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Abstract

The Wulong gold deposit (>80 t Au) is located at the northeastern margin of the North China Craton (NCC). Gold
in the most economically important quartz veins (Stages 2 and 3) is associated with a varied assemblage of Bi and Te
minerals. Stage 2 is characterized by, in a temporal order, native gold-native bismuth-maldonite-hedleyite, bismuthinite-
Bi-sulfotellurides, electrum-hessite-Bi-Pb-Ag sulfosalts, Bi-Pb sulfosalts, and Bi-Pb-sulfotellurides. All of these miner-
als except maldonite, electrum, hessite, and Bi-sulfosalts are present in Stage 3 veins, which also contain jonassonite
and unnamed minerals with stoichiometry of BigTe; and BisTe;. These complex Bi mineral assemblages resulted from
changes in Pb, Ag, Te and Bi concentrations in reduced hydrothermal fluids both locally and temporally, from Stage
2 to 3. Texturally, approximately 85% of the gold grains are associated with almost all Bi minerals in each main-stage
mineralization. Quartz-vein ores from Stages 2 and 3 have high Bi concentrations (up to 7332 ppm) and show a positive
correlation between Bi and Au, with Bi/Au ratios > 10. These textural and geochemical associations, together with the
occurrence of numerous droplet-like blebs and small inclusion trails of native bismuth and Bi-tellurides with native
gold, maldonite, or jonassonite, suggest that Bi-rich melts may have formed from the hydrothermal fluids of Stages 2
and 3, and acted as an Au scavenger in a complex Bi-Au-Pb-Ag-Te system. Hence, the intimate association of Bi and
Au at Wulong is the result of Au enrichment via the liquid bismuth collector mechanism. Unlike Wulong, however,
other deposits in the NCC, such as Yangzhaiyu (Xiaoqinling district), Guilaizhuang (Jiaodong district) and Dongping
(Jidong district), are characterized by low Bi concentrations, and are much richer in Te than Bi, so these systems could
not generate low-melting point Bi-rich polymetallic melts. The low-sulfur Bi-Au-Pb-Ag-Te association at Wulong is
consistent with that observed in reduced intrusion-related gold systems elsewhere and suggests that hydrothermal fluids
may have been derived from the co-located Early Cretaceous diorite-granite porphyry dyke swarm.

Keywords Bismuth minerals - Liquid bismuth collector - Chemical fluctuations - Wulong gold deposit - North China
Craton

Introduction

Understanding the processes controlling metal precipitation

and accumulation is fundamental to the study of gold deposit
formation. The North China Craton (NCC) is the most
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important Au-producing region in China. It hosts numerous
large to world-class Au deposits in several districts, such as
the Jiaodong district in the eastern NCC and the Xiaoqinling
district in the southern NCC (ESM 1 Fig. S1a); altogether
these districts host Au reserves of ~4,000 to 5,000 t (Gold-
farb and Santosh 2014; Zhu et al. 2015).

Gold deposits in the NCC have been divided into “altered-
wallrock”™ and “quartz-vein” types (Zhu et al. 2015; Fan et al.
2016), and many contain trace amounts of tellurides and/
or bismuth minerals (Gu et al. 2003; Bi et al. 2011, 2016;
Zhou et al. 2011; Li et al. 2006, 2012a, b; Xu et al. 2014;
Yang et al. 2016b; Feng et al. 2019, 2020). The Wulong
gold deposit is an example of the quartz vein type, located
in the northeastern margin of the NCC (Fig. 1; Feng et al.
2020). Generally, the hydrothermal fluids in both types of
gold deposits share similar chemical and physical properties,
including temperature (200-410 °C), salinities (<15 wt%
NaCl eq.), and enrichment in CO, (Zhu et al. 2015; Fan et al.
2016). Available geochronological data suggest that these
gold deposits formed mostly over a short period in the Early
Cretaceous (130-120 Ma; Zhu et al. 2015). Several pro-
cesses have been suggested to trigger Au enrichment from
hydrothermal fluids to form economic Au accumulation in
this region. Visible gold in the quartz-vein type deposits
may have precipitated upon phase separation (boiling) of
the ore-forming fluid in response to pressure and tempera-
ture fluctuations (Jiang et al. 1999; Jiang 2000; Zhou et al.
2014, 2015; Fan et al. 2016; Guo et al. 2017, 2020), whereas
intense fluid-rock interaction may have been important to
the formation of altered-wallrock type gold deposits (Fan
et al. 2003, 2016; Yang et al. 2015, 2016a, 2017; Guo et al.
2017). Other gold enrichment mechanisms invoked in the
NCC are: (1) partitioning of invisible Au into As-bearing
pyrite (Mills et al. 2015; Feng et al. 2018; Li et al. 2018);
(2) accumulation of Au onto the surfaces of pre-deposited
As-rich pyrite (Mills et al. 2015); and (3) Au—Ag-Te-rich
melt scavenging Au from fluids into As-free pyrite in Au—Ag
telluride-bearing mineralized systems (Cook et al. 2009; Jian
et al. 2021). Very recently, a potential role for bismuth in Au
enrichment in the NCC has been reported (Wei et al. 2021).

Bismuth is one of the most important low melting chal-
cophile elements (LMCE; Frost et al. 2002), because it is
relatively abundant and has a low melting temperature of
271 °C (at 1 bar, slightly lower at higher pressures; Ponya-
tovskii 1960). In systems involving Au and/or Te, the melt-
ing temperature can be even lower (Fig. 2). For example,
the native bismuth + maldonite assemblage melts at 241 °C
at the eutectic composition in the Au-Bi system (87.4 wt %
Bi and 12.6 wt % Au; Okamoto and Massalski 1983), and
the eutectic in the Au-Bi-Te system is located at 235 °C.
Once precipitated from hydrothermal fluids as a liquid, drop-
lets of Bi melt can efficiently scavenge tens of wt. % Au
from coexisting fluid, even if that fluid is Au undersaturated
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(Douglas et al. 2000; Tooth et al. 2008, 2011). This is the
liquid bismuth collector model of Douglas et al. (2000),
which is well supported by thermodynamic modeling and
experimental studies (Tooth et al. 2008, 2011). Since Doug-
las et al. (2000), it has been suggested that the liquid bismuth
collector mechanism played a role in the formation of several
hydrothermal gold deposits (e.g., Romanian gold deposits,
Ciobanu et al. 2003, 2006; Cook and Ciobanu 2004; mod-
ern volcanic-hosted massive sulfide at Escanaba Trough,
Southern Gorda Ridge, Téorménen and Koski 2005; Viceroy
orogenic gold deposit in Zimbabwe, Oberthiir and Weiser
2008; Maldon gold deposit, Ciobanu et al. 2010; Stormont
Bi-Au skarn prospect in Australia, Cockerton and Tomkins
2012; Geodo skarn gold deposit in South Korea, Kim et al.
2012; iron oxide-dominated NICO Au—Co-Bi (£ Cu+ W)
deposit, Canada, Acosta-Gongora et al. 2015; skarn ores
from the Beiya Fe-Cu-Au deposit, China, Zhou et al. 2017),
where sulfur fugacity was sufficiently low to stabilize native
bismuth rather than bismuthinite (Tooth et al. 2013). Gold
scavenging by Bi-rich melts accounts for the close correla-
tion of Bi and Au concentrations found in these deposits. In
addition, bismuth minerals can be valuable tracers of fluid
evolution because they are sensitive to physical-chemical
fluctuations (Cook and Ciobanu 2004; Cepedal et al. 2006;
Ciobanu et al. 2010; Voronin and Osadchii 2013; Zhou et al.
2016, 2018).

The Wulong gold deposit, located in the Liaodong Pen-
insula, northeastern NCC (Fig. 1a; ESM 1 Fig. S1), is an
Early Cretaceous Au deposit that is enriched in Bi and Te.
At Wulong, Bi- and Te-bearing minerals were reported in
the auriferous quartz veins as early as the 1980s (Li et al.
1987). Zhao et al. (1994) were the first to describe the asso-
ciation between Au mineralization and native bismuth, bis-
muthinite and galenobismutite, but subsequent studies have
largely ignored this association. Wei et al. (2021), however,
described a similar association of native gold with native
bismuth and Bi-Te-S minerals. They suggested that Au depo-
sition occurred mainly during one stage, during which Bi-
(Te)-rich melts may act as Au scavengers. However, further
petrographic evidence is needed to support this model. In
addition, multi-stage gold mineralization and Bi mineral
formation have been documented at Wulong (Wei et al.
2001), raising the possibility that different Au scavenging
mechanisms formed different stages of gold mineralization
at Wulong.

This paper presents new mineralogical data for the
Waulong gold deposit, including detailed petrographic obser-
vations on the phase relationships among Au-Bi-Te mineral
assemblages and in situ major and trace element data. The
results provide new insights into the evolving chemistry and
physicochemical conditions that controlled Au accumula-
tion. In particular, our petrographic and geochemical evi-
dence imply that multi-stage scavenging of Au by Bi-rich
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Fig. 1 a Geological map of the Wulong gold orefield (modified after
Feng et al. 2020). The inset (modified after Zhu et al. 2015) shows the
location of the Wulong gold orefield within the North China Craton.
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Fig.2 Schematic Au-Bi-Te ternary phase diagram derived from
the three binary systems (Au-Bi binary, after Okamoto and Massal-
ski 1983; Au-Te binary, after Okamoto and Massalski 1986; Bi-Te
binary, after Okamoto and Tanner 1990)

polymetallic melt was responsible for gold enrichment in
auriferous quartz veins at Wulong. These observations
emphasize the importance of studying Bi mineral paragen-
esis to unraveling the ore-forming processes of hydrothermal
Au deposits globally.

Geological setting

The Wulong gold deposit is located in the Wulong Au ore-
field, eastern Liaodong Peninsula, at the northeastern margin
of the NCC (Fig. la; ESM 1 Fig. Sla). The Precambrian
basement in the Liaodong Peninsula includes Archean
tonalite-trondhjemite-granodiorite (TTG) gneisses and the
Paleoproterozoic Liaohe Group, which is dominated by
metamorphic sedimentary and bimodal volcanic rocks (Liu
et al. 1992; Lu et al. 2004; Li et al. 2005; ESM 1 Fig. S1b).
This basement was intruded by widespread Mesozoic fel-
sic to intermediate magmas, produced by the destruction
of the NCC and related lithospheric thinning (Yang et al.
2008; Zhu et al. 2011; Wu et al. 2019), predominantly
emplaced in the Late Jurassic (180—153 Ma) and Early
Cretaceous (131-110 Ma), with minor Triassic magmatism
(230-210 Ma) (Wu et al. 2005a, b; Yang et al. 2007a, b).
These rocks have a wide range of compositions, including
nepheline syenite, syenite, tonalite, diorite, granodiorite,
monzogranite, and syenogranite (ESM 1 Fig. S1b; Wu et al.
2005a, b; Yang et al. 2007a, b, 2012).

The Wulong orefield, at the eastern margin of the Liao-
dong Peninsula, is underlain by the Paleoproterozoic Liaohe
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Group and Jurassic Xiaodonggou Formation, both of which
are only exposed to a limited extent (Fig. 1a). The meta-
morphic rocks of the Liaohe Group are mainly distributed
west of the Yalu River Fault and are extensively intruded
by Late Mesozoic granite (Fig. 1a). The Xiaodonggou For-
mation occurs east of Yalu River Fault and comprises silt-
stone, sandstone, tuffaceous shale, conglomerate, and marl
(Fig. 1a). Structurally, the Wulong orefield is dominated by
approximately parallel and regularly spaced NNE-trending
faults, considered to be subsidiary to the NE-trending Yalu
River Fault. These NNE-trending faults extend for sev-
eral kilometers and dip 40°-60° to the west (Zhang 2002),
and are represented by the Zhengjiapu, Heigou, Jixingou,
Yangjia, Hongshi and Hanjiapuzi Faults from east to west
(Fig. 1a). The major Yalu River Fault is ca. 700 km long and
dips ca. 70° NW, and was initiated as a sinistral strike-slip
fault zone between 146 and 131 Ma (Zhang et al. 2018).

The widespread igneous rocks in the Wulong orefield
are dominated by the Late Jurassic Wulong two-mica
monzogranite (163-155 Ma), Early Cretaceous Wulong-
bei porphyritic granite (127-125 Ma) and Sanguliu pluton
(131-120 Ma) (Fig. la), comprising a central monzogranite
and an encompassing granodiorite (Wu et al. 2005a, b; Meng
et al. 2013; Gu et al. 2018; Yang et al. 2018). These rocks
are intruded by numerous mafic to felsic dykes, including
gabbro, lamprophyre, diorite, granite, and granitic pegma-
tite from 126 to 113 Ma (Fig. 1b; Zhang 2002; Xiao et al.
2018; Liu et al. 2019; Zhang et al. 2020). The orientation of
these dykes parallels the Au-bearing quartz veins at Wulong
(Fig. 1b).

Geology of the Wulong gold deposit

The Wulong auriferous quartz veins are located in an area of
widespread Jurassic Wulong monzogranite with numerous
crosscutting mafic to felsic dykes (Fig. 1b, c¢). The granite
porphyry is consistently truncated by auriferous quartz veins
(Fig. 1c), whereas the lamprophyre and gabbro dykes cross-
cut the auriferous quartz veins (Fig. 1b). In most cases, the
fine-grained diorite dykes and the auriferous veins occupy
the same fracture systems (Fig. 1b), where some fine-grained
diorite dykes are crosscut by auriferous veins, and others have
sharp contacts and no cross-cutting relationships, suggesting
that the latter are broadly contemporaneous with the Au min-
eralization (Zhang 2002; Zhang et al. 2020). Several studies
have indicated that these mafic to felsic dykes formed in the
Early Cretaceous on the basis of zircon U-Pb ages between
126+ 1 Ma and 115+ 2 Ma (Zhang 2002; Liu et al. 2019;
Zhang et al. 2020). Structurally, the distribution of dykes
and Au-bearing quartz veins was controlled by a conjugate
set of NW- and NS-oriented (dominant) faults and NE- and
EW-oriented (less abundant) faults (Fig. 1b). The nearly
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NS- and NW-oriented fault set was produced during the sin-
istral shearing along the Jixingou Fault (Wang et al. 2018).

The quartz vein orebodies

The Wulong gold deposit, discovered in 1939, consists of
more than 380 auriferous quartz veins with a total proven
reserve of more than 80 t Au (average grade of 5.35 g/t;
Wang et al. 2018). These veins extend vertically up to 750 m,
and their lengths and widths vary from~25 to~1230 m
and ~0.1 to~20 m, respectively. Important auriferous quartz
veins include the No. 163, No. 80, No. 2-3, No. 4-2, No.
4-3, No. 32, No. 32-1, No. 65, and No. 107 lodes (Fig. 1b,
¢). No. 163 lode, with an average grade of 6.3 g/t Au, is
the largest Au vein, and strikes northwest and dips toward
southwest at an angle of 65° to 70° (Yu et al. 2018). This
vein is ca. 1231 m long and has a width of ~0.5 to~11.6 m,
and extends more than 280 m vertically (Yu et al. 2018). No.
80 lode is the second largest Au vein with an average grade
of 13.1 g/t, striking NNE and dipping 80°E. It is over 430 m
in length and~0.3 to~2.5 m in width, and extends from a
depth of ~360 to~597 m (Yu et al. 2018).

Four stages of formation of the auriferous quartz veins
have been established in this study on the basis of crosscut-
ting relationships amongst the veins and veinlets, as well
as from paragenetic, mineral-chemical, and textural obser-
vations by optical microscope, SEM and EPMA analyses.
These stages consist of barren quartz + pyrite (Stage 1),
gold-pyrite-quartz (Stage 2), gold-polymetallic sulfide-
quartz (Stage 3), and quartz-calcite (Stage 4) (Fig. 3a-d and
ESM 1 Figs. S2, S3).

Stage 1, during which the main part of the quartz veins
formed, is dominated by milky to clear quartz, locally with
rare scheelite, and disseminated pyrite that commonly
forms coarse, euhedral grains with cubic habit (Fig. 3a
and ESM 1 Fig. S2a, c¢). Stage 2 is characterized by gold-
quartz-pyrite veins, and pyrite stringers crosscutting the
Stage 1 vein (Fig. 3a, b and ESM 1 Fig. S2a, b, d). Mineral
assemblages mainly consist of pyrite-quartz (clear to gray)-
chlorite + scheelite + electrum (Fig. 3a, b, f; ESM 1 Fig.
S2a, b, d). Other sulfides, such as arsenopyrite, pyrrhotite
and chalcopyrite, are rare (Fig. 3e). Locally, minor rutile
and apatite can also be observed. Stage 3 is characterized
by gold-polymetallic sulfide-quartz veins and stockwork
veinlets (Fig. 3b and ESM 1 Fig. S2c, d), as well as thin
sheeted veins (Fig. 3c), in which sulfides consist of pyr-
rhotite-pyrite-chalcopyrite + galena + sphalerite (Fig. 3b, g
and ESM 1 Fig. S2c, d). Sulfides are accompanied by clear
to gray quartz and minor scheelite (Fig. 3h). Importantly,
there are abundant Bi minerals and tellurides in vein stages
2 and 3, with twenty minor minerals identified (see details
below). Stage 4 is defined by a barren quartz-calcite assem-
blage, which is not common at Wulong (Fig. 3d). During this

stage, the calcite formed coarse crystals in fractures within
the proximal alteration zones or auriferous quartz veins.

Hydrothermal alteration

The immediate wall rocks, consisting of monzogranite, fine-
grained diorite, and granite porphyry at Wulong, have been
subjected to widespread hydrothermal alteration, with the
most intense alteration occurring in and around the miner-
alized quartz veins. Alteration halos are generally several
meters to tens of meters in width (Yu et al. 2018). The main
alteration minerals are quartz, sericite, chlorite, biotite, and
calcite, and varies with the nature of the host rocks (Zeng
et al. 2019), that is, quartz + sericite + chlorite alteration in
the Wulong monzogranite, quartz-sericite alteration in gran-
ite porphyry, and quartz-biotite-chlorite alteration in fine-
grained diorite dykes (Zhang and Yang 1988; Zeng et al.
2019). Sericite, the most abundant alteration product fol-
lowing quartz, formed via replacement of host-rock plagio-
clase, whereas hydrothermal biotite formed via replacement
of amphibole in fine-grained diorite dykes. These alteration
facies were crosscut by an assemblage of calcite and quartz,
which is seen as veins and veinlets (Stage 4).

Sample preparation and analytical method

More than 150 samples, collected from seven productive
auriferous quartz veins from the Wulong underground mine
at different mine levels (—479 to —636 m), were studied. Pol-
ished thin sections were used for petrographic observation by
optical microscopy. Representative sections rich in Bi miner-
als were selected for further petrographic and geochemical
studies. Mineral textures and semi-quantitative chemical
compositions were investigated in back-scattered electron
(BSE) mode using a LEO 1450VP Scanning Electron Micro-
scope (SEM) coupled with an INCA ENERGY-300 Energy
Dispersive X-ray Spectrometer (EDS). Bismuth mineral and
chlorite compositions were determined by a JEOL JXA-
8100 electron probe micro-analyzer (EPMA). Instrumen-
tal conditions, analyzed X-ray lines, background positions,
counting times, analytical standards, average minimum
detection limits, and analytical results are given in the ESM
1. All analyses were performed at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS),
Beijing, China.

Bismuth minerals and gold mineralization
A large number of Bi minerals have been recognized in Stages

2 and 3, including native bismuth; bismuthinite; the Bi-tel-
lurides hedleyite[Bi,Te;]; unnamed BisTe;, and unnamed
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Fig. 3 Photographs (a-d),
reflected-light photomicro-
graphs (e, g, h), and BSE image -

(f) showing different stage I 3 %
quartz veins and associated y :
ore-related mineral assemblages
at the Wulong gold deposit.

a Stage 2 pyrite-quartz vein .
overprints the Stage 1 barren LA -
milk quartz vein. b Stage 2 A_\ltered !
pyrite-quartz vein cut by a Stage fine-grained
3 polymetallic sulfide-quartz diorite dyke
vein that is dominated by pyr- 3
rhotite and minor pyrite (inset
image). ¢ Exposure of sheeted
array of thin, low-grade poly-
metallic sulfide-quartz veins in
fine-grained diorite dyke with
intensive biotite alteration.
Generally, these veins contain
accessory scheelite and trace
amounts of Bi minerals. d Stage
4 quartz-calcite vein cut through
the early auriferous quartz vein.
e Intergrowth of Bi minerals,
pyrrhotite, and gold in a coarse,
subhedral pyrite crystal in a
Stage 2 quartz vein. f Bi miner-
als coexisting with chlorite in

a Stage 2 quartz-pyrite vein. g
Intergrowth of pyrrhotite, chal-
copyrite and Bi mineral patches
in a Stage 3 veins, showing
native gold inclusions in pyr-
rhotite and quartz. The inset
image shows the replacement of
pyrrhotite by galena. h Scheelite
intergrown with pyrrhotite in

‘fine-grained
diorite dyk

@ Stage 1 Qtz vein L § "T

olymetallic sulfide-Qtz 4
ein (&

Stage 3 sheeted thin veins.
Abbreviations: Au=native gold,
Cal =calcite, Chl =chlorite,

Cp =chalcopyrite, Gn=galena,
Po=pyrrhotite, Py =pyrite,
Qtz=quartz, Sch=scheelite

BigTes; the Bi-sulfotellurides (tetradymite [Bi,Te,S], joséite-
A [Bi,TeS,], joséite-B [Bi,Te,S] and ingodite [Bi,TeS]); an
unnamed Bi-Pb-sulfotelluride (Bi,Pb);(Te,S),; the Bi-Pb sul-
fosalts (galenobismutite [PbBi,S,] and cosalite [Pb,Bi,Ss]);
the Bi-Ag sulfosalt (matildite [AgBiS,]); the Bi-Pb-Ag sulfo-
salts (vikingite [AgsPbgBi,3S5,], eskimoite [Ag;Pb,(Bi;5S5],
lillianite-gustavite series [Pb;, Ag Bi,, S¢ — AgPbBi;Sq],
and galen-matildite series [PbS — AgBiS,]); and the Bi-Au
minerals (maldonite [Au,Bi] and jonassonite [AuBisS,]).
Among them, Bi-Pb sulfosalts, Bi-Ag sulfosalts, and
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Bi-Pb-Ag sulfosalts only formed in Stage 2 (ESM 1 Fig. S3).
Most of these Bi minerals are commonly present as small
droplets, and composite blebs or patches that include two or
more phases (Figs. 4 and 5). The patches are lens-shaped, or
elongate blades, ranging in lengths from several tens to hun-
dreds of um (Fig. 4a, b, e). The small droplets and blebs are
commonly a few and several tens of microns in size, respec-
tively (Figs. 4c, d, f and 5). In most cases, each single bleb
or patch displays both curved and angular edges (Figs. 4a,
d, f, and 5h).
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(Bi,Pb),(Te,Si

Fig.4 Back-scattered-electron (BSE) image (a) and reflected-light
photomicrographs (b-1) showing the occurrence of native bismuth
and bismuthinite in the Wulong gold deposit. a A large patch of bis-
muthinite in Stage 2 quartz, hosting small inclusions of joséite-B and
native bismuth, has been replaced by the unnamed (Bi,Pb);(Te,S), at
its margin. Note that electrum grains can also be present in this bis-
muthinite and its margin with native bismuth as composite blebs. b
Composite patches of native bismuth with joséite-B, and joséite-A

Native bismuth and bismuthinite

Native bismuth and bismuthinite are identified in Stages
2 and 3. In Stage 2, native bismuth is present as single
inclusions with sub-rounded to elongate habit in quartz
and pyrite, or occurs together with bismuthinite, joséite-A,
joséite-B, and/or electrum in composite patches (Fig. 4a, b
and ESM 1 Fig. S4a). In the latter, bismuthinite has replaced
native bismuth, joséite-A, and joséite-B (Fig. 4a and ESM
1 Fig. S4a). Bismuthinite also occurs as coarser patches
with ingodite (ESM 1 Fig. S4b), and as small single blebs
clustered within pyrite (Fig. 4c). In Stage 3, relatively
large native bismuth blebs (50 to 200 pm) are located at
the margins of pyrrhotite, and in quartz, and can be partly
rimmed by bismuthinite and galena (Fig. 4d and ESM 1
Fig. S4c). Stage 3 native bismuth also occurs as inclusions
in bismuthinite, joséite-A, and joséite-B in single or com-
posite patches. In some cases, native bismuth grains are
intergrown with native gold and the unnamed BisTe; phase.
Bismuthinite is commonly present as large patches replac-
ing pyrrhotite and native bismuth (Fig. 4e), and as small
single blebs enveloped by pyrite and quartz (Fig. 4f and
ESM 1 Fig. S4d), and can host native gold grains (Fig. 4f).

enclosed in Stage 2 pyrite. ¢ Small bismuthinite droplets and nearby
electrum inclusions in Stage 2 pyrite. d A large droplet of native bis-
muth rimmed by bismuthinite in quartz from Stage 3. e Stage 3 bis-
muthinite replacing pyrrhotite and native bismuth that are in contact
with native gold. f Bismuthinite droplets intergrown with native gold
in Stage 3 quartz. Abbreviations: Au=native gold, Bi=native bis-
muth, Bis =bismuthinite, Elc =electrum, JoA =joséite-A, JoB =josé-
ite-B, Po=pyrrhotite, Py =pyrite, Qtz =quartz

Importantly, in both Stage 2 and 3, the smallest native bis-
muth and bismuthinite droplets (<5 pm) appear as inclusion
trails adjacent to the large Bi mineral patches, pyrite, and
pyrrhotite (Fig. 5a-h and ESM 1 Fig. S5a-e). In the trails,
bismuthinite can form two-component droplets with hed-
leyite or gold (Fig. 5b, e), and native bismuth can coexist
with hedleyite and maldonite in three-component droplets
in Stage 2 (Fig. 5d). In Stage 3, however, native bismuth in
the trails can appear in four-component droplets, together
with gold, hedleyite and the unnamed BigTe; phase (Fig. 5h).

All bismuthinite grains are distinctly Pb-rich (ESM 1
Table S1). In Stage 2, bismuthinite contains 1.03 to 1.28 wt
% Pb, and variable amounts of Sb (0.00 to 0.18 wt %), Cu
(0.09 to 0.27 wt %), and Te (0.00 to 1.54 wt %). Bismuthin-
ite in Stage 3 contains high Pb (up to 1.34 wt %), Sb (up to
0.44 wt %), Cu (up to 0.33 wt %), and Te (up to 0.22 wt %).

Bi-tellurides
Bi-tellurides include hedleyite, unnamed BisTe;, and
unnamed BigTes; the latter two phases were only iden-

tified in Stage 3. In Stage 2, hedleyite is one of the Bi
minerals occurring as droplets in the inclusion trails
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@ Exposed drop}st trail of small Bi mineral inclusion in Qtz

fluid inclui‘orﬂ\

Fa/ v |

Bi melt-bearing -

increase

Fig.5 Photomicrographs of droplet trails of small Bi mineral inclu-
sions in Stages 2 (a-e) and 3 (f-h) quartz in the Wulong gold deposit.
a Small Bi mineral inclusion trails are not only exposed in the pol-
ished surface of quartz, but also located at the depth of quartz crys-
tal. The quartz crystal is located nearby several large Bi-Te mineral
patches. In the trails, rare gold and Bi melt-bearing fluid inclusions
(reflected-light) are also present. b Bismuthinite intergrown with hed-
leyite in a droplet. ¢ Spherical two-component droplets of maldonite
with hedleyite, and joséite-A (Inset image, secondary electron image).
d Intergrowth of native bismuth, maldonite and hedleyite in a spheri-
cal three-component droplet. Among them, triple-point junctions are

(Fig. 5b-d), either as single droplets (ESM 1 Fig. S5d) or
as composite blebs with maldonite, bismuthinite, or native
bismuth (Fig. 5b-d). In Stage 3, hedleyite also occurs as
small droplets in trails (Fig. 5g, h), and less commonly,
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present, indicating crystallization at equilibrium. e Native gold and
bismuthinite in a two-component droplet. f Small Bi mineral inclu-
sion trails nearby a patch of BisTe; were found in quartz enveloped by
pyrrhotite. g The trails mainly consist of spherical droplets of native
bismuth, hedleyite, and unnamed BigTe;. h A four-component droplet
hosting native bismuth, native gold, hedleyite, and unnamed BigTe;.
a, polarized light; b-f, h, BSE image; g, Secondary electron image.
Abbreviations: Au=native gold, Bi=native bismuth, Bis=bismuth-
inite, Hed =hedleyite, JoA =joséite-A, Mld =maldonite, Po=pyrrho-
tite, Py =pyrite, Qtz=quartz

as irregular inclusions in large patches of joséite-B (ESM
1 Fig. S6a). Hedleyite tends to be enriched in Bi and
depleted in Te relative to its ideal composition (Fig. 6a);
one Stage 3 grain has elevated Pb concentrations (0.71



Mineralium Deposita (2023) 58:263-286

271

wt %), and minor Sb (0.11 wt %), Se (0.14 wt %), and S
(0.10 wt %) (ESM 1 Table S2).

The unnamed BisTe; phase is closely intergrown with
joséite-B as blebs enclosed in pyrrhotite, or as elongate
patches with irregular partial replacement of pyrrhotite
(ESM 1 Fig. S6b, c), or at pyrrhotite edges (Fig. 5f). This
phase contains minor Pb (up to 0.40 wt %), Sb (up to
0.27 wt %), Se (up to 0.12 wt %), and S (up to 0.18 wt %)
(ESM 1 Table S2).

The unnamed BigTe; phase commonly occurs as small
droplets in the trails of Bi mineral inclusions (Fig. 5g, h),
locally in contact with native gold in composite droplets
(Fig. 5h). Large two-component blebs of unnamed BigTe,
with native bismuth are also observed in galena (ESM 1
Fig. S6d). Unnamed BigTe; contains 0.11-0.55 wt % Pb,
0.03-0.14 wt % Sb, and 0.13-0.29 wt % Se (ESM 1 Table S2).

Bi-sulfotellurides

Bi-sulfotellurides are abundant in the Wulong gold deposit,
consisting of tetradymite, josé€ite-A, joséite-B, and ingodite
(Fig. 7a-j). All occur in Stages 2 and 3 except tetradymite,
which is only found in Stage 2. Representative EPMA
data are listed in ESM 1 Table S3 and plotted in a ternary
(Bi+Pb)-Te-(S + Se) diagram in Fig. 6a.

@ Bi(+Pb)

Hedleyite in Stage 3
BigTe; in Stage 3

® BigTe; in Stage 3

O Tetraymite in Stage 2

[ ]
Joseite-A oseite-B
Ikunolite oo o‘;@

Telluronevskite é;‘QOdite

o
% Sulphotsumoite

A SN
K3

,\g; o %
&/ BiPbj(Te,S)yin Be\ya/% Rucklidgeite
@5‘ Tetraymite
d)@ Tellurobismutite
) 7 7 7 7 7 7 >
S(+Se) Te

m Joséite-Ain Stage 2
O Joséite-Ain Stage 3

A Ingodite in Stage 2
A Ingodite in Stage 3
+ (Bi,Pb)3(Te,S), in Stage 2
¢ (Bi,Pb);(Te,S), in Stage 3

@ Joséite-B in Stage 2
O Joséite-B in Stage 3

Fig.6 a Ternary plot (Bi+Pb)-Te-(S+Se) of Bi-tellurides, Bi-sul-
fotellurides, and Bi-Pb sulfotellurides (the unnamed (Bi,Pb);(Te,S),)
in the Wulong gold deposit (modified after Cook et al. 2007). b Ter-
nary diagram of Bi-Pb and Bi-Pb-Ag sulfosalts in the Wulong gold

Tetradymite is a rare phase in the Stage 2 veins, occur-
ring with joséite-B, and hessite in composite patches at the
margins of pyrite (Fig. 7a). It has elevated Pb contents (0.92
to 1.57 wt %) (ESM 1 Table S3), indicating significant Pb
substitution for Bi (Cook et al. 2007).

Joséite-A is another phase in the Stage 2 Bi mineral drop-
let trails (Fig. 5c and ESM 1 Fig. S5c¢, d), where it sometimes
coexists with maldonite in composite droplets (Fig. 5c¢).
Joséite-A also occurs in large patches within pyrite or at
pyrite margins, in the form of isolated crystals or as inter-
growths with native bismuth, bismuthinite, joséite-B, and
electrum (Figs. 4b and 7c¢). Joséite-A in Stage 2 contains
Pb (0.35 to 2.01 wt %) and Se (0.15 to 0.29 wt %) (ESM 1
Table S3). In Stage 3, joséite-A is relatively abundant and
appears in large patches in contact with several minerals,
including native bismuth, bismuthinite, joséite-B, pyrrho-
tite, chalcopyrite, and native gold (Fig. 7f). Rare droplets of
Joséite-A are also observed in the Bi mineral inclusion trails.
It is richer in Pb (0.38-4.68 wt %), and Au (0.00-0.73 wt
%) compared to its Stage 2 counterpart (ESM 1 Table S3).

Stage 2 joséite-B is spatially associated with most of the Bi
minerals, located in composite patches, in contact with native
bismuth, hessite, ingodite, bismuthinite, Joséite-A, unnamed
(Bi,Pb);(Te,S),, cosalite, galena-matildite series, lillianite-
gustavite series, and electrum (Figs. 4b, 7a-d and 8d-e). It also

Bi+Sb
Field of cosalite in
Stanos deposit

Field of cosalite in
Beiya deposit

Cu+Ag ' ' ' "~ Ppb

Galenobismutite O Galena-matildite s.s

Cosalite Lillianite-I " Gustavite
< Vikingite gustavite | v Intermediates (Group 1)
O Eskimoite S.S. v Intermediates (Group 2)

deposit. Field of cosalite in the Stanos gold deposit, and of unnamed
(Bi,Pb);(Te,S), and cosalite from the Beiya Cu-Fe-Au deposit were
sourced from Voudouris et al (2013) and Zhou et al (2016), respec-
tively
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Fig. 7 Back-scattered-electron (BSE) images (a, b, d, g and h) and
reflected-light photomicrographs (c, e, f, i, j) showing the occur-
rence and textures of Bi-sulfotellurides and Bi-Pb sulfotellurides in
Stage 2 (a-e) and 3 (f-j) at the Wulong gold deposit. a A large patch
of tetradymite containing hessite inclusions has been partly replaced
by joséite-B at its margin. b A composite patch of ingodite, joséite-
B, and hessite in quartz. ¢ A composite patch of joséite-A, joséite-B,
and bismuthinite and electrum in contact with pyrite. Electrum grains
are also present as small inclusions in the nearby pyrite. d A large
patch of joséite-B has been partly replaced by hessite and unnamed
(Bi,Pb);(Te,S),. e Unnamed (Bi,Pb);(Te,S), phase hosted in quartz.
This phase coexists with electrum in the smallest grain. f A large

appears as isolated grains with irregular shapes in quartz and
pyrite, and at pyrite margins. In Stage 3, joséite-B is found
in patches together with native bismuth, native gold, joséite-
A, bismuthinite, ingodite, unnamed BisTe;, and unnamed
(Bi,Pb);(Te,S), (Fig. 7f-h), as well as isolated crystals in quartz
and pyrrhotite. Stage 2 joséite-B has variable Pb (0.15-1.10 wt
%), Sb (0.00-0.20 wt %), Ag (0.00-0.38 wt %), Au (0.00-1.43
wt %), and Se (0.14-0.59 wt %); and Stage 3 joséite-B has
similar contents of Pb (0.21-1.09 wt %), Sb (0.00-0.23 wt %),
and Se (0.08-0.74 wt %), but slightly lower Ag (0.00-0.12 wt
%) and Au (0.00-0.31 wt %) (ESM 1 Table S3).
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patch of joséite-B and joséite-A partly replaced and rimmed by bis-
muthinite. Small native bismuth inclusions are present in joséite-A.
g Intergrowth of the unnamed (Bi,Pb);(Te,S),, joséite-B, native
gold, and bismuthinite from a large patch in quartz. h A composite
bleb in contact with pyrrhotite composed by ingodite, joséite-B and
native gold. i Ingodite hosting native gold inclusions has replaced
the bismuthinite in a large patch. j Ingodite coexisting with the
unnamed (Bi,Pb);(Te,S),, which has replaced bismuthinite. Seven
native gold grains are present in this composite patch. Abbreviations:
Au=native gold, Bi=native bismuth, Bis=bismuthinite, Elc =elec-
trum, Hes=hessite, Ing=ingodite, JoA =joséite-A, JoB =joséite-B,
Po =pyrrhotite, Py =pyrite, Qtz=quartz, Ttd =tetradymite

Ingodite in Stage 2 occurs with bismuthinite or joséite-
B in quartz, and with lillianite-gustavite series in pyrite
(Figs. 7b and ESM 1 Fig. S4b). It contains high Pb (4.22
to 5.48 wt %), and variable amounts of Sb (0.01-0.17 wt
%), Au (0.00-0.59 wt %), and Se (0.11-0.21 wt %) (ESM
1 Table S3). In Stage 3, ingodite is closely associated
with bismuthinite, joséite-B, the unnamed (Bi,Pb);(Te,S),
phase, and native gold (Fig. 7h-j). This ingodite has lower
Pb (0.66-2.57 wt %) than the Stage 2 counterpart, but
similar Sb (0.02-0.22 wt %), Au (0.00-0.41 wt %), and Se
(0.15-0.37 wt %) (ESM 1 Table S3).
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Fig.8 Reflected-light photomicrographs (a-d), and back-scattered-
electron (BSE) images (e-i) showing the occurrences and textures
of Stage 2 Bi sulfosalts and Stage 3 jonassonite at the Wulong gold
deposit. a A patch of cosalite containing electrum inclusion was
enveloped by pyrite. b Lillianite-gustavite solid solutions (Group
1) partly replaced by cosalite in a large patch at pyrite margins. ¢ A
composite quartz-hosted bleb consisting of galenobismutite, unnamed
(Bi,Pb);(Te,S),, and electrum. d Intergrowth of joséite-B and elec-
trum, which both were enveloped by Lillianite-gustavite solid solu-
tions (Group 2) in a large composite quartz-hosted patch. e Gustavite
overgrown with joséite-B that contains small hessite and electrum
(inset, reflected-light) inclusions in a bleb. f A patch of vikingite in

Bi-Pb-sulfotellurides

The only Bi-Pb-sulfotelluride recognized at Wulong is the
unnamed (Bi,Pb);(Te,S),, which is common in Stages 2
and 3 (Fig. 6a). In Stage 2, the unnamed (Bi,Pb);(Te,S),
phase occurs in contact with many Bi minerals in compos-
ite patches, including joséite-B, cosalite, galenobismutite,
bismuthinite, and lillianite-gustavite series (Figs. 7d and
8c). It is also spatially associated with hessite and electrum

Bi-Pb-S

phase

Bi: 79.9 %%

Pb:10.3 %
S: 9.8%

quartz. g Galena-matildite solid solutions partly decomposed into
matildite and galena, and replaced by eskimoite. h Jonassonite, josé-
ite-B, bismuthinite, native bismuth, and native gold in a composite
patch in contact with pyrrhotite. i Jonassonite, native gold and a Bi-
Pb-S phase in a quartz-hosted bleb. Abbreviations: Au=native gold,
Bi=native bismuth, Bis=bismuthinite, Elc=electrum, Esk=eski-
moite, Cos=cosalite, Gn=galena, Gnb=_galenobismutite, Gn-Mtd
s.=galena-matildite solid solutions, Gus=gustavite, Hes=hessite,
JoA =joséite-A, JoB=joséite-B, Jon=jonassonite, Lil s.s.=Lil-
lianite-gustavite solid solutions, Mtd=matildite, Po=pyrrhotite,
Py =pyrite, Qtz=quartz, Vik = vikingite

(Fig. 7d, e), and appears as isolated crystals with elongated
habit in quartz (Fig. 7¢). The analyzed phases have large
variations in Pb (2.01 to 12.67 wt %), and Sb (0.02-0.24 wt
%), Se (0.10-0.34 wt %), and Au (0.00-0.83 wt %) (ESM
1 Table S4). The atomic ratios of (Bi+Pb)/(S + Te) are
between 0.76 and 0.86 (n=14; mean=0.80).

In Stage 3, this phase commonly appears as isolated grains
with elongated shape and variable size in quartz, or at the
margins of pyrrhotite. It can also be found with native gold,

@ Springer



274

Mineralium Deposita (2023) 58:263-286

bismuthinite, ingodite, and joséite-B (Fig. 7g, j), and locally,
intergrown with chalcopyrite. Compositionally, Stage 3
unnamed (Bi,Pb);(Te,S), is similar to stage 2, with up to 0.29
wt % Sb, 0.30 wt % Se, 0.79 wt % Au, and (Bi+Pb)/(S +Te)
atomic ratios of 0.74-0.82 (n=8; mean=0.78), but can be dis-
tinguished by its lower Pb (2.07-4.34 wt %) (ESM 1 Table S4).
A similar phase was reported from the Beiya skarn ores
by Zhou et al. (2016). Chemically, (Bi,Pb);(Te,S), from
Stages 2 and 3 differ from that from Beiya by elevated (usu-
ally>0.10 wt %) Au and Se contents (ESM 1 Table S4), mak-
ing (Bi,Pb);(Te,S), a significant gold-carrier (Ciobanu et al.
2009). In addition, the Stages 2 and 3 unnamed (B1,Pb);(Te,S),
are Cu-deficient compared to the Beiya phase, that contains up
to 0.65 wt % Cu (Zhou et al. 2016), reflecting the chemistry
of the ore fluids associated with of porphyry Cu-(Mo)-Au and
skarn Fe-Cu-Au mineralization at Beiya (Zhou et al. 2016).

Bi-Pb sulfosalts

The Bi-Pb sulfosalts are common in Stage 2 veins and
consist of cosalite and galenobismutite. Cosalite appears
as elongated lamellae or irregular blebs in pyrite, quartz,
and chlorite, and as isolated grains or in assemblages
with a variety of minerals, including electrum, joséite-
B, unnamed (Bi,Pb);(Te,S),, and lillianite-gustavite
solid solutions (Fig. 8a, b). Cosalite is Cu- (0.40-0.93
wt %), and Ag-rich (1.67-1.97 wt %) and contains vari-
able amounts of Au (0-0.59 wt %), and Se (0.14-0.26 wt
%) (ESM 1 Table S5). As a result of its high Cu and Ag
contents, Wulong cosalite is compositionally close to the
lillianite-gustavite join rather the ideal composition in the
(Bi+ Pb)-(Ag+ Cu)-Pb ternary diagram (Fig. 6b), simi-
larly to cosalite from the Beiya porphyry-skarn Cu-Fe-
Au deposit (Zhou et al. 2016) and the Stanos shear-zone
related Au deposit (Voudouris et al. 2013).

Galenobismutite is less abundant than cosalite and is
found in the following associations in quartz: galenobismu-
tite + unnamed (B1,Pb);(Te,S),; galenobismutite + unnamed
(Bi,Pb);(Te,S), +electrum, and galenobismutite + unnamed
(Bi,Pb);(Te,S), +electrum + native bismuth (Fig. 8c). EPMA
data indicate its composition close to the ideal stoichiometry
(Fig. 6b and ESM 1 Table S5).

Bi-Pb-Ag and Bi-Ag sulfosalts

The Bi-Pb-Ag sulfosalts are another important group of Bi
minerals in Stage 2 at the Wulong deposit. Based on their
compositions, they comprise lillianite-gustavite solid solu-
tions, vikingite, eskimoite, and galena-matildite series
(Fig. 6b). In order to describe the different homologues, the
NL terminology is used, where N represents the number of
PbS-octahedra within the crystal structure (Makovicky 1977;
Makovicky and Karup-Mgller 1977a, b; Makovicky and Topa
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2014). The calculation of N is based on the ideal formula
Pby.1.0xBiy Ag, SN0, Where X is the Ag+Bi <> 2Pb substitu-
tion coefficient with x ., =(N-2)/2 (detail in Makovicky and
Karup-Mgller 1977a). Based on this, “L. homologues in this
study are related to lillianite-gustavite solid solutions, whereas
vikingite and eskimoite belong to the °L and "L homologues,
respectively (Fig. 6b and ESM 1 Table S6).

All analyzed phases of “L. homologues (N values 3.47 to
3.95) are between the lillianite and gustavite end-members
except one close to ideal gustavite (Fig. 6b). The interme-
diates commonly form elongated lamellae coexisting with
cosalite, unnamed (Bi,Pb);(Te,S),, ingodite, joséite-B, and
electrum in pyrite and quartz (Fig. 8b, d). They contain small
ranges in Ag (3.04-5.95 wt %), elevated Au (0.09-0.59 wt
%), Te (0.10-0.41 wt %), and Se (0.10-0.26 wt %), and are
Cu- and Sb-deficient (ESM 1 Table S6). These intermedi-
ates can be further divided into two groups (Groups 1 and
2) according to L values (Fig. 6b). Group 1 has the high-
est gustavite component (L values 53.85 to 69.30%) and is
characterized by 4.57-5.95 wt % Ag and 28.50-33.47 wt
% Pb (ESM 1 Table S6). In contrast, Group 2 has a slightly
higher lillianite component (L values 37.13 to 40.25%), and
is characterized by higher Pb (37.70-38.56 wt %) but lower
Ag (3.04-3.47 wt %) contents (ESM 1 Table S6). The phase
close to ideal gustavite is rare and found in quartz, appearing
as larger irregular grains or small blebs containing hessite
inclusions. In general, they partly replaced joséite-B along
its margin (Fig. 8e). One EPMA analysis gave 19.76 Pb wt
%, 55.27 wt % Bi, 8.95 wt % Ag, and 16.48 wt % S, other
trace elements being virtually absent (ESM 1 Table S6).

The °L homologue mineral is identified as vikingite
(Fig. 8f). Only one elongated and irregularly shaped crystal
of vikingite, embedded in quartz, was found in this study. An
EPMA analysis gave 29.02 Pb wt %, 47.12 wt % Bi, 9.36 wt
% Ag, and 15.97 wt % S, and minor Au (0.47 wt %), Te (0.25
wt %), and Se (0.22 wt %) (ESM 1 Table S6).

Eskimoite is a relatively abundant Bi-Pb-Ag sulfosalts at
Wulong. It occurs in contact with electrum, joséite-B, hessite,
and galena-matildite series (Fig. 8g). This phase has 10.11 to
12.09 wt % Ag and contains high Au (up to 0.65 wt %), Te (up
to 0.84 wt %), and Se (up to 0.33 wt %) (ESM 1 Table S6). The
N values are slightly higher than the ideal 'L homologues (at
7.14-9.74) (ESM 1 Table S6). In the ternary (Bi+Sb)-(Ag+Cu)-
Pb diagram, they plot near the ideal eskimoite position (Fig. 6b).

The galena-matildite series minerals in the Wulong
deposit have, in most cases, completely or partly broken
down to matildite and galena (Fig. 8g). Solid solution
between matildite and galena is complete above 215+ 15 °C
(Craig 1967); hence the galena-matildite textures indicate
crystallization above 215+ 15 °C. This primary phase is
located along the galena-matildite join, between the interme-
diate Pb;Ag;Bi;S,; and galena end members (Fig. 6b). The
galena-matildite series occurs as large patches in quartz, and
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rarely at the margin of pyrite. They commonly contain small
hessite inclusions, and can be enclosed or partly replaced by
eskimoite (Fig. 8g). Intergrowths with electrum and chen-
guodaite (AgoFe’*Te,S,) are also observed. Chemically,
the undecomposed phases have Ag ranging from 2.16 to
3.14 wt %, and high Au (0.50 to 0.80 wt %), Te (0.05 to
0.51 wt %), and Se (0.11 to 0.28 wt %) (ESM 1 Table S6).
In the decomposed phases, matildite (Bi-Ag sulfosalts)
occurs as thin (<1 pm) lamellae up to~ 100 pm in length
in galena (Fig. 8g). The EDS analyses show that the lamel-
lae have 52.70-55.10 wt % Bi, 29.30-30.70 wt % Ag, and
15.60-17.00 wt % S (ESM 1 Table S7).

Au-bearing bismuth phases

The Au-bearing Bi phases include maldonite (Au,Bi),
and jonassonite (AuBisS,) (ESM 1 Table S7). Maldonite
occurs in Stage 2 as small grains (<5 pm) hosted within
Au-Bi-Te or Au-Bi-Te-S droplets in the Bi mineral inclu-
sion trails (Fig. 5c, d). In these droplets, mutual boundaries
between maldonite and accompanying phases are curvilin-
ear or nearly straight (Fig. 5c, d). Triple-point junctions are
observed between maldonite, hedleyite, and native bismuth,
indicating crystallization at equilibrium (Fig. 5d).

Jonassonite occurs in Stage 3 as stubbly grains occurring
together with joséite-B and bismuthinite in large patches
(Fig. 8h), as small irregular grains filling fractures in quartz,
or as coexisting with native gold in small blebs (Fig. 8i). In
the latter, cuspate boundaries between jonassonite and native
gold are nearly straight (Fig. 8i).

Gold occurrences

In Stage 2, Au mainly occurs as electrum, with minor native
gold. Visible gold is located in four textural settings: (setting I
of stage 2, abbreviated S2I) isolated inclusions in pyrite, filling
microfractures in pyrite, or at the margins of pyrite (Fig. 9a),
(S2IT) isolated inclusions in quartz (Fig. 9b), (S2III) composite
grains with Bi minerals (Fig. 9c), and (S2IV) isolated grains
in the vicinity of Bi minerals (Fig. 9d). Texture types S2III
and S2IV are most common (Fig. 9¢), and located in pyrite,
quartz or chlorite matrix. Type S2III gold is closely associ-
ated with a wide variety of Bi minerals, including native bis-
muth (Fig. 4a), bismuthinite (Figs. 4a, Se, 9¢), Bi-Pb sulfosalts
(cosalite and galenobismutite) (Fig. 8a, c), Bi-Pb-Ag sulfos-
alts (lillianite-gustavite series, eskimoite, and galen-matildite
series) (Fig. 8d), and Bi-sulfotellurides (joséite-A, joséite-B
and unnamed (B1,Pb);(Te,S),) (Figs. 7c, e, 9¢c). This type of
gold is highly variable in size (<2 to 150 pm), and is pre-
sent as inclusions dispersed throughout these Bi minerals, or
toward their edges (Figs. 4a, 7c, 8a, ¢, d). Gold grain shapes
are dominantly well-rounded to sub-rounded, with minor angu-
lar to irregular shapes associated with filling the fractures in

pyrite and quartz. Importantly, boundaries between gold and
Bi minerals are commonly curvilinear or straight (Figs. 4a,
8a, ¢, d). In general, in settings S2I, S2II, and S2III electrum
(20.45 t0 45.90 wt % Ag; n=27; mean=30.63 wt %; ESM 1
Table S7) occurs in large composite patches (Figs. 4a, 7c, 8a, c,
d), whereas native gold is located in small Bi mineral inclusion
trails (Fig. 5e and ESM 1 Fig. S5c¢).

In Stage 3, Au mineralization is characterized by native gold
(Ag content 5.81 to 12.90 wt %; ESM 1 Table S8) in five tex-
tural settings, including (in order of abundance): (setting I of
stage 3, abbreviated S3I) as isolated grains in pyrite (Fig. 9f),
(S3I0) as isolated grains in pyrrhotite (Fig. 9g), (S3III) as iso-
lated grains in quartz (Fig. 9h), ( S3IV) as isolated grains situ-
ated in the vicinity of Bi minerals (Fig. 91), and (S3V) as grains
in composite patches and blebs with a variety of Bi minerals
(Fig. 9j, k), including native bismuth, bismuthinite, unnamed
BigTe;, joséite-A, joséite-B, unnamed (Bi1,Pb);(Te,S),, ingodite,
and jonassonite (Figs. 4e, f, Sh, 7g-j and 8h, i). Textural types
S31, S3I1, and S3III are observed as rounded to sub-rounded
grains, rarely exceeding 50 pm in size, whereas types S3IV and
S3V are present as elongated to rounded droplets or more rarely
as lamellae up to 90 pm in length. Spatially, the type S3V gold
is completely or partly enclosed by Bi minerals, and situated
along their boundaries, with up to 7 native gold grains> 5 pm
across in a single patch (Fig. 7j). The boundaries between gold
and Bi minerals are again sharp and curvilinear.

The close Bi-Au association

Petrographic observations indicate that visible gold is
positively correlated with the Bi minerals at the Wulong
gold deposit. From a total of 1348 gold grains identified
in Stage 2, textural type S2I gold accounts for~11%,
type S2II for ~4%; type S2III for~61%; and type S2IV
for ~24%. That is, almost 85% of the observed gold
grains are spatially associated with Bi minerals in Stage
2 (Fig. 9e). In Stage 3, the gold textural types S3IV and
S3V, which are spatially related to Bi minerals, are respon-
sible for approximately 19% and 66% of the visible gold,
respectively (n=1359; Fig. 91). This intimate Bi-Au asso-
ciation is supported by the whole-rock geochemical data
of gold ores from Stages 2 and 3 (ESM 1 Table S8), which
reveals a strong positive correlation between Bi and Au,
and Bi/Au ratios consistently > 10 (Fig. 10).

Discussion

Chemical evolution in the hydrothermal fluids
at reduced conditions

The chemical conditions of ore deposition at Stages 2 and 3
are shown in Fig. 11a as a function of fTe,(g) versus fS,(g).
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Fig.9 Reflected-light photomicrographs (a-d and f-k) and pie chart
(e and i) showing visible gold occurrences in Stages 2 and 3 aurifer-
ous quartz veins at the Wulong gold deposit. a Type S21I gold inclu-
sion (electrum) in pyrite. b Type S2II gold (electrum) hosted in
quartz. ¢ Type S2III gold (electrum) coexisting with bismuthinite and
joséite-A in two-component blebs hosted by pyrite. d Type S2IV gold
nearby the blebs of native bismuth and joséite-A in quartz. e Pie chart
illustrating the percentage of various types of gold in Stage 2. f Type
S31 gold (native gold) hosted in pyrite. g Type S31I gold (native gold)
hosted in pyrrhotite. h Type S3III gold (native gold) hosted in quartz,

The conditions chosen are 300°C and 100 bars; temperatures
are consistent with chlorite thermometry (291° to 336 °C;
ESM 1 Table S9) and previous fluid inclusion studies (Yu
et al. 2018). The field of Stage 2 is constrained by the coex-
istence of pyrite & pyrrhotite, native bismuth + bismuthinite,
and the presence of hessite but absence of metallic silver.
The field of Stage 3 is constrained by the predominance of
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Type S2l1

@ Gold-Bi mjneral association

Type S2lil

Gold occurrences in Stage 2
(1348 grains)

@ Gold-Bi mineral association

Type S3IV
19%

ype S3lI
Type S3V (Po)

66%

Gold occurrences in Stage 3
(1359 grains)

in which Bi minerals were not observed. i Type S3IV gold (native
gold) in quartz nearby the native bismuth blebs that were partly
replaced by bismuthinite. j Type S3V gold (native gold) intergrown
with joséite-B in a two-component, droplet-like bleb in pyrrhotite. k
Type S3V gold (native gold), native bismuth, joséite-A, and joséite-B
in a quartz-hosted bleb. 1 Pie chart illustrating the percentage of vari-
ous types gold in Stage 2. Abbreviations: Au=native gold, Bis =bis-
muthinite, Elc=electrum, JoA =joséite-A, JoB =joséite-B, Po=pyr-
rhotite, Qtz =quartz

pyrrhotite + pyrite, presence of galena but no altaite; native
gold but no calaverite; and native bismuth, with bismuth-
inite always a late replacement of native bismuth (ESM 1
Fig. S3). The main difference is slight lowering of the S,(g)
fugacity from Stage 3 to Stage 2.

The fugacities of S,(g) and Te,(g) are related to the
amounts of sulfur in solution and to redox (e.g., fO,(g);
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Fig. 10 Scatter plot of Bi versus Au for auriferous quartz ores of
Stages 2 and 3. Note that the pink line represents the Bi/Au ratio
of 10:1

Fig. 11b). Although the thermodynamic properties of most
sulfosalts remain poorly constrained (Craig and Barton
1973), the tetradymite group has previously been used to
constrain the redox conditions based on the Bi/(Te+ S + Se)
ratio compared with empirical mineral assemblages (Cook
and Ciobanu 2004; Ciobanu et al. 2005, 2010). Phases
with Bi/(Te+ S + Se) ratios > 1 are associated with rela-
tively more reduced conditions, and co-exist with native
bismuth, maldonite, and jonassonite, whereas phases with
Bi/(Te + S + Se) ratios < 1 are related to more oxidized
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Fig. 11 Log fr.,—Log fg, diagram at 300 °C and 100 bars illustrat-
ing conditions of mineral deposition during Stages 2 and 3 at the
Waulong gold deposit. In (a), the magnetite boundaries were plotted
at fH,(g) of 1 (solid line) and 0.01 (dashed line); pyrrhotite is stable
at fH,(g)>0.19. The thermodynamic data are similar to those used
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environments, and co-exist with native tellurium and gold
tellurides (Ciobanu et al. 2005, 2010). At the Wulong gold
deposit, Bi-sulfotellurides (joséite-A, and joséite-B) with
Bi/(Te+ S + Se) ratios > 1 are common in Stage 2, as well
as rare (only one sample) tetradymite with Bi/(Te + S + Se)
ratios < 1. Given the ubiquitous presence of CO,-CH,-rich
fluid inclusions in quartz (Yu et al. 2018), and that minor
pyrrhotite is observed, we suggest that such assemblages
indicate a reduced environment (close to pyrite-pyrrhotite
buffer), but with local fluctuations of oxygen fugacity.
In Stage 3, all tellurides and Bi-sulfotellurides (hedley-
ite, unnamed BigTe;, joséite-A, and joséite-B) have Bi/
(Te+S + Se) ratios > 1, suggesting more reduced conditions
in the pyrrhotite stability field. These conditions are con-
sistent with the occurrences of native bismuth, jonassonite
(Figs. 4d, e, and 8h, i), and abundant pyrrhotite (Fig. 3g and
ESM 1 Fig. S2¢). Since redox conditions in Stages 2 and
3 were buffered to reduced conditions due to the coexist-
ence of CO, and CH, in the fluid (Fig. 11b), the differences
in paragenesis between Stages 2 and 3 (ESM 1 Fig. S3)
are unlikely to be due to small changes in redox. Changes
in fS,(g) (lower in Stage 3; Fig. 11a), and Bi availability
(higher in Stage 3) are the most important factors affecting
the evolution from Stage 2 to Stage 3.

There are obvious distinctions in the mineral associ-
ates between Stages 2 and 3. The former is characterized
by widespread Ag-rich Bi-sulfosalts and tellurides (hes-
site), whereas the later contains abundant Ag-deficient
Bi-Te minerals. In Stage 2, textural relationships suggest
that the Bi minerals crystallized in order as follows: native
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by Mueller et al. (2020); native bismuth and bismuthinite are taken
from Tooth et al. (2008), and those of tellurobismuthite from Robie
and Hemingway (1995), retrieved from HSC Chemistry 9 (Outotec).
The diagram a was drawn using the CHNOSZ package (Dick 2008),
and b using Geochemist Workbench (Bethke 2008)
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bismuth + hedleyite + maldonite — bismuthinite + Bi-sulfo-
tellurides — Bi-Pb-Ag sulfosalts + hessite — Bi-Pb sulfos-
alts —unnamed (Bi,Pb);(Te,S),, although precipitation of
distinct Bi minerals may partly overlap (ESM 1 Fig. S3).
Chemically, Bi minerals in this sequence are characterized
by an initial increase followed by a decrease in Ag and Pb
concentrations (Fig. 12). Interestingly, gold in Stage 2 is pre-
sent as native gold in early, small Bi mineral inclusion trails
(Fig. 5e), and subsequently appears as electrum in later Bi
mineral patches or blebs (Figs. 4a, 7c, 8a, c, d). In Stage 3,
the early Bi minerals are Pb-Ag-poor (native bismuth and Bi-
tellurides), followed by Pb-bearing Bi-sulfotellurides (joséite-
A, joséite-B, ingodite, and (B1,Pb);(Te,S),) (Fig. 12 and ESM
1 Fig. S3).

Previous studies have proposed that crystallization of
diverse Bi-sulfosalts could result from fluctuating chemi-
cal gradients of Cu, Pb, Ag, and Bi in an ore system (Cook

and Ciobanu 2003; Meisser et al. 2007; Zhou et al. 2016,
2018). For example, at the Yaoan gold deposit (South
China block), an increase in the Ag contents from early
bismuthinite derivatives to late padéraite and cuprobismu-
tite homologues was interpreted as indicating that the fluid
was initially Ag-deficient and then became Ag-rich (Zhou
et al. 2018). Replacement textures of Bi minerals, simi-
lar to those described at Yaoan, are recorded at Wulong
(e.g., Figs. 4a, e, 7 and 8). Therefore, we propose that the
composition and paragenetic evolution of Bi minerals from
Stages 2 to 3 at Wulong likely resulted from fluctuations
in the chemistry of the hydrothermal fluids. During Stage
2, these fluids were initially poor in Pb and Ag, and subse-
quently evolved to Pb- and Ag-rich solutions, but Pb and
Ag concentrations decreased again (Fig. 12). Stage 3 flu-
ids were initially Pb- and Ag-poor, but Pb concentrations
subsequently increased slightly (Fig. 12); this is consistent
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Fig. 12 Variations in Ag and Pb contents in typical Bi minerals rela-
tive to their crystallization order at the Wulong gold deposit, reveal-
ing the chemical evolution of ore-forming fluids from Stages 2 to 3.
Abbreviations: Bi=native bismuth, Esk =eskimoite, Cos=-cosalite,

@ Springer

Gn-Mtd s.=galena-matildite solid solutions, Hed=hedleyite,
Ing=ingodite, JoA =joséite-A, JoB =joséite-B, Lil s.s.=Lillianite-
gustavite solid solutions, Ttd =tetradymite, Vik = vikingite
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with the later occurrences of galena (Fig. 3g and ESM 1
Fig. S4c).

Liquid bismuth collector responsible for gold
enrichment

Yu et al. (2018) reported that Au forms native gold grains
in pyrite and quartz at the Wulong gold deposit. Based on
fluid inclusion analysis, they suggested that Au deposition
was directly triggered by fluid immiscibility that resulted
in the destabilization of Au(HS),” complexes because of
the exsolution of H,S(g) (Yu et al. 2018). In contrast, Wei
et al. (2021) proposed a different Au deposition model of Bi-
(Te)-rich melts as gold scavenger. Our study provides further
evidence for the prevalence of the Bi-(Te)-rich melt gold
scavenger mechanism: whole-rock concentrations of Au and
Bi (Fig. 10); the widespread presence and close textural and
temporal association of gold and Bi minerals in gold-rich
samples (Fig. 9e, 1); as well as the high Au contents of Bi
minerals (up to 1.43 wt%; ESM 1 Table S3) are all expected
features of this Au scavenging mechanism. However, con-
trary to Wei et al. (2021) who argue for a single depositional
stage, we suggest that gold precipitation occurred over two
main stages, as a result of elevated concentrations of Bi in
Stages 2 and 3 fluids.

Stages 2 and 3 were both characterized by reduced
hydrothermal fluids, supported by the CH,-rich nature
of the fluid inclusions, and the widespread occurrence of
tetradymite group phases with Bi/(Te + Se+ S) ratios > 1.
Chlorite geothermometry indicates that the temperature
of Stage 2 fluids was ~291° to 336 °C (ESM 1 Table S9).
Yu et al. (2018) showed that quartz-hosted fluid inclusions
from quartz-pyrite veins (Stage 2) have homogenization
temperatures, interpreted as minimum trapping tempera-
tures, exceeding 283 °C, and the quartz-polymetallic
sulfide veins (Stage 3), have homogenization temperatures
mostly between 250° and 328 °C, with outliers down to
219 °C. Hence, we suggest that the fluid temperatures
during Stages 2 and 3 were favorable for precipitation of
Bi-rich liquid under reduced conditions, given that native
bismuth (melting point of 271 °C; Okamoto and Massalski
1983), Bi-Au eutectic (at 241 °C; Okamoto and Massalski
1983), Bi-Te eutectic (at 266 °C), and Bi-Te-Au eutectic (at
235 °C) would all be molten (Okamoto and Tanner 1990;
Prince et al. 1990). The formation temperatures of the lat-
ter two melts are defined by the eutectics between native
bismuth + hedleyite, and native bismuth + hedleyite + mal-
donite, respectively (Okamoto and Tanner 1990; Prince
et al. 1990).

Petrographic observations strongly suggest that Bi-rich
melts exsolved from Stages 2 and 3 fluids at Wulong. In
both stages, large droplet-like blebs of native bismuth
(Fig. 4d and ESM 1 Fig. S4a), and trails of small spheri-
cal Bi mineral inclusions are observed in quartz, near
pyrite, pyrrhotite, or large Bi mineral patches (Fig. 5 and
ESM 1 Fig. S5). Additionally, Stage 2 pyrite, and Stage
3 pyrrhotite and pyrite host multiphase Bi mineral drop-
lets or blebs, consisting predominantly of native bismuth,
bismuthinite, joséite-A, joséite-B, and gold (Fig. 9c, j
and ESM 1 Fig. S4d), consistent with encapsulation of
polymetallic melt droplets (e.g., Tomkins and Mavro-
genes 2002; Tomkins et al. 2004; Sparks and Mavrogenes
2005; Torméanen and Koski 2005; Tomkins et al. 2007;
Zhou et al. 2017). In the trails, hedleyite is common in
the small droplets in Stages 2 and 3 (Fig. 5b-d, g, h). In
addition, the Stage 3 trails contain the unnamed BigTe,
in the droplets (Fig. 5g, h). We thus suggest that both
Bi-melt and Bi-Te-melt initially precipitated from Stage
2 and 3 fluids.

Immiscible Bi- and Bi-Te-melts can efficiently scavenge
Au from hydrothermal fluids, forming Bi-Au melts and Bi-
Te-Au melts, respectively (Douglas et al. 2000; Ciobanu
et al. 2005; Wagner 2007; Tooth et al. 2008, 2011). This
gold-scavenging process has been invoked to explain the
intimate Bi-Au associations in many types of hydrothermal
gold deposits, such as skarns (Ciobanu et al. 2003; Cocker-
ton and Tomkins 2012; Kim et al. 2012; Zhou et al. 2017),
orogenic gold (Ciobanu et al. 2006; Oberthiir and Weiser
2008), porphyry-epithermal systems (Cook and Ciobanu
2004), IOCG-like systems (Acosta-Gdngora et al. 2015),
and volcanic-hosted massive sulfide deposits (Térménen
and Koski 2005). At the Wulong deposit, the same process
is well preserved in the Stage 2 and 3 gold mineralization,
as shown by the presence of numerous gold grains in the
composite Bi mineral droplets and blebs (Figs. 4f, Se, h and
9c, j, k), and the occurrence of maldonite (Au,Bi) (Fig. 5c,
d), and jonassonite (AuBisS,) (Fig. 8h, i). The presence
of Bi-Au melt is unavoidable when gold and native bis-
muth occur together in a system that formed at tempera-
tures > 241 °C and under S-poor conditions (Fig. 11), and
thus imply that all assemblages with these phases formed
from melt. In Stage 2, three-component droplets of native
bismuth, maldonite, and hedleyite (Fig. 5d), represent a
typical texture resulting from cooling of Bi-Te-Au melt at
235 °C (Prince et al. 1990). In addition, we suggest that
the droplets of maldonite and hedleyite in Stage 2 (Fig. 5¢),
the patches or blebs of jonassonite with gold (Fig. 8h, i),
and the droplets of gold, native bismuth, hedleyite, and the
unnamed BigTe; in Stage 3 (Fig. Sh), crystallized from the
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Bi-Te-Au melts. Within individual droplets and blebs, cur-
vilinear and cuspate low-angle mutual boundaries abound
(Figs. 5c-e, h and 8i), which are consistent with formation
of the different components through Bi-melt crystalliza-
tion (Ciobanu et al. 2006, 2010). Note that there are many
bismuthinite droplets hosted in pyrite and quartz in Stages
2 and 3, and some contain gold grains (Figs. 4c, f, 9c and
ESM 1 Fig. S4d). Since bismuthinite has a melting tem-
perature of 775 °C, we propose that these droplets indicate
sulfidation of preexisting Bi and Bi-Au melts, which was
driven either by an increase in sulfur fugacity or by cooling
(Tooth et al. 2011, 2013; Cockerton and Tomkins 2012;
Zhou et al. 2017). Fluid cooling takes place inevitably over
time (Yu et al. 2018), and an increase in sulfur fugacity is
well recorded in Stage 2, where minor pyrrhotite has been
enclosed by the widespread pyrite crystals (Fig. 3e). Tex-
tures consistent with late sulfidation of native bismuth are
common in Stages 2 and 3 in the Wulong deposit, as shown
by widespread replacement of native bismuth by bismuth-
inite (Fig. 4a, d, e). As a result, the native bismuth melts
transform into bismuthinite droplets (Fig. 4c), whereas the
Bi-Au melts transform into a stable assemblages of gold
and bismuthinite (Figs. 4f, 9¢). Such an interpretation has
been invoked previously to explain the locally poor preser-
vation of native bismuth in apparently molten, gold-bear-
ing multiphase assemblages in many deposits (Tooth et al.
2011; Cockerton and Tomkins 2012; Zhou et al. 2017).

Thermodynamic modeling has shown that a deposit
containing only 100 ppm Bi deposited as Bi melt from
fluids containing only 0.2 ppb Au (i.e., strongly under-
saturated relative to native gold) would attain Au grades
of 5 ppm (Tooth et al. 2008). At Wulong, our geo-
chemical analyses indicate Bi concentrations of up to
7332 ppm, with most ores containing > 100 ppm Bi (ESM
1 Table S8). The Bi/Au ratios are consistently above
10 (Fig. 10). The average gold grade of this deposit is
5.35 g/t (Wang et al. 2018); therefore, if all Bi initially
precipitated as a liquid, it would be more than sufficient
to scavenge all of the Au in the deposit from unsaturated
fluids. The close Bi-Au association implies that this is a
distinct possibility.

Why is the Wulong deposit unique in the NCC?

Trace amounts of Bi- and/or Te-bearing minerals are
recorded in many Early Cretaceous hydrothermal gold
deposits in the NCC (Gu et al. 2003; Bi et al. 2011; Zhou
et al. 2011; Li et al. 2006, 2012a, b; Xu et al. 2014; Yang
et al. 2016b). However, until now, the liquid bismuth
collector model has not been invoked to explain the Au
enrichment in the NCC, except for Wulong (Wei et al.
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2021). The hydrothermal fluids at Wulong were charac-
terized by high concentrations of Bi, resulting in higher
Bi concentrations in the ores than those of Te and Bi/Te
ratios > 1 in most Bi-Te phases; tellurides are rare (hes-
site). In contrast, the other Bi- and Te-bearing gold depos-
its in the NCC are dominated by native tellurium, Au- and/
or Ag-tellurides; Bi-Te-bearing phases are minor and have
Bi/Te ratios < 1 (e.g., tellurobismuthite, rucklidgeite, and
volynskite) (Li et al. 2006, 2012a, b; Bi et al. 2011; Jian
et al. 2014; Xu et al. 2014; Yang et al. 2016b). These
mineralogical features indicate a strong enrichment in Te
relative to Bi (Te> > Bi). This difference has significant
implications for whether a Bi-bearing melt can form. In
the Bi-rich part of the Bi-Te-Au ternary, the eutectic is
located at 235 °C (Prince et al. 1990), whereas a thermal
divide appears at Bi=Te, such that when Te > Bi, the ter-
nary eutectic is slightly below 416 °C (Fig. 2). Almost all
hydrothermal Au deposits in the NCC formed below this
temperature (Jiang et al. 1999; Jiang 2000; Fan et al. 2003;
Li et al. 2012b; Yang et al. 2015, 2016a, 2017; Guo et al.
2017), although the temperatures of barren, early stage
fluids can be up to 417 °C in rare cases (Zhou et al. 2014;
Fan et al. 2016).

Possible source of bismuth and tellurium

The abundance of Bi-Te minerals in quartz veins indicates
that the ore-forming fluids in the Wulong gold deposit
were enriched in bismuth and tellurium. As mentioned
above, there can be significant amounts of Bi in both
intrusion-related magmatic-hydrothermal and orogenic
gold deposits. However, previous workers have suggested
that Te in most gold deposits tends to be derived from
magma (Afifi et al. 1988; Jensen and Barton 2000; Cooke
and McPhail 2001). Tellurides are mostly identified in
ore systems genetically related to magmatism (e.g., por-
phyry Cu deposits, epithermal Au deposits, IOCG, and
intrusion-related Au deposits), and some orogenic gold
deposits with magmatic affinity, for example the Golden
Mile near Kalgoorlie (Hart 2007; Goldfarb et al. 2017;
Spence-Jones et al. 2018; Missen et al. 2020; McDiv-
itt et al. 2021). Some Te-enriched silicate melts may be
derived from the partial melting of metasomatized man-
tle that was Te enriched by fluids/melts derived from
ocean-floor sediments (Jensen and Barton 2000; Cook
et al. 2009; Saunders and Brueseke 2012; Holwell et al.
2019). Such Te-enriched magmas and related ore deposits
are commonly found around the Pacific Rim in subduc-
tion settings (e.g., epithermal Au-Te systems; Cook et al.
2009; Saunders and Brueseke 2012), and the Tethyan
belt in post-subduction settings (e.g., Te-Pt—Pd-enriched
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porphyry Cu-Au deposits; Holwell et al. 2019). Alterna-
tively, Tomkins et al. (2009) proposed that partial melting
of preexisting zones of Au enrichment in the lower crust
could also generate reduced, Au- and, Te-rich felsic mag-
mas, which could also be enriched in Ag, As, Bi, and Sb.

Based on geological, geochemical and geochronologi-
cal data, we propose that the Wulong gold deposit has a
magma-derived Bi and Te source. The Wulong gold deposit
is similar in most respects to reduced intrusion-related gold
systems (RIRGS; Lang et al. 2000; Lang and Baker 2001;
Hart et al. 2002; Hart 2007). It has abundant sheeted arrays
of thin auriferous quartz veins (Fig. 3¢), ore mineral assem-
blages are characterized by pyrite-pyrrhotite-arsenopyrite,
with accessory scheelite in quartz veins (Fig. 3e, g, h), and
in particular, the Au-Bi-Te enrichment is characteristic
of many RIRGS. Other similarities between Wulong and
RIRGS include:

(1) Ore-forming fluids in the Wulong gold deposit are char-
acterized by low to medium temperature (219-395 °C),
CO,-rich, low- to medium-salinity (0.18-8.95 wt %
NaCl equiv.) aqueous fluids with traces of CH, and N,
(Yuetal. 2018).

(2) H-O and S isotope studies indicate that the ore-forming
fluids at the Wulong gold deposit were derived from a
magmatic source (Yu et al. 2018; Zhang et al. 2020).
Moreover, He-Ar and Pb isotope compositions of Au-
bearing pyrite suggest that mantle components were
involved in the gold mineralization (Yu et al. 2018; Liu
et al. 2019; Zhang et al. 2020).

(3) Geologic mapping, field relationships, and pet-
rographic observations indicate that the Wulong
gold deposit is spatially associated with Early Cre-
taceous intrusive rocks, especially diorite dykes
(Fig. 1b, c).

(4) SIMS U-Pb dating of hydrothermal rutile co-precipi-
tated with gold (Feng et al. 2020), and “°Ar/*®Ar dating
of sericite in auriferous quartz veins (Liu et al. 2019),
reveal that Au mineralization at Wulong deposit took
place at~ 122 Ma, which coincides with the emplace-
ment of fine-grained diorite dykes that have sharp
contact with the auriferous quartz veins in the same
structures (dated at 120+ 1 Ma and 119 + 6 Ma; Zhang
2002; Zhang et al. 2020).

For the RIRGS in Scheelite Dome, Yukon, Canada, the
related magmatic suite was suggested to be hybrid mag-
mas that formed through mixing of crust-derived melts
and ultrapotassic alkaline mantle melts (lamprophyres),
generated by low percentage partial melting of metaso-
matized lithosphere that had been fertilized during prior

subduction in an extensional setting (Mair et al. 2011,
Groves et al. 2020). This mixing process allows some
components of the ore system to be derived from the crust
and others from the mantle (e.g., see Table 2 in Tomkins
et al. 2012). The dykes in the Wulong deposit are consist-
ent with this; there are many lamprophyre dykes (Fig. 1b,
¢), and dioritic melt compositions that tend to form by
hybridization in MASH (mixing, assimilation, storage
and hybridization) settings (Hildreth and Moorbath 1988;
Annen et al. 2006). Regionally, the Au mineralization
and magmatism at Wulong are in accord with a peak in
the timing of destruction of the NCC (at~ 125 Ma; Zhu
et al. 2015, 2017), which was caused by subduction of
the paleo-Pacific plate (Zhu et al. 2017; Wu et al. 2019).
From the Early Jurassic, the lithospheric mantle beneath
this region experienced metasomatism by melts/fluids
derived from subducting paleo-Pacific slab (Zhu et al.
2017; Zheng et al. 2018; Wu et al. 2019). During this
process, tellurium may have been enriched in metaso-
matized mantle domains. Subsequent destruction of the
NCC in the Early Cretaceous, promoted by removal of
mantle lithosphere and upwelling of hot asthenosphere,
caused preferential melting of the metasomatized mantle
domains, generating Te- and probably Au-rich magmas,
whereas melting of a lower crustal component may have
contributed W, Bi, and Pb (Gao et al. 2004; Tomkins
et al. 2012). Variation in this lower crustal component
would explain variations in ratios of the various metals
in the Jiaodong Peninsula and the North China Craton in
general.

Conclusions

The large Wulong gold deposit formed over four para-
genetic vein stages, with abundant Bi minerals being
co-deposited with economic Au during Stages 2 and 3.
Mineralogically, Stage 2 is distinguished from Stage
3 by the associated Bi-Pb (cosalite and galenobismu-
tite), and Bi-Pb-Ag sulfosalts (galena-matildite series,
vikingite, eskimoite, and lillianite-gustavite series),
and Ag-tellurides (hessite), and the absence of the
unnamed Bi-tellurides (BigTe; and BisTe;). Gold min-
erals in Stage 2 include maldonite, native gold and
electrum, whereas jonassonite and native gold occur
in Stage 3.

Importantly, Bi minerals in the two main minerali-
zation stages (Stages 2 and 3) are significant hosts for
gold. Given the presence of droplet-like blebs of native
bismuth, and small, spherical Bi mineral inclusion trails
and the temperature at the time of mineralization, we
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conclude that Bi precipitated from the hydrothermal flu-
ids as a liquid. The presence of polymineralic blebs and
small droplets in trails containing gold, maldonite, and
jonassonite, is evidence that this liquid bismuth scav-
enged Au from fluids during Stages 2 and 3, and operated
as the primary mechanism for gold deposit formation.
The Wulong deposit has a strong enrichment in Bi rela-
tive to Te (Bi> > Te), and this is the main reason that
the liquid bismuth collector operated at Wulong and not
in most of the other Early Cretaceous hydrothermal gold
deposits in the NCC. Wulong is likely to be an exam-
ple of a reduced intrusion-related gold system, with Te
sourced from metasomatized mantle during decratoniza-
tion of the NCC, and metals like W, Pb and possibly Bi
sourced from the lower crust; Au could plausibly have
been sourced from either, but given the ubiquity across
the NCC it is more likely to have been sourced from the
mantle. From Stages 2 to 3, the chemical and paragenetic
evolution of Bi minerals indicate fluctuations in Pb and
Ag concentrations of the reduced (methane-bearing) ore-
forming fluids, which may reflect variations in the rela-
tive proportions of mantle and crust contributions to the
evolving source magmas.
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