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Abstract The world-class Jiaodong gold province in the
North China Craton hosts over 5000 t of Au resource and
is characterized by abundant visible gold mineralization.
However, the critical processes controlling the formation of
visible gold in this province remain poorly understood. To
solve this problem, integrated microtextural, trace elemental,
and sulfur isotopic analyses of pyrite from the high-grade
Linglong gold deposit in the Jiaodong gold province were
conducted in this study. Two distinct pyrite types were
identified within auriferous quartz-sulfide veins: (1) Pyl
aggregates in quartz-pyrite veins (hydrothermal stage II),
and (2) euhedral to subhedral, coarse-grained Py2 crystals
in quartz-polymetallic sulfide veins (hydrothermal stage
IIT). Microtextural and elemental analyses revealed that vis-
ible gold predominantly occurs as intergranular particles
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between primary pyrite crystals within Py1 aggregates. The
Py1 exhibits complex microtextures with abundant mineral
inclusions of polymetallic sulfides and has low concentra-
tions of Au (median: 0.032 ppm) with a narrow 6>*S range
(4.86%0—6.75%0), indicative of rapid crystallization under
unstable, disequilibrium conditions. By contrast, the Py2
is texturally homogeneous and contains higher Au concen-
trations (median: 0.304 ppm) with progressively increasing
534S values (5.25%0—10.14%0) over time, suggesting slow
crystal growth under more stable, near-equilibrium condi-
tions. Based on the microtextural and geochemical informa-
tion, it is proposed that fluid boiling occurred only during
the hydrothermal stage II, which resulted in the unstable
physicochemical environment and rapid deposition of gold.
During the boiling processes, gold colloids likely occurred
and promoted the formation of visible gold.

Keywords Visible gold deposition - Pyrite -
Geochemistry - Jiaodong gold province - Microtextural
analyses

1 Introduction

Gold in hydrothermal deposits can be recognized as “vis-
ible gold” and “invisible gold” (Saunders and Schoenly
1995; Groves et al. 1998; Reich et al. 2005; Sung et al.
2009; Saunders and Burke 2017). The former is prevalent
in numerous hydrothermal gold deposits, such as orogenic
and epithermal types, while the latter is commonly found
in the Carlin type (White and Hedenquist 1995; Groves
et al. 1998; Saunders and Burke 2017). The world-class
Jiaodong gold province in China, hosting over 5000 t of
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gold resources within an area of < 20,000 km?, is charac-
terized by visible gold mineralization (Qiu et al. 2002;
Goldfarb and Santosh 2014; Groves and Santosh 2016;
Peng et al. 2021). Visible gold in this province is com-
monly associated with pyrite, occurring as free grains,
inclusions, or along pyrite grain boundaries (Yang et al.
2016; Li et al. 2018; Deng et al. 2020). Although previ-
ous studies have linked the gold mineralization to fluid
boiling or fluid-rock interaction (Fan et al. 2007; Wen
et al. 2015; Guo et al. 2017; Deng et al. 2020), the spe-
cific mechanisms governing visible gold formation remain
poorly understood. The presence of high-grade visible
gold means highly efficient precipitation of Au, which is
difficult to explain using conventional theories that Au is
precipitated directly from a solution (Petrella et al. 2020;
Hastie et al. 2021; McLeish et al. 2021), due to the low
solubility of Au (less than 100 ppb) in the fluids respon-
sible for gold mineralization (Simmons and Brown 2006;
Williams-Jones et al. 2009; Rauchenstein-Martinek et al.
2014; Wagner et al. 2016; Hastie et al. 2020; Wang et al.
2022). Therefore, there may be some disequilibrium pro-
cesses leading to the highly efficient deposition of Au in
the Jiaodong gold province.

Gold deposits in the Jiaodong gold province are pri-
marily classified into two mineralization styles: the
quartz-vein type (also known as Linglong type) and the
altered-rock type (Jiaojia type) (Qiu et al. 2002). Both
share similarities in mineralogy, lithology, geochronology,
alteration assemblages, ore-forming fluids, and ore gen-
esis, despite their differences in mineralization style (Qiu
et al. 2002; Fan et al. 2007; Wen et al. 2015; Guo et al.
2017; Deng et al. 2020). The quartz-vein type is character-
ized by high-grade auriferous quartz-sulfide veins, while
the altered-rock type is characterized by disseminated and
stockwork mineralization with low grade and large scale.
Different hydrothermal stages of the quartz-vein type are
easy to recognize, making them ideal for studying the fluid
evolution and detailed processes controlling the formation
of visible gold. The world-class Linglong gold deposit is
a typical quartz vein-type mineralization and one of the
largest (over 150 t Au resource) and highest-grade (up
to hundreds of grams per ton, g/t) gold deposits in the
Jiaodong gold province (Wen et al. 2015; Guo et al. 2017;
Wang et al. 2022; Xue et al. 2025). The hand samples col-
lected from this deposit in the past exhibit a significant
presence of visible gold to the naked eye (Fig. 1). Hence,
this deposit provides a well site to investigate the highly
efficient deposition of Au.

Pyrite is the most abundant sulfide mineral in the Jiao-
dong gold province, serving as a host for the visible gold
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Fig. 1 Photograph of high-grade ores from the Linglong gold deposit
showing that gold is heterogeneously distributed in quartz-pyrite
veins. The yellow arrows mark the gold grains. The photo was taken
with the permission of the Gold Mining Museum in Zhaoyuan City,
Shandong Province

(Deng et al. 2020; Li et al. 2021; Yuan et al. 2021). It plays
a crucial role in Au mineralization and can provide valu-
able insights, via its microtextural characteristics and trace
elemental and sulfur isotopic geochemistry, into the evolu-
tion of ore-forming fluids and Au precipitation mechanisms
(Deditius et al. 2014; Peterson and Mavrogenes 2014; Syver-
son et al. 2015; Fougerouse et al. 2016a, b; Tardani et al.
2017; Li et al. 2018; McLeish et al. 2024). In this study,
we conducted detailed microtextural analyses using polar-
izing microscope and scanning electron microscopy (SEM),
trace elemental analyses using laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) and time-
of-flight secondary ion mass spectrometry (TOF-SIMS),
and sulfur isotopic analyses using laser ablation-multiple
collector-inductively coupled plasma-mass spectrometry
(LA-MC-ICP-MS) on auriferous pyrite from the Linglong
gold deposit, to decipher the microtextural and geochemi-
cal evolution of pyrite and ultimately unravel the key pro-
cesses governing visible gold formation in the Jiaodong gold
province.

2 Geological setting
2.1 Regional geology

The Jiaodong Peninsula is located in Eastern China. It is
bordered to the west by the Tan-Lu fault belt, to the north
by the Bohai Sea, and to the east and south by the Yellow
Sea (Fig. 2). It tectonically consists of the Jiaobei and Sulu
Terranes in the west and east, respectively. The Jiaobei Ter-
rane belongs to the southeastern region of the North China
Craton. It can be further subdivided into the Jiaobei uplift
and Jiaolai basin in the north and south, respectively. The
Sulu Terrane belongs to the eastern part of the Dabie-Sulu
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Fig. 2 Simplified geological map of the Jiaodong gold province and the distribution of main gold deposits (after Wen et al. 2016)

Orogen, which is widely considered to be the Triassic suture
zone between the North China and Yangtze cratons (Li
et al. 2012; Zheng et al. 2019). The Precambrian basement
of the Jiaodong Peninsula is mainly composed of trond-
hjemite—tonalite—granodiorite gneisses and regional meta-
morphic rocks (Wan et al. 2006; Jahn et al. 2008; Deng et al.
2020). Mesozoic granites, primarily formed during the Late
Jurassic (160-150 Ma) and Early Cretaceous (120-100 Ma),
are the most widespread intrusions in the Jiaodong Peninsula
(Hou et al. 2007; Goss et al. 2010; Yang et al. 2012). Early
Cretaceous granodiorites (130-126 Ma) are considered to
have a close temporal relationship with gold mineralization
and mainly developed in the Jiaobei uplift (Jiang et al. 2016;
Zhang et al. 2020). Basaltic to rhyolitic volcanics, which
erupted during 118-93 Ma, are mainly distributed in the
Jiaolai basin (Ling et al. 2007). Cretaceous intermediate-
mafic rocks (mainly lamprophyre and diabase) are wide-
spread as dikes in the Jiaodong Peninsula (Cai et al. 2013,
2015; Deng et al. 2017; Liang et al. 2017). Ultrahigh- to
high-pressure metamorphic rocks, which formed during the
Late Triassic (240-225 Ma), occur in the Sulu Terrane (Wu
and Zheng 2013; Deng et al. 2020).

2.2 Deposit geology

Gold deposits in the Jiaodong gold province occur mainly
within the Jiaobei uplift (Fig. 2) and were predominantly
formed at 120+ 2 Ma (Zhang et al. 2020, and references
therein). The orebodies are mainly hosted in the Mesozoic
granitoids and controlled by NE- to NNE-trending faults.
The mineralization occurs predominately as Au-bearing
quartz-sulfide lodes filled in the open fractures (quartz-vein
type) and disseminations and stockworks in the altered rocks
(altered-rock type) (Qiu et al. 2002; Wen et al. 2015; Guo
et al. 2017). The quartz vein-type mineralization is smaller
in scale, higher in grade, and steep-dipping in orebodies
(>60°). By the contrast, the altered rock-type orebodies are
less steep (<45°) with larger scale and lower grade (Qiu
et al. 2002; Song et al. 2015).

The Linglong gold deposit is located at the north of the
Jiaobei uplift (Fig. 2). It is of typical quartz vein-type min-
eralization and one of the most famous deposits in the Jiao-
dong Peninsula. It was formed at 120 +2 Ma (Yang and
Zhou 2001; Zhang et al. 2020). There are over 200 aurif-
erous quartz-sulfide veins (Fig. 3), which are dominantly
hosted in the Late Jurassic Linglong granite (166—149 Ma;
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Zhang et al. 2020, and references therein). The ore veins
are controlled by the secondary NE-trending faults of the
Zhaoyuan-Pingdu fault. It is clearly identified that four
hydrothermal stages are developed in the Linglong gold
deposit based on mineral paragenesis and crosscutting
relationships (Wen et al. 2015; Guo et al. 2017; Wang
et al. 2022). Stage I is characterized by massive gold-bar-
ren quartz that is commonly milky white (Figs. 1 and 4a)
and homogeneous in texture (Wang et al. 2022). Stage Il is
characterized by the assemblage of gold + quartz + pyrite
(Py1). This stage commonly shows smoky gray quartz and
abundant pyrite aggregates (Fig. 4b). Quartz is anhedral
or fine-grained, within which abundant fine pyrite grains
are scattered (Fig. 4b—d). Gold generally occurs in pyrite
aggregates in stage II (Fig. 4b, f). Stage Il is characterized
by the assemblage of quartz 4+ polymetallic sulfides (chal-
copyrite, sphalerite, and galena) + pyrite (Py2). Pyrite and
quartz of this stage are generally euhedral grained, with

their interstices being occupied by massive chalcopyrite,
sphalerite, and galena (Fig. 4e). Stage IV is characterized
by gold-barren quartz-calcite veinlets and marks the end
of hydrothermal mineralization.

3 Sampling and analytical methods
3.1 Sampling strategy

Twenty-five samples were collected from the Xishan min-
ing area. Representative samples containing abundant
visible gold and sulfides collected from the underground
tunnel (-50 m depth; Fig. 4a) were selected for analysis in
this study. The samples were prepared into polished thin
sections for SEM, LA-ICP-MS, TOF-SIMS, and LA-MC-
ICP-MS analyses.

Fig. 3 Simplified geological map of the Linglong gold deposit (after Guo et al. 2017)

@ Springer



Acta Geochim (2025) 44:1167-1185

1171

Fig. 4 Photographs of the ore vein and mineral assemblages. a Gold-bearing quartz-sulfide veins. b Pyl aggregates (hydrothermal stage II) con-
taining visible gold and abundant sulfide inclusions. ¢ and d Quartz near Pyl aggregates containing abundant Pyl inclusions. e Py2 (hydrother-
mal stage IIT) occurring as euhedral crystals and coexisting with euhedral quartz. f and h Py2 overprinting Pyl. g and i Backscattered electron
(BSE) images of (f) and (h). Au. visible gold, Ccp. chalcopyrite, Gn. galena, Py. pyrite, Qz. quartz, Sp. sphalerite

3.2 SEM analysis

SEM analyses were conducted at the State Key Laboratory
of Critical Mineral Research and Exploration (SKLCMRE),
Institute of Geochemistry, Chinese Academy of Sciences
(IGCAS). The analyses were carried out with a working
distance of 10 mm, an incident current of 10 nA, and an
accelerating voltage of 10-20 kV.

3.3 LA-ICP-MS elemental analysis

Trace element concentrations of pyrite were obtained by
LA-ICP-MS at the SKLCMRE, IGCAS. Laser sampling
and mass spectrometry analyses were accomplished with a
RESOIlution S-155 ArF193-nm laser ablation system and an
Agilent 7700x quadrupole ICP-MS, respectively. The car-
rier gas was helium (370 ml/min) and the transport gas was
argon (900 ml/min). Each spot analysis comprised 20 s, 60 s,

@ Springer



1172

Acta Geochim (2025) 44:1167-1185

and 40 s for background acquisition, data acquisition from
samples, and elimination of memory effects, respectively.
Analyses were conducted with the following parameters:
laser fluence of 3.5 J/cm?2, beam size of 26 pm, and laser
beam repetition rate of 6 Hz. For calibration of elemental
concentrations, standards GSE-1G, GSD-1G, and STDGL3
were analyzed (Belousov et al. 2023). To check the ana-
Iytical accuracy, MASS-1 (sulfide reference material) was
analyzed as an unknown sample (Wilson et al. 2002). Iolite
software was used to process the data (Paton et al. 2011). It
should be noted that the concentrations of trace elements in
pyrite were calculated from the LA-ICP-MS data showing
smooth time-resolved spectra. The data exhibiting obvious
spikes, particularly those for Au—Ag or Cu-Zn-Pb-Bi-Ag,
were calculated as the elemental concentrations of mineral
inclusion-bearing pyrite for reference only.

LA-ICP-MS elemental mapping of pyrite was performed
through ablation of parallel lines in a grid pattern with the
following parameters: laser fluence of 3.5 J/cm?, beam size
of 15 pm, laser beam repetition rate of 15 Hz, line spacing
of 15 pm, and scanning speed of 15 pm/s. The standards
STDGL3 and GSE-1G were analyzed once before and after
each sample to correct for instrument mass bias. Iolite soft-
ware was used to process the data.

3.4 TOF-SIMS analysis

High-resolution element-distribution mapping of pyrite
was performed with an IONTOF TOF-SIMS 5 spectrom-
eter at the Analysis Center, Tsinghua University. A 30 keV
bismuth liquid metal ion gun was used as the primary ion
source. Bi,;" was selected as primary ion by appropriate
mass filter settings. The Bi,* current was about 10 pA (1 ns
pulse width, bunched beam). Images were acquired over
a 500 pm X 500 pm area and a 300 pm X 300 pm area at
256 x 256 pixels in random raster mode. Both positive and
negative ion modes were employed to examine ions or ion
clusters within a mass range of approximately 0—1000 amu.
Prior to the measurement, a 2 keV Cs* beam was used as a
sputter gun to clean the surface of the samples.

3.5 LA-MC-ICP-MS sulfur isotope analysis

In situ sulfur isotopic analyses of pyrite were conducted with
LA-MC-ICP-MS at the SKLCMRE, IGCAS. The analyses
were conducted near the spots which had been conducted for
elemental analyses with LA-ICP-MS to determine the cou-
pled elemental and isotopic compositions. Laser sampling
and mass spectrometry analyses were accomplished with the
RESOlution S-155 ArF 193-nm laser ablation system and a
Nu Plasma III MC-ICP-MS, respectively. Each spot analysis
comprised 20 s, 40 s, and 40 s for background acquisition,
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data acquisition from samples, and elimination of memory
effects, respectively. Analyses were conducted with the fol-
lowing parameters: laser fluence of 3 J/cm?, beam size of
40 pm, and repetition rate of 5 Hz. For mass bias correction,
an external standard (pressed pyrite powder tablet, PSPT-2)
was repeatedly measured every five unknown samples (Bao
et al. 2017; Chen et al. 2019). For quality control, two in-
house pyrite standards (natural crystals, SB-1 and HYC-1)
were analyzed as unknown samples (Wang et al. 2024). The
measured 5**Sy, cpy values were 16.67%o +0.48%0 (2SD,
n=16) for SB-1 and —5.58%0 +0.31%0 (2SD, n=16) for
HYC-1, which are agreement with the recommended val-
ues (SB-1: 16.57%o +0.20%0; HYC-1: —5.76%0 +0.20%o0)
within error ranges.

4 Results
4.1 Types and microtextures of pyrite

According to mineral assemblage, crosscutting relationship,
and pyrite microtexture and morphology, two main types of
pyrite have been identified in this study. Pyrite grains of type
I (Pyl) occur as aggregates distributed in the quartz-pyrite
veins (hydrothermal stage II; Fig. 4b). They are composed
of multiple euhedral to subhedral, medium- to fine-grained
crystals (Figs. 4 and 5). The reflected-light microphoto-
graphs and SEM backscattered electron (BSE) images
show that Pyl is “unclean” and contains abundant pores
and microfracture-fillings or inclusions of galena, sphalerite,
and chalcopyrite tens of microns in size (Figs. 4b, f-i, and
5). The SEM secondary electron (SE) images show that the
pores are gaps in the junctions among multiple fine grains
of pyrite that retain primary euhedral shapes (Fig. 5k, 1).

Type-1I pyrite (Py2) is commonly coarse- to medium-
grained and euhedral to subhedral. They occur in isola-
tion within the pyrite-chalcopyrite-sphalerite-galena veins
(hydrothermal stage IIT) (Fig. 4e), or overprint Pyl in the
quartz-pyrite veins (Fig. 4f—i). Py2 is homogeneous in tex-
ture, within which mineral inclusions and Au grains are
rarely found. In BSE images, the backscattered brightness
of Py2 is stronger than that of Py1, but decreases sharply in
the rims of some grains (Fig. 4i). Consequently, Py2 can be
further divided into two subtypes: the BSE-bright Py2a and
BSE-gray Py2b.

4.2 Occurrence of visible gold

The gold grains are commonly ellipsoidal with sizes of tens
of microns (Figs. 4f and 5). They are generally distributed
in isolation within Pyl aggregates. In a few cases, gold
grains coexist with galena or chalcopyrite (Figs. 4b and 5n).
The reflected-light microphotographs show that some gold
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Fig. S Optical and electron microscope photos showing occurrence of visible gold. a and b Reflected-light photos showing gold grains distrib-
uted along Pyl grain boundaries. ¢ Backscattered electron (BSE) image of (b). d and e Secondary electron (SE) images showing coarse-grained
gold along Pyl grain boundaries. f SE image showing a submicron particle of gold in the gap between two Pyl grains. g—j Pyl grain bounda-
ries disappear in the reflected-light photomicrographs, but appear in the BSE images (i and j). k and 1 SE images showing gaps at the junctions
among multiple primary grains of Pyl. m—o Coexisting gold and galena distributed along Pyl grain boundaries. p Pyl grain boundaries disap-
pear in the reflected-light photomicrographs. q BSE image shows clearly euhedral pyrite crystals within Pyl aggregates, and gold is distributed
along the Pyl grain boundaries. r Fine-grained gold deposited on the surface of euhedral pyrite within Pyl aggregate. Au. visible gold, Ccp.
chalcopyrite, GB. grain boundary, Gn. galena, Po. Pyrrhotite, Py. pyrite, Qz. quartz, Sp. sphalerite
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grains are distributed along boundaries between crystals of
Pyl (Fig. 5a, b, n). These Pyl crystals are euhedral cubic
and undeformed with straight boundaries. In some cases,
although the boundaries of pyrite crystals disappear and
gold grains seem to occur as inclusions within pyrite under
reflected-light microscopy (Fig. 5g, p), SEM-BSE images
distinctly reveal that the pyrites maintain regular bounda-
ries within aggregates, and gold grains are distributed along
these boundaries (Fig. 51, j, q). Some submicron-scale gold
grains are found in the nanoscale gaps between two pyrite
grains (Fig. 5f) or on the surface of euhedral fine-grained
pyrite within Pyl aggregates (Fig. 5r).

4.3 Trace element content of pyrite

The LA-ICP-MS time-resolved depth profiles of Pyl are
either smooth or spiked (Fig. 6a—c). The domains of Pyl
without mineral inclusions show smooth profiles with low
counts of most elements (Fig. 6a). By contrast, the domains
with mineral inclusions show spiked profiles, in which the
spectra are rarely flat and are parallelly spiked for some
metals, such as Cu—Zn-Pb-Bi—Ag (Fig. 6b), and Au—-Ag
(Fig. 6¢). The profiles of Py2 are consistently flat, in which
the spectra of As are significantly strong and are parallel to
the stable spectra of Au (Fig. 6d), suggesting the higher and
relatively stable concentrations of As and Au.

The quantitative calculation results of trace elements
in different pyrites are listed in Supplementary Table S1.

Cobalt, Ni, Cu, Zn, As, Pb, Bi, Ag and Au are commonly
detectable, but vary widely in concentration in the two types
of pyrite. Copper, Zn, Ag, Pb, and Bi are relatively enriched
in Pyl, while As, Au, and Co are higher in Py2 (Fig. 7a).
The median concentration of Au in Py2 is 0.304 ppm,
which is an order of magnitude higher than that in Pyl
(0.032 ppm). Significantly, the median concentration of As
in Py2 (2620 ppm) is three orders of magnitude higher than
that in Py1 (8.77 ppm). The concentrations of Au and As are
positively correlated with each other in Py2 (r=0.7042), but
show a weak correlation in Pyl (Fig. 7b). Gold shows bet-
ter positive correlations with Ag, Cu, Zn, Pb, and Bi in Py1
relatively to Py2 (Fig. 7c—g). The two types of pyrite do not
show a clear correlation between the concentrations of Co
and Ni, but display similar Co/Ni ratios (Fig. 7h).
LA-ICP-MS element mapping offers a more intuitive rep-
resentation of the distributions and spatial correlations of
various elements within different pyrites (Fig. 8). The results
show that As and Au are significantly concentrated in Py2,
especially in the BSE-bright Py2a. In contrast to Au, Ag is
depleted in Py2 but more concentrated in Pyl and distrib-
uted similarly to the Cu-, Pb-, and Zn-bearing inclusions.
Cobalt is concentrated in or near the boundaries between
Py2a and Py2b, or in the healed microcracks of Py1. Nickel
is uniformly depleted in Py but relatively enriched in Py2.
High-resolution elemental mapping with TOF-SIMS
was conducted to further identify the relationships between
visible gold and pyrite. Both positive and negative ion

Fig. 6 Representative LA-ICP-MS time-resolved depth profiles for different types of pyrite (a—d) and their laser ablation locations (e)
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Fig. 7 Comparative box (a) and binary (b-h) plots showing the concentrations of selected trace elements in different types of pyrite. The con-
centrations shown in the box plot were calculated based on LA-ICP-MS data with flat time-resolved spectra, excluding the data of Pyl contain-
ing obvious electrum or Cu—Zn-Pb-Bi-Ag-bearing inclusions. The concentrations shown in the binary plots include the data of mineral inclu-

sion-bearing Py1

modes were attempted to test multiple elements and/or
ion clusters. However, only the distribution of As™ and
AsS™ in pyrite obtained in the negative ion mode are
available, which comprehensively show that As is rela-
tively enriched in the BSE-bright Py2a (Fig. 9), consist-
ent with the above LA-ICP-MS analyses. The signal of
Au is absent within pyrite in both positive and negative
ion modes, probably owing to its low concentrations. The
distribution of Au~ obtained in the negative ion mode just
displays the distribution of visible Au (Fig. 9g, j). The
high-resolution AsS™ and Au™ maps, combined with BSE
images, comprehensively confirm that the visible gold is
distributed along the boundaries between As-depleted Pyl
grains (Fig. 9d-k).

4.4 Sulfur isotopic compositions of pyrite

The in situ 8°*S values of Pyl are within a narrow range of
4.86%0—6.75%o. For Py2, the 5°*S values are more varied
and are commonly higher than those of Pyl (Fig. 10a, b),
showing the results of 5.25%0—10.14%o¢. Within Py2 grains,
the 6**S values show a progressive increase outward from
Py2a to Py2b (Fig. 10c, d). There is no significant correla-
tion between the sulfur isotopic and trace elemental compo-
sitions of the two types of pyrite. The detailed data are listed
in Supplementary Table S1.
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Fig. 8 Backscattered electron (BSE) image and LA-ICP-MS elemental mapping of pyrite showing the distribution of Au, Ag, As, Zn, Pb, Cu,

Co, and Ni

5 Discussion
5.1 Relationship between pyrite and visible gold

The occurrence of gold within pyrite can be either “visible”
or “invisible” under optical microscopes (Reich et al. 2005;
Sung et al. 2009; Deditius et al. 2014). In the former case,
gold occurs as free gold-bearing minerals such as native
gold, electrum, or Au-(Ag) tellurides (Cook et al. 2009;
Ciobanu et al. 2012; Jian et al. 2021). “Invisible gold” can
occur either as free gold-bearing nano- to submicron-scale
particles (Au®) within pyrite or as a solid solution (Au%)
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in the pyrite lattice (Reich et al. 2005; Tauson et al. 2014,
Hastie et al. 2020; Liang et al. 2021; Pokrovski et al. 2021).
In the Linglong and other gold deposits of the Jiaodong gold
province, the visible gold mainly occurs as native gold or
electrum spatially related to pyrite, and contributes over 99%
of the gold reserves (Mills et al. 2015; Wen et al. 2015; Yang
et al. 2016; Peng et al. 2021). Thus, it is crucial to clarify
the relationship between the visible gold and gold-bearing
pyrite to decipher the formation process of visible gold.
Usually, visible gold occurs in three forms in pyrite: (1)
inclusion gold, (2) fissure gold, and (3) intergranular gold.
In this study, the coarse gold grains are typically distributed
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Fig. 9 Time-of-flight secondary ion mass spectrometry (TOF-SIMS) mapping of pyrite

along the boundaries of pyrite grains within Pyl aggregates
in the reflected-light microphotographs (Fig. 5a, b, n). The
Pyl crystals are euhedral cubic crystals and undeformed,
showing straight boundaries near gold grains. Thus, the gold
grains are intergranular gold rather than inclusion or fissure
gold. Although some gold grains appear to be inclusion gold
under reflected light (Fig. 5g, p), they are actually distributed
along pyrite boundaries in the SEM images (Fig. 5i, j, q)
and are in fact intergranular gold. The submicron-scale gold
grains occurring in the nanoscale gaps between two pyrite
grains (Fig. 5f) or on the surface of euhedral fine-grained
pyrite (Fig. 5r) also indicate that the visible gold occurs as
intergranular particles within Pyl aggregates.

Py2 crystals are generally larger (Fig. 4) and relatively
enriched in invisible Au (Fig. 7a). However, there is no vis-
ible gold found within Py2 crystals under optical and elec-
tron microscopy (Fig. 4). The TOF-SIMS maps also provide
robust evidence that visible gold is closely associated with
Pyl rather than Py2 (Fig. 9). Some studies on other gold

deposits in the Jiaodong gold province have also demon-
strated that the most important host mineral of gold is the
pyrite of the quartz-pyrite stage (stage II) rather than that
of the quartz-polymetallic sulfide stage (stage III) (Li et al.
2021; Yuan et al. 2021). Thus, it can be inferred that the
visible gold was predominately formed during hydrothermal
stage II.

5.2 Occurrence of invisible gold

As discussed above, gold occurs predominantly as vis-
ible gold associated with pyrite of hydrothermal stage II.
Nevertheless, determining whether the “invisible gold” in
pyrite occurs as a solid solution or nanoparticles could
provide insights into the formation process of visible gold.
Although Au concentrations in this study are below the
upper limit of Au solubility in pyrite (Fig. 7b) (Reich et al.
2005), the occurrence of invisible (nano- to submicron-
scale) particles of gold or electrum (Au®) within pyrite
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Fig. 10 Sulfur isotopic compositions of pyrite in this study. a and b Histograms of §**Sy ¢y values of Pyl and Py2. ¢ and d Backscattered elec-
tron (BSE) images of pyrite and the corresponding 8>Sy -y values and selected trace element concentrations

cannot be ruled out. The parallel spikes of Au and Ag
signals in LA-ICP-MS time-resolved depth profiles of
Pyl indicate the presence of invisible particles of elec-
trum (Fig. 6¢), which is also supported by the positive
correlation (r=0.6439) between Au and Ag concentra-
tions in Pyl (Fig. 7c). Moreover, the relatively positive
correlations between Au and elements such as Cu, Zn, Pb,
and Bi in Pyl (Fig. 7d—g) imply that certain nano- to sub-
micron-scale particles of gold and electrum coexist with
Cu-, Pb-, and Zn-bearing minerals (chalcopyrite, galena,
and sphalerite) of comparable size. This is consistent with
the optical microscopic observations that some larger gold
grains are coexistent with galena and chalcopyrite grains
along the grain boundaries of Pyl (Figs. 4b and 5n). The
distribution and content of the invisible gold particles are
heterogeneous and limited, as evidenced by the absence
of Au—Ag signals in the clean domains (Fig. 6a) and the
low concentrations of Au and Ag (Fig. 7a), as well as the
decoupling of Au—Ag distribution within Pyl aggregates
(Fig. 8).

In Py2, the absence of clear correlations between Au
and elements such as Ag, Cu, Zn, Pb, and Bi (Figs. 7 and

@ Springer

8) suggests that Au does not exist in the form of free gold-
bearing nano- to submicron-scale minerals. It has been
widely recognized that the degree of Au incorporation
into pyrite lattice depends positively on As concentrations
(Reich et al. 2005; Deditius et al. 2014; Kusebauch et al.
2019; Pokrovski et al. 2021). The higher As concentrations
(Fig. 7a) and the positive correlation (r=0.7042) between
Au and As in Py2 (Figs. 7b and 8) suggest that Au mainly
occurs as lattice-bound ionic Au® in this pyrite, similar
to that in the Carlin-type Au deposit (Reich et al. 2005;
Pokrovski et al. 2021).

5.3 Processes controlling pyrite texture
and geochemistry

The microtexture and geochemistry of pyrite record the
evolutionary history of the fluids (Deditius et al. 2014;
Peterson and Mavrogenes 2014; Fougerouse et al. 2016a,
2016b; Tardani et al. 2017; Li et al. 2018). The Pyl aggre-
gates are anhedral to euhedral, porous, and rich in min-
eral inclusions such as chalcopyrite, sphalerite, and galena
(Figs. 4 and 5). The quartz near Pyl is anhedral, fine-
grained, and rich in inclusions of pyrite (Fig. 4b—d). Such
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textures indicate the fast formation of pyrite and quartz
under unstable conditions (Romén et al. 2019; Falkenberg
et al. 2021). This is also supported by the geochemistry of
pyrite. The higher and positively correlated concentrations
of Cu, Zn, and Pb in Pyl (Fig. 7) suggest that those metals
predominantly occur as nano- to submicron-scale minerals
such as chalcopyrite, galena, and sphalerite, which might
be trapped into Pyl crystals or aggregates under a fast
crystallization rate of pyrite and disequilibrium conditions
(Romén et al. 2019).

Py2 and the coexisting quartz are commonly euhedral,
coarse-grained and clean in texture (Fig. 4e, f—i), and were
likely formed under relatively steady conditions (Roman
et al. 2019; Falkenberg et al. 2021). The consistently flat
LA-ICP-MS spectra (Fig. 6d) and high concentrations of
As in Py2 (Fig. 7a) also indicate the slow growth rate of
pyrite under steadier, near-equilibrium conditions. This is
because a long duration of contact between pyrite and fluid
can facilitate the incorporation of As into the pyrite lattice
(Xing et al. 2019; Kutzschbach et al. 2024). Similar to As,
the relatively higher concentrations of Co and Ni in Py2
(Fig. 8) also support the formation of this pyrite under near-
equilibrium conditions, as the two elements are held strongly
by the pyrite during fluid—pyrite interaction (Ulrich et al.
2011; Wang et al. 2024). The near-equilibrium conditions
are also consistent with the §°*S results. The experimental
study conducted by Syverson et al. (2015) demonstrated that
heavy sulfur isotopes are more likely to remain in H,S (fluid)
during the process of pyrite crystallization. This means that
the pyrite precipitated under equilibrium or near-equilibrium
conditions from a closed-solution system would exhibit an
increase in 8°*S values over time (Syverson et al. 2015;
Feng et al. 2020). Therefore, the gradually increasing trend
from the core (Py2a) to the rim (Py2b) within a single Py2
grain (Fig. 10c, d) indicates the near-equilibrium crystalliza-
tion of Py2 under steadier conditions. By contrast, the 5°S
values of Pyl are lower (4.86%0—6.75%0) and change little
from the interior to the edge within a single pyrite crystal or
aggregate (Fig. 10), which likely resulted from the smaller
sulfur isotopic fractionation between pyrite and fluids within
a short duration of time (Syverson et al. 2015). Thus, it is
also suggested that the Pyl crystallized rapidly.

Previous studies have shown that the ore fluids of differ-
ent hydrothermal stages at the Linglong Au deposit were the
same type of fluids derived from the same source (Wen et al.
2015; Guo et al. 2017; Wang et al. 2022). This is consistent
with the similar Co/Ni ratios (Fig. 7h) for the two genera-
tions of pyrite in this study (Tardani et al. 2017; Roman et al.
2019). In addition, the 6°*S values of Pyl are similar to the
lower limits of those of Py2 (Fig. 10), also indicating that the
fluids depositing Py2 (hydrothermal stage III) continuously
evolved from those depositing Py1 (stage I). Previous stud-
ies have illustrated that the gold-barren quartz of the early

stage (I) is coarse-grained and homogeneous in CL texture,
and the corresponding fluid inclusions have consistent gas/
liquid ratios, indicative of stable physicochemical conditions
(Wen et al. 2015; Wang et al. 2022). Therefore, the physico-
chemical conditions of the ore-forming fluids of the studied
gold deposit were stable during the early stage (I), unsta-
ble and in disequilibrium during stage II, and more stable
and near-equilibrium during stage III. The sharp changes in
physicochemical conditions from hydrothermal stages I to
III were likely triggered by boiling processes, which likely
took place in hydrothermal stage II and led to loss of H,S,
H,, CO, and other volatiles to the vapor phase (Roman et al.
2019; Falkenberg et al. 2021). These processes controlled
the rapid crystallization of Pyl with complex texture and
trace elemental compositions (Figs. 5-6). On the other hand,
the coarse, euhedral Py2 grains with homogeneous texture
and near-equilibrium geochemistry were likely to crystallize
under gentle boiling or non-boiling conditions (Roman et al.
2019). As the visible gold is predominantly associated with
Pyl, it can be concluded that the fluid boiling processes
resulted in the highly efficient deposition of gold as visible
particles during hydrothermal stage II. The gentle boiling or
non-boiling conditions during stage III controlled the invis-
ible gold precipitation without economic value.

5.4 Deposition mechanism of visible gold during fluid
boiling

Since Au is mainly transported as sulfur complexes in ore
fluids (Pokrovski et al. 2009; Williams-Jones et al. 2009),
gold is unlikely to precipitate earlier than the associated
sulfides such as pyrite. In addition, if pyrite and gold were
co-deposited, the pyrite should contain abundant invisible
gold or fine-grained visible gold inclusions (Reich et al.
2005; Hochella et al. 2008; Zhou et al. 2021). However, our
observations contradict this expectation. Therefore, there are
two possible mechanisms for the formation of visible gold:
(1) after the formation of Pyl aggregates, Au was remobi-
lized from pyrite crystals to their edges or underwent rapid
diffusion along the sub-grain boundaries of pyrite (Yuan
et al. 2021; Xian et al. 2022); or (2) Au remained briefly in
the fluids during the crystallization of Pyl and was subse-
quently deposited at the margins of Pyl grains prior to their
aggregation. For the first possibility, Au was mobilized to
the fracture or gap between two sub-grains of pyrite so that
the visible gold occurred as veinlets along grain bounda-
ries or fractures of pyrite (Xian et al. 2022), rather than as
isolated ellipsoidal grains within pyrite aggregates (Fig. 5).
Therefore, we favor the second mechanism. Although the
first mechanism is not absolutely excluded (Xian et al.
2022), it does not appear to be the dominant mechanism for
the formation of visible gold in the Linglong gold deposit,
especially for the quartz vein-type ores.
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Numerous studies on Jiaodong gold deposits have dem-
onstrated that the quartz vein-type mineralization was con-
trolled primarily by fluid boiling during hydrothermal stages
II to III (Fan et al. 2007; Wen et al. 2015; Guo et al. 2017;
Wang et al. 2022). However, this understanding is challenged
by our new findings that the fluid boiling likely occurred and
resulted in economic gold mineralization only during hydro-
thermal stage II. The gold grains found in quartz-polymetal-
lic sulfide veins (hydrothermal stage III) in previous studies
were likely inherited from stage II. The ore-forming fluids
belong to the low-salinity, medium-temperature CO,-rich
H,0-CO,-NaCl-H,S + CH, system (Wen et al. 2015; Guo
et al. 2017; Deng et al. 2020; Wang et al. 2022), in which
Au is transported as sulfur complexes, such as Au(HS); or
Au(HS)? (Pokrovski et al. 2009; Williams-Jones et al. 2009).
The Au-S complexes would be destabilized by the loss of
H,S or S°~ induced by fluid boiling and the resultant fast
crystallization of pyrite (Py1). There should be intermediary
steps between the destabilization of the Au—S complexes and
the formation of larger gold crystals. During these steps, Au
remained briefly and was further enriched in the fluids near
pyrite during pyrite crystallization. Based on the above find-
ings, we propose an alternative mechanism for the formation
of visible gold in the quartz vein-type Linglong gold deposit.

Gold colloidal particles (typically 1-1000 nm in diam-
eter), which must be dispersed in a stable manner in the
fluids, could be the intermediary steps in the formation of
coarse gold grains (Saunders and Schoenly 1995; Shields
et al. 2010; Saunders and Burke 2017; Saunders et al.
2020; McLeish et al. 2021). There are two possibilities
for the formation of the gold colloids: (1) in situ formation
triggered by fluid boiling, or (2) physical transport from a
deep source (Hannington et al. 2016; Gartman et al. 2018;
Saunders et al. 2020). The latter scenario is considered
unlikely, as the ore-forming fluids were deeply derived
from the lower crust (Deng et al. 2020; Lan et al. 2023)
and would be unable to preserve the unstable colloids over
the long-distance migration. Therefore, the gold colloids
are more likely to form in situ. Many studies have demon-
strated that fluid boiling can cause Au to drop out of solu-
tion and to become colloidal suspensions in the residual
fluids (Saunders and Schoenly 1995; Hannington et al.
2016; Gartman et al. 2018; McLeish et al. 2021, 2024;
Cano et al. 2023). Significantly, these processes could
increase the Au content, greatly exceeding the maximum
solubility of Au in the fluids under saturated conditions
(e.g., Hannington et al. 2016), thereby facilitating the for-
mation of high-grade gold ores. During fluid boiling and
pyrite crystallization, gold is reduced from Au* to Au®
due to the significant loss of sulfur. These processes can
be represented by the following reaction:
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[Au(HS),|™ + [HS]” + Fe** = Au’

Subsequently, the physical effects of boiling further
trigger the formation of gold colloids from gold monomers
(Au®) via nucleation and coarsening (Thanh et al. 2014;
McLeish et al. 2021). The rapid crystallization of pyrite
(Py1) could significantly deplete the Fe content in the flu-
ids, particularly in the closed hydrothermal systems typical
of quartz-vein gold deposits, where Fe is not replenished
from wall rocks (Zhu et al. 2018). Consequently, crystal-
lization of pyrite stopped once Fe concentrations dropped
below saturation. During these short processes of pyrite
crystallization, gold colloids, which were likely coated and
charged by ligands of HS™ (Si et al. 2018), remained stably
dispersed in the fluids. After that, boiling-related increases
in pH (McLeish et al. 2021; Wang et al. 2022) could pro-
mote the precipitation of some minerals containing ele-
ments (e.g., Cu, Pb, and Zn) that were transported as chlo-
ride complexes in the ore fluids (Reed and Palandri 2006).
The precipitation of these sulfides (minor in this stage)
consumed the residual ligands of HS™, thereby destabiliz-
ing the gold colloids. Given that the nanoparticle phase is
generally short-lived (Thanh et al. 2014; McLeish et al.
2021; Petrella et al. 2022), the destabilized colloids rap-
idly aggregated to form coarse gold grains. Furthermore,
boiling would enhance collisions between gold particles
and pyrite crystals, as well as chalcopyrite, sphalerite and
galena, leading to the encapsulation of visible gold along
primary sub-grain boundaries of pyrite. These processes
are illustrated in Fig. 11. Although direct evidence for gold
nanoparticles or colloids is hardly preserved due to their
instability, this alternative mechanism can best explain the
high-grade visible gold occurring as intergranular particles
in the primary pyrite aggregates. Notably, the LA-ICP-MS
time-resolved depth profiles of Pyl exhibit signals indica-
tive of Au—Ag inclusions, suggesting the presence of gold
or electrum nanoparticles (Fig. 6¢). This interpretation is
further supported by the study of Yang et al. (2016) on
the Jiaodong gold province, in which transmission elec-
tron microscopy (TEM) imaging also revealed the possible
presence of gold nanoparticles within pyrite.

6 Conclusions

In situ textural and geochemical analyses of pyrite were
conducted to decipher the specific processes controlling the
formation of visible gold in the high-grade Linglong gold
deposit of the Jiaodong gold province, leading to the follow-
ing major conclusions:
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Fig. 11 Schematic illustration for a model of visible gold formation under fluid boiling at the Linglong gold deposit

1. Two main types of pyrite were identified in hydrothermal
stages II (Py1) and III (Py2). Visible gold predominantly
occurs as intergranular particles in Pyl aggregates that
have lower concentrations of Au (mean: 0.032 ppm)
with a narrow 8**S range (4.86%0—6.75%0). Py2 has
higher concentrations of Au (mean: 0.304 ppm) with
progressively increasing 5*S values (5.25%0—10.14%o)
over time, but lacks visible gold mineralization.

2. The physicochemical conditions of the ore-forming flu-
ids were unstable and characterized by disequilibrium
during stage II, becoming more stable with near-equi-
librium conditions during stage I1I.

3. Fluid boiling led to the unstable, disequilibrium physico-
chemical conditions and the efficient, rapid deposition
of Au only during hydrothermal stage II. Gold colloids
likely occurred briefly and promoted the formation of
visible gold.
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