismuthinite and aikinite), tetradymite, and electrum, indicative of
high fS, conditions. The absence of Au-tellurides in this stage indicates
that fTe, was too low to reach the stability field of AuTe, (calaverite).
Previous studies demonstrated that Bi-Te minerals can record the
physicochemical conditions (e.g. fTes and fSy) of ore formation (Afifi
et al., 1988a, 1988b; Cepedal et al., 2006). Microthermometric mea-
surements of primary fluid inclusions revealed that the temperatures of
gold mineralization in the Qiyugou deposit range from 310 ~ 390 °C
(stage 2, stage 3) and 200 ~ 289 °C (stage 4), respectively (Fan et al.,
2011; Li et al., 2012), consistent with the formation temperature of
bismuthide in various gold deposits elsewhere (Bi et al., 2011; Chapman
et al., 2017; Ciobanu et al., 2004; Zhou et al., 2017). According to the
Pb-Bi-Au-Ag-Te assemblages, we adopt the logfTe, versus logfS, dia-
gram at 300 °C and 250 °C to evaluate Te and S fugacities for the
deposition of sulfides and tellurides (Fig. 13). In stage 3, fTe, can be
defined by 2Bi + 1.5Tey(g) = BiyTe3(300 °C), at ca. 10! (Xu et al.,
2014). In the stage 4, the absence of calaverite indicate that the logfTes
(g) should be below the Au-AuTe; buffer. According to the phase’s
equilibrium of Bi,S3-BiyTes, the fTes can be constrained between 10711
and 107°. At stage 3, the coexisting pyrite and pyrrhotite suggests fSo
values of 107! to 107!% An increase of S fugacity and decrease of
temperature in Stage 4, which contributed to the precipitation of bis-
muthinite derivatives + tetradymite + magnetite + hematite + pyrite,
suggests the estimated fS, of this stage is 101? to 10!, Meanwhile, the
Bi-Te-S minerals (tetradymite) are characterized by low Bi/(Te + S)
ratios of <1, implying that gold has precipitated under oxidizing con-
ditions (Ciobanu et al., 2010). The pH value of the Qiyugou gold deposit
was 6.34 at the Stage 1 and the ore-forming hydrothermal fluids trans-
form from weakly acidic to weakly basicity during the ore-forming
process (Shao, 1992). Base on the mineral assemblages, we adopt the
logfO, versus pH diagram at 400 °C(Stage 2), 300 °C(Stage 3) and
250 °C(Stage 4) (Fan et al., 2011; Li et al., 2012) to evaluate oxygen
fugacities for the Qiyugou gold deposit (Dick, 2008). The oxygen
fugacity ranged from 1072% to 10722 at the Stage 2, while the oxygen
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Table 3
Representative SEM data of Bismuth-sulfosalts from the Qiyugou gold deposit.
Fe Bi Ag Cu Pb S Au Total

Lillianite-gustative
QYG-3 2.52 35.48 3.01 - 42.74 15.59 - 99.34
QYG-5 3.05 35.51 - - 45.67 15.78 - 100.01
QYG-5 3.38 36.45 - - 44.06 16.11 - 100.00
QYG-6 1.90 36.98 - - 44.90 16.23 - 100.01
QYG-13 1.39 35.68 2.28 - 44.65 16.01 - 100.01
QYG-13 2.33 48.86 9.46 - 22.70 16.64 - 99.99
QYG-13 3.12 37.56 4.11 - 42.60 13.56 - 100.95
QYG-14 4.84 35.11 3.15 - 39.96 16.93 - 99.99
QYG-14 1.98 44.43 4.97 2.45 30.13 16.07 - 100.03
QYG-14 1.98 46.99 5.73 1.98 26.38 16.55 - 99.61
QYG-15 1.65 44.95 6.55 6.56 23.66 16.64 - 100.01
QYG-15 2.15 48.11 6.15 1.35 25.25 16.29 - 99.30
Cosalite
QYG-22 3.53 43.42 - - 36.03 15.76 - 98.74
QYG-3 1.96 42.21 - - 38.23 15.96 - 98.36
QYG-7 0.54 45.24 2.15 4.05 31.80 16.77 - 100.55
QYG-8 1.34 42.62 - 3.52 36.02 16.51 - 100.00
Bismuthinite derivatives
QYG-22 0.70 32.92 - 10.50 38.79 17.09 - 99.30
QYG-22 0.59 32.92 - 10.86 38.81 16.83 - 99.42
QYG-3 - 33.25 - 11.06 39.12 16.57 - 100.00
QYG-3 1.32 34.22 - 10.45 37.09 16.91 - 98.67
QYG-3 - 36.81 - 10.04 36.81 16.67 - 100.33
QYG-32 1.01 44.23 - 7.86 30.13 16.77 - 98.99
QYG-32 1.01 44.23 - 7.86 30.13 16.77 - 98.99
QYG-16 0.54 45.24 2.15 4.05 31.80 16.77 - 100.01
QYG-17 1.30 57.20 - 4.75 19.38 16.87 - 98.20
QYG-17 - 57.31 - 4.87 20.23 17.57 - 99.98
QYG-18 - 58.08 - 4.86 19.33 17.35 - 99.62
QYG-19 0.52 58.16 - 4.32 19.24 17.40 - 99.12
QYG-19 0.52 58.16 - 4.32 19.24 17.40 - 99.12
QYG-21 1.14 59.10 - 4.12 17.85 17.50 - 98.57
QYG-21 1.14 59.10 - 4.12 17.85 17.50 - 98.57
QYG-21 - 76.87 - 2.19 - 20.65 - 99.71
QYG-22 - 76.87 - 2.19 - 20.65 - 99.71
QYG-22 0.30 77.66 0.01 1.36 0.00 18.81 0.03 98.26
QYG-22 - 77.83 - 1.41 - 20.67 - 99.91
QYG-25 - 77.88 - 1.09 - 19.98 - 98.95
QYG-25 - 77.88 - 1.09 - 19.98 - 98.95
QYG-25 - 77.93 - 1.47 - 20.67 - 100.07
QYG-25 - 78.12 - 1.28 - 20.17 - 99.57
QYG-26 0.02 79.02 0.00 1.15 0.00 18.08 0.00 98.75
Cuprobismute homologues
QYG-15 67.53 1.29 12.97 0.00 18.84 0.00 100.62
QYG-15 66.36 1.06 12.97 0.00 18.82 0.00 99.21
QYG-15 66.49 1.03 13.08 0.00 18.80 0.00 99.41
QYG-25 66.50 1.05 13.26 0.00 18.69 0.00 99.50

— = Below the detection limit.

fugacity ranged from 10~° to 10736 at the Stage 3 and Stage 4 (Fig. 14),
Bi1 suggesting that the oxygen fugacity decreased from the early stage to the

B Lillianite-Gustative series
A Cosalite
@ Matildite

Cu-Ag Pb

Fig. 9. Ternary diagram of Bi-Pb and Bi-Pb-Ag sulfosalts from the Qiyu-
gou deposit.
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main stage.

6.2. Gold scavenging by Bi melt

Our new results show that gold in the Qiyugou gold deposit almost
presents as visible (native gold and electrum) (Fig. 12) and small
amounts of invisible gold in pyrite. LA-ICP-MS depth profiles for Au, Ag,
Pb and Bi are generally ragged and show parallel trends, suggesting that
the invisible gold may be present as nano-scale native gold and associ-
ated with Pb-Bi-Ag-Cu mineral inclusions in pyrite (Fig. 6). Visible gold
(native gold or electrum) is mainly hosted by pyrite as an infill of
microfractures or inclusions, coexisting with Bi-Pb sulfosalts, Ag-Pb-Bi
sulfosalts, bismuthinite derivatives, Bi-Cu sulfosalts, chalcopyrite,
galena, and tetradymite (Fig. 12). Moverover, mineral assemblages
suggest that gold was deposited under low Te fugacity (fTes) condition
(fTey ~ 10’11(stage 3) and fTe; ~ 10 %to 10’11(stage 4)), which is far
less than that of conditions, where tellurium can sever as important gold
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Fig. 10. Ternary plot of bismuthate derivatives from the Qiyugou deposit.
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Fig. 11. Ternary plot (Bi + Pb)-Te-(S + Se) of tetradymite and the unnamed
BiTeS from the Qiyugou deposit. (Modified after Cook et al. (2009b)).

scavengers (fTep ~ 10758 ~ 107198 Bietal, 201 1; fTeg ~ 10779, Meng
et al., 2020). Arsenic is also poor in the Qiyugou deposit and has no
correlation with Au (Fig. 5e). These features further suggest that Au
enrichment was mainly controlled by Bi, rather than As or Te, a scenario
demonstrated in various gold deposits elsewhere (Meng et al., 2020;
Reich et al., 2005; Zhang and Spay, 1994).

Tooth et al. (2011) found that liquid bismuth from hydrothermal
fluids is able to be formed from fluid-rock or fluid-fluid reactions. In
favorable sulfur-oxygen fugacities and temperatures (above 271 °C), Bi
melts can scavenge Au from hydrothermal fluid, which can form eco-
nomic gold deposits from Au-undersaturated aqueous fluids (Tooth
et al., 2008). This mechanism is regarded as liquid bismuth collector
model, which has been applied to various hydrothermal deposits
(Acosta-Gongora et al., 2015; Cockerton and Tomkins, 2012; Cook and
Ciobanu, 2004; Oberthiir and Weiser, 2008; Tormanen and Koski, 2005;
Zhou et al., 2016). In the case of the Qiyugou deposit, the mineralization
temperatures (250-390 °C) obtained from fluid-inclusion thermometry
(Fanetal, 2011; Li etal., 2012) exceed the low melting points of the Au-
Bi phases (Okamoto and Massalski, 1983), implying that bismuth would
have been present as liquids or melt droplets. In hydrothermal fluids,
bismuth exists mainly as Bi(OH)s(aq) complex, and is subsequently
reduced to Bi® with electrons donated by graphite or pyrrhotite, causing
the precipitation of Bi melt droplets (Tormanen et al., 2005; Tooth et al.,
2008).

Pyrrhotite inclusions in Py2 commonly coexist with native bismuth,
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Bi-bearing minerals, and native gold (Fig. 7f, h) at stage 3 in the Qiyugou
deposit. Therefore, Bi®" in the fluid transforms to be Bi’ liquid via the
following reaction (1):

9FeS + 6H,0 + 2Bi(OH); (aq) = 2Bi(Liq) + 3Fe304(s) + 9HS(aq) (1)

At Stage 4, the brittle-ductile deformation of early pyrite was fol-
lowed by formation of a large number of polymetallic sulfides along the
developed fissures in the pyrite mainly including chalcopyrite, galena,
silver-gold ore, magnetite and a small amount of hematite. Because Fe is
predominantly present as Fe?! in hydrothermal fluids (Brugger et al.,
2016), the precipitation of Fe3*-bearing minerals is an oxidation reac-
tion, which results in the precipitation of liquid bismuth, presented as
follows:

2Bi**(aq) 4+ 9Fe*"(aq) + 12H,0 = 3Fe;04 + 2Bi(Liq) + 24H" 2

4Au(HS)> (aq) + 4H" + 2H,0 = 4Au’ (in Bi Lig) + 8H>S(aq) + Oa(g) (3)

Bi melts can scavenge Au from the Au-undersaturated hydrothermal
fluids (reaction 3), forming Bi-Au melts (Tooth et al., 2011). However,
the Au in the Qiyugou gold deposit occurs mostly as native particles with
minor shown as Bi-Au alloys. Zhou et al., (2018) speculated that some Bi
were likely to be re-dissolved or altered in the fluid, leaving behind gold,
through the following two processes: 1) production of Bi-melts from
hydrothermal fluids and scavenging Au from the hydrothermal fluids
and 2) convert of stable native bismuth to bismuthinite or Pb-Bi-Te-S
minerals as a result of Bi sulfidation reactions triggered by decreasing
temperature or increasing sulfur contents.

In summary, our new findings on Bi-minerals allow us to propose a
new model for the origin of the Qiyugou deposit. In the quartz-gold-
pyrite stage (Stage 3), gold mainly exists as inclusions in pyrite, where
it coexists with natural bismuth, pyrrhotite and bismuth minerals.
Accompanied with scavenges of Au from the hydrothermal fluids de-
creases in fO5 and temperature triggered the precipitation of native Bi.
Sulfidation reactions of the Bi melt would also release Au back into the
hydrothermal fluids that converted Bi melt into bismuth minerals and
native Au (Ciobanu et al., 2010). Subsequently, the bismuth minerals
and native Au were subsequently incorporated into pyrite as inclusions.
In the polymetallic sulfide stage (stage4), decreasing temperatures, and
increasing sulfur contents also maintained the stabilization of bismu-
thinite (Tooth et al., 2011). Sulfidation driven by cooling or increasing
sulfur contents results in the transformation of the Au-Bi liquid into a
stable assemblage of native gold and bismuthinite (Tooth et al., 2011).
Hence, this study shows that the mineralization of Au in the Qiyugou
gold deposit is the result of Au concentration via the liquid bismuth
collector model and emphasizes that bismuth can be important ore-
controlling element in gold deposits related to magmatism, and is of
great significance for ore prospecting in the region.

7. Conclusion

1) Gold in the Qiyugou gold deposit mostly occurs as visible gold
(native gold and electrum) and small amounts of invisible gold in
pyrite. LA-ICP-MS depth profiles suggest that the invisible gold in
Qiyugou deposit presents as nano-scale, submicroscopic inclusions of
native gold or electrum.

2) Gold precipitation in Stages 3 and 4 appeared at the conditions of
fTey = ~107!! and fSo = ~1071! to 1072, and fTey = ~10"° to
107! and £S5 = ~1071% to 1071%, respectively.

3) The decreases in fO, and temperature triggered the precipitation of
liquid bismuth, and drove the scavenging of Au from the hydro-
thermal fluids. Moreover, our new findings emphasize that the for-
mation of the Qiyugou gold deposits involved Au scavenging by Bi
melt (i.e., Stages 3 and stage 4).
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Fig. 12. Images of Au from the Qiyugou gold deposit. (a-e) Native gold(Au), gustavite(Gus), as inclusions in pyrite (Py) (f ~ i) Electrum (Elc),bismuthinite (Bmt),
tetradymite (Ttd), and aikinite (Aik) occur as microfractures of Py.
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Fig. 13. Stability diagrams of logfS, and logfTe, for tellurides and sulfides at 300 °C and 250 °C (modified after Afifi et al., 1988a), as a function of fS, and fTe,.
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