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Abstract: Precious metals can be mobilized during supergene processes, which are important for the
formation of high-grade or high-purity ores. The world-class Linglong gold deposit has high-grade
ores that have undergone supergene processes in the near-surface zone. Under which conditions the
supergene modification occurred and how Au and Ag behaved during the supergene processes have
been poorly studied in this deposit. Here, we performed scanning electron microscope (SEM) and laser
ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS) analyses on samples from the
supergene enrichment zone of the Linglong gold deposit. The results show that secondary minerals
were formed sequentially from magnetite-goethite-limonite to marcasite-acanthite, and finally to
siderite after the primary minerals of pyrite-pyrrhotite-chalcopyrite. These mineral assemblages
and variations indicate that the supergene modification by groundwater occurred under oxidative
and weakly acidic conditions in the near-surface zone and evolved to reductive and near neutral
conditions in the supergene enrichment zone. The newly formed marcasite has much higher Au
(0.003–23.5 ppm, mean of 1.33 ppm) and Ag (81.7–6021 ppm, mean of 1111 ppm) concentrations than
those of the primary pyrite (Au of 0.004–0.029 ppm and Ag of 0.22–4.14 ppm), which together with
the formation of independent Ag–S mineral (acanthite), indicates that Au and Ag were significantly
mobilized and fractionated during the supergene processes. These processes improved the Au and
Ag grades in the supergene enrichment zone and thus facilitate their extraction.

Keywords: Linglong gold deposit; supergene; pyrite; marcasite; LA–ICP–MS; trace element

1. Introduction

High-grade ores are crucial in the mineral industry, as they greatly reduce the exploita-
tion costs. Such ores in gold deposits can be generated through hypogene hydrothermal
processes, such as the dissolution–reprecipitation of the primary Au-bearing minerals [1,2],
the interaction between auriferous fluids and wall rocks [3], and the phase separation or
boiling of the auriferous fluids [4,5]. Notably, it is found that postdepositional supergene
processes can also lead to the enrichment of Au [6–10]. The term “supergene process” is
used to describe the near-surface alteration and modification by descending groundwater
at low temperatures and pressures [11,12]. A typical supergene profile of a gold deposit
consists of (1) a leached cap, (2) an oxidized zone, (3) a supergene enrichment zone, and
(4) the primary ore zone [11]. Free particles of high-purity Au (>99% Au) commonly occur
in the former two zones as the result of the refinement of Au and the removal of Ag and
other metals from Au–Ag alloys and sulfides [12,13]. These metals are transported down-
ward and concentrated beneath the oxidation zone, forming the supergene enrichment
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zone. These processes not only lead to the enrichment of the precious metals, but also frac-
tionation between them. Investigating the metal behaviors during supergene processes is
thus critical for understanding the postdepositional formation of high-grade or high-purity
ores and is useful for exploration strategies.

The Jiaodong Peninsula is the largest gold province in China, hosting more than
5000 tons of gold resources [14]. The Linglong gold deposit, which contains more than
150 tons of gold, is one of the largest gold deposits in this region [15,16]. Some of ore veins
in this deposit show remarkably high Au grades (up to hundreds of grams per ton) and
have undergone supergene processes [15–18]. Under which conditions the supergene pro-
cesses occurred and how precious metals behaved during these processes in the Linglong
gold deposit have not been well constrained. In this contribution, we used in-situ analysis
of laser ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS), combined
with scanning electron microscope (SEM), to study the micro-textures and trace elemental
compositions of pyrite and marcasite from the ore veins that underwent supergene modifi-
cation at Linglong. This study reveals how the Au and Ag were mobilized during supergene
processes and yields insights into the formation of high-grade or high-purity ores.

2. Geological Setting
2.1. Regional Geology

The Jiaodong Peninsula is located at the eastern margin of the North China Craton
(NCC). It is tectonically composed of the Jiaobei terrane in the west and the Sulu ultrahigh-
pressure orogen in the east (Figure 1a). The Jiaobei terrane, which mainly consists of
Precambrian basement rocks and Mesozoic granitoids and volcanics [19], can be subdivided
into the Jiaobei uplift in the north and the Jiaolai basin in the south. The Precambrian
basement rocks include Mesoarchean to Neoarchean (2.9–2.7 Ga) tonalite–trondhjemite–
granodiorite gneisses, biotite–plagioclase gneisses and amphibolites, Paleoproterozoic
(2.3–2.0 Ga) sillimanite–biotite–quartz schists, biotite leptites and gneisses, amphibolites,
marbles, and graphite-bearing rocks [20,21]. The Mesozoic granitoids include Late Jurassic
(160–150 Ma) granites [22,23], and Early Cretaceous (130–113 Ma) granodiorites, (alkaline)
granites, and monzonites [23–25]. Mafic to felsic dykes, which were emplaced at the Early
Cretaceous (131–110 Ma), are also widespread in the Jiaobei terrane [26].

More than 150 gold deposits occur in Jiaodong Peninsula, most of which formed at
120 ± 2 Ma within the Jiaobei uplift [14,27,28]. The gold deposits are controlled by NE-
to NNE-trending faults and are mainly hosted in the Mesozoic granitoids, with some
in the Precambrian metamorphic rocks. Two mineralization types have been identified,
which are called the Jiaojia type and the Linglong type, respectively [28]. The former
type is characterized by disseminated and stockwork ores in the altered rocks, while the
latter is characterized by auriferous quartz–sulfide veins in the fractures. The two types
of mineralization are similar in formation ages, wall rocks, alteration types, and fluid
inclusions [15,16,29], but can differ in structural settings, where the Linglong type mainly
occurs in the lower-order, steep-dipping (>60◦) fractures distal to the regional-scale main
faults, while the Jiaojia type occurs in the less steep (<45◦) fractures close to the main
faults [28,30].

Supergene modification took place in the near-surface zone of some gold deposits
in the Jiaodong Peninsula [17,18,31]. From the ground surface downward, the supergene
zones include an oxidation zone and a supergene sulfide enrichment zone. The oxidation
zone mainly contains secondary oxides with minor sulfides [17,18]. The supergene en-
richment zone is composed of primary and secondary sulfides with minor oxides. Below
the supergene enrichment zone is the primary ore zone. There are four hydrothermal
stages in the primary ore zone [15,16]. Stage 1 mainly contains the mineral assemblage of
quartz ± pyrite without gold. Stage 2 is characterized by the assemblage of gold-quartz-
pyrite. Stage 3 is characterized by the assemblage of gold-quartz-polymetallic sulfides
(such as pyrite, chalcopyrite, pyrrhotite, galena, and sphalerite). Stage 4 mainly contains
quartz-calcite ± pyrite without gold.
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Figure 1. (a) Regional geological map of the Jiaodong Peninsula and the distribution of gold deposits
(modified after [32]). (b) Simplified geological map of the Linglong goldfield (modified after [15]).
Samples of this study were collected from the Xishan mining area.

2.2. Deposit Geology

The Linglong gold deposit consists of more than 100 steeply dipping and NE-trending
quartz–sulfide veins, which occur in the secondary faults of the Zhaoyuan–Pingdu fault belt
(Figure 1b) [15,16]. The ore veins are dominantly hosted in the Late Jurassic Linglong biotite
granite and subordinately in the Early Cretaceous Guojialing granodiorite. The deposit
contains several mining areas, of which the Xishan is a major one. The ore vein #108 at
Xishan is the largest. It is about 5300 m long and 0.8 m to 6.0 m thick, striking to the northeast
and dipping about 60◦ to the northwest. The gold grade varies widely from several to
hundreds of grams per ton (mean of 15 g/t). The primary mineral assemblages of the veins
are quartz and minor pyrite in stage 1; quartz and pyrite with minor chalcopyrite, galena,
and sphalerite in stage 2; quartz and pyrite with abundant chalcopyrite, pyrrhotite, galena,
and sphalerite in stage 3; and quartz and calcite in stage 4. Stages 2 and 3 are the ore-forming
stages, in which gold mainly occurs as µm-scale grains in pyrite. Hydrothermal alterations
in the wall rocks are potash feldspathization, silicification, sericitization, pyritization, and
carbonatization.

The postdepositional supergene zones of ore veins occur near the surface along the
fractures [17,18]. Two supergene zones, i.e., the oxidation (leached) zone and the supergene
enrichment zone, were identified by previous studies (Figure 2) [17,18]. The thickness of the
oxidation zone is usually 5~10 m, and up to 30 m locally. The minerals in the oxidation zone
mainly include goethite, lepidocrocite, and jarosite, with minor hydrohematite, pyrolusite,
malachite, and native copper. The primary sulfides have been almost completely oxidized.
Only a small amount of pyrite remains locally. The oxidized minerals were formed either in
situ or ex situ. The in situ-formed minerals commonly retain the textures of their primary
ones, and there are residual gold grains. The ex situ-formed minerals occur as veinlets
filling in the fractures and do not contain visible gold grains. Previous studies by Wang and
Feng [18] showed that 90% of the samples (n = 5427) from the oxidation zone contain Au
grades less than 0.10 g/t, and 7.5% of the samples contain Au grades between 0.10 g/t and
0.85 g/t. Only few samples contain Au grades greater than 3.0 g/t. The average leaching
loss rate of Au in the oxidation zone is 89% [17,18].
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Figure 2. The geological profile along prospecting line #32 in the Xishan mining area (modified
after [17]).

The supergene enrichment zone is developed below the oxidation zone. The lower
boundary of the supergene enrichment zone is at the depths of 10~30 m, and up to 100 m
locally. The primary sulfides in this zone are pyrite, chalcopyrite, galena, sphalerite, and
pyrrhotite. The secondary minerals mainly include goethite, lepidocrocite, and hydrohe-
matite, with minor bornite, covellite, marcasite, acanthite, and siderite. Primary pyrite and
chalcopyrite are commonly replaced by marcasite and iron oxides along the edges and
microfractures, thereby forming the ring, grid, and stockwork structures. The oxide content
decreases with the increase in depth. Gold grains can be found in pyrite. The Au grade in
this zone is 15~30 g/t, and the secondary enrichment rate of Au is 48% [17,18].

The underlying primary ore zone is composed of quartz and sulfides (such as pyrite,
chalcopyrite, pyrrhotite, sphalerite, and galena). Near the top of this zone, pyrrhotite has
been partially transformed into the new minerals of pyrite, colloidal pyrite, and marca-
site [17]. Gold mainly occurs as visible electrum or native gold grains in the fractures of
the pyrite.

3. Samples and Methods

Due to many years of open-pit and underground mining, the oxidized zone and parts
of the supergene enrichment zone in the studied deposit have been excavated. Nonetheless,
five samples containing primary and secondary minerals in the supergene enrichment
zone were collected from the ore vein #108 in the Xishan mining area at the mining tunnels
with an elevation of ~300 m. Those samples were prepared into six thin sections for
petrographic observations and then for SEM and LA–ICP–MS analyses. All the analyses
were conducted at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG),
Institute of Geochemistry, Chinese Academy of Sciences (IGCAS), Guiyang, China.

3.1. SEM Analysis

Scanning electron microscope observations (SEM) were carried out with a JEOL JSM-
7800F SEM equipped with an EDAX TEAM Apollo XL energy dispersive X-ray spectrometer
(EDS) and a Gatan MonoCL4 cathodoluminescence detector. The working conditions
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were a beam size of 1 µm, an accelerating voltage of 20 kV, and an incident current of
10 nA. Backscattered electron (BSE) imaging, EDS mineral identification, and EDS mapping
were performed.

3.2. LA–ICP–MS Elemental Determination

Quantitative major and trace element determinations of pyrite and marcasite were
conducted by LA–ICP–MS with a RESOlution S-155 ArF 193 nm laser ablation system
(Australian Scientific Instruments, Fyshwick, ACT, Australia) coupled to an Agilent 7700×
quadrupole ICP–MS. Helium (370 mL/min) was applied as a carrier gas. The ablated
aerosols were mixed with argon (900 mL/min) via a Y-connector before entering the ICP.

Each spot analysis included a background acquisition of approximately 20 s (laser
off) and data acquisition from the sample (laser on) of 60 s, and then the laser was turned
off for about 40 s to eliminate the memory effects. A laser spot size of 26 µm, a repetition
of 6 Hz, and a fluence of 3 J/cm2 were used during the analyses. Multiple external
standards were used for calibration, of which the sulfide standard STDGL2b2 was used
to calibrate the concentrations of chalcophile and siderophile elements, while the glass
standard GSD-1G was used to calibrate the lithophile elements. The MASS-1 and GSE-
1G were also analyzed to monitor the accuracy, and show that most of the analyzed
elements have accuracies better than 10%. The preferred elemental concentrations for
the USGS reference glasses (GSD-1G and GSE-1G) are from the GeoReM database (http:
//georem.mpch-mainz.gwdg.de/sample_query_pref.asp, accessed on 24 January 2022),
while the MASS-1 and STDGL2b2 are from Wilson et al. [33] and Danyushevsky et al. [34],
respectively. The data processing was performed with the Iolite software [35].

3.3. LA–ICP–MS Element-Distribution Mapping

The semi-quantitative distribution of the elements was also conducted by the above
LA–ICP–MS instruments. The interested areas were preselected based on detailed petro-
graphic observations and then ablated by defining a number of equally spaced lines. The
lines were ablated using a laser spot size of 22 µm, a repetition rate of 10 Hz, a fluence of
3 J/cm2, and a scanning speed of 22 µm/s. After setting up the appropriate ablation param-
eters, the analyses were fully automated and controlled by the laser software of GeoStar
and the mass spectrometer. The processing and imaging of the data were performed with
the Iolite software [35]. The sulfide standard STDGL2b2 and glass standard GSD-1G were
used as semi-quantitative calibration standards.

4. Results
4.1. Mineral Assemblages and Microtextures

Based on the petrographic and SEM observations, the studied samples are dominantly
composed of pyrite, quartz, chalcopyrite, siderite, pyrrhotite, and marcasite, with sub-
ordinary magnetite and goethite/limonite and minor sphalerite, galena, acanthite, and
visible gold grains (Figures 3 and 4). Pyrite, pyrrhotite, and chalcopyrite are the main pri-
mary sulfides, which are replaced by marcasite, magnetite, siderite, goethite, and limonite
along their fractures, margins, or surfaces (Figure 3c–i). Pyrrhotite is also replaced by
secondary pyrite along fractures or surfaces (Figure 3g,h). The primary partially pyrite
grains are coarse-grained with subhedral to anhedral shapes (Figures 3c–f,i and 5a), which
commonly show mosaic or homogeneous textures under BSE imaging (Figure 5b,d). A
small amount of secondary pyrite only occurs in the fractures within pyrrhotite. Sphalerite
and galena are fine-grained and mainly occur as inclusions within pyrite or chalcopyrite
(Figures 4g,h and 5d). Magnetite and limonite are coexistent and secondary, which seem to
be converted from pyrrhotite (Figure 3g,h). The secondary goethite ribs are elongate with
sizes of <10 microns, occurring along the surfaces of the pyrite grains (Figure 3i). Marcasite
is the main secondary sulfide, showing tabular shape and polysynthetically twinning
texture (Figure 3e,f). Siderite commonly fills in the fractures of sulfides (Figure 3e,g) or
replaces chalcopyrite (Figure 4f,g). Both primary and secondary quartz occur, of which the
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former coexists with pyrite and is well crystallized (megacrystalline) with a white color
(Figure 3a). The latter is cryptocrystalline or colloidal, cementing secondary siderite and
sulfides (Figure 3b). Gold grains can be identified in the fractures of pyrite (Figure 4a–c)
or as inclusions in the pyrite (Figures 3e and 4d,e) and quartz (Figure 4f). They have
irregular shapes and range from several to 100 microns in size. There was no visible gold
grain found in the secondary minerals such as marcasite, siderite, and oxides. Acanthite
grains can be found along the surfaces of chalcopyrite and commonly coexist with siderite
(Figures 3d, 4g–i and 5d). They are irregular with variable sizes (several to 200 microns)
and contain voids and mineral inclusions in the core (Figure 5d). In general, secondary
minerals were formed sequentially from magnetite-goethite-limonite to marcasite-acanthite,
and finally to siderite after the primary minerals of pyrite-pyrrhotite-chalcopyrite.
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Figure 3. Hand samples from the supergene enrichment zone of the Linglong gold deposit (a,b) and
their photomicrographs under reflected light (c–i). The ores are vuggy (a) and contain the primary
pyrite-chalcopyrite-pyrrhotite and the secondary marcasite-acanthite and siderite (c–f) and magnetite-
limonite-goethite (g–i) assemblages that are commonly cemented by silica colloids (b). Marcasite
grains are usually tabular and are recognizable by their polysynthetic twinning and pleochroism
(blue and brownish gray) under crossed polarized reflected light (e,f). Aca: acanthite; Au: visible
gold grain; Ccp: chalcopyrite; Gth: goethite; Lm: limonite; Mag: magnetite; Mrc: marcasite; Po:
pyrrhotite; Py: pyrite; Qz: quartz; Sd: siderite; Sp: sphalerite.



Minerals 2022, 12, 367 7 of 17

Minerals 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

gold grain; Ccp: chalcopyrite; Gth: goethite; Lm: limonite; Mag: magnetite; Mrc: marcasite; Po: pyr-
rhotite; Py: pyrite; Qz: quartz; Sd: siderite; Sp: sphalerite. 

 
Figure 4. Photomicrographs of gold (a–f) and acanthite (g–i) grains. (a–c) Gold grains in the frac-
tures of pyrite. (d,e) Gold grains as inclusions within pyrite. (f) Gold grain as inclusion within 
quartz. (g–i) Acanthite grains showing irregular shapes. Abbreviations are the same as those in Fig-
ure 3. 

Figure 4. Photomicrographs of gold (a–f) and acanthite (g–i) grains. (a–c) Gold grains in the fractures of pyrite. (d,e) Gold grains as inclusions within pyrite. (f) Gold
grain as inclusion within quartz. (g–i) Acanthite grains showing irregular shapes. Abbreviations are the same as those in Figure 3.
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Figure 5. (a) Reflected-light photograph showing the relationships among pyrite, marcasite, and gold.
(b) The corresponding SEM-BSE image of (a). (c) SEM-BSE image showing that the marcasite grains
display slightly weaker BSE intensity than those of pyrite. Marcasite grains are characterized by thin
strips and directional arrangement. (d) SEM-BSE image of the primary assemblages of pyrite and
chalcopyrite and the secondary assemblages of acanthite, marcasite, and siderite, with minor galena
and sphalerite. (e) EDS map showing the distribution of Ag. Abbreviations are the same as those in
Figure 3. Gn: galena; Ag: silver.

4.2. Trace Elemental Compositions of Pyrite and Marcasite

Twenty-three spots on primary pyrite (zoned and homogeneous) and ninety spots
on secondary marcasite were analyzed by LA–ICP–MS. The LA–ICP–MS signals of trace
elements such as Au, Ag, As, Bi, Sb, Cu, Zn, and Pb are commonly smooth with weak
intensities in the pyrite (Figure 6a), indicating their low and relatively stable concentrations.
By contrast, the signals are much higher or spiked in the marcasite, suggesting the higher
concentrations or the presence of mineral inclusions (Figure 6b,c). The concentrations of Ag,
As, Au, Bi, Cu, Pb, Sb, and Zn are several orders of magnitude higher in the marcasite than
in the pyrite (Figures 7 and 8). There is no significant difference between the concentrations
of trace elements of the zoned and homogeneous pyrite. Specifically, the concentrations of
Ag, Au, As, Pb, and Sb are 0.022–4.14 ppm (mean of 0.897 ppm), 0.004–0.029 ppm (mean of
0.011 ppm), 0.011–1.78 ppm (mean of 0.241 ppm), 0.017–7.62 ppm (mean of 2.05 ppm), and
0.001–0.352 ppm (mean of 0.09 ppm), respectively, in the pyrite, whereas in the marcasite,
the Ag, Au, As, Pb, and Sb show concentrations of 81.7–6021 ppm (mean of 1111 ppm),
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0.003–23.5 ppm (mean of 1.33 ppm), 0.163–1210 ppm (mean of 199 ppm), 2.48–12695 ppm
(mean of 789 ppm), and 0.481–3192 ppm (mean of 323 ppm), respectively. The concentra-
tions of the other metals in the two minerals are given in Supplementary Table S1.
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4.3. Elemental Distributions in Pyrite and Marcasite

Elemental mapping by LA–ICP–MS was performed on the representative areas con-
taining both the primary pyrite and secondary marcasite. The results show that As, Au,
Ag, Cu, Pb, and Sb are much richer in the marcasite, whereas Co does not show a signif-
icant difference between the two minerals. Both the pyrite and marcasite have high Co
concentrations. It is noted that Au shows a consistent distribution with that of As, while
Ag shows similar distribution to that of Cu and Pb (Figure 9).
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5. Discussion
5.1. Supergene Processes and the Physicochemical Conditions

Although the supergene profile of the Linglong gold deposit has not been well pre-
served due to the many years of open-pit and underground mining, the secondary oxide
assemblage of magnetite-limonite-goethite in the studied samples (Figure 3g–i) indicates
that supergene processes occurred [17,18]. In addition, marcasite and acanthite, which are
the common minerals of the supergene zone [9,36,37], do not occur in the primary ore veins
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of the Linglong gold deposit [15,16], but are well developed in the studied samples. The pri-
mary mineral assemblage of pyrite-chalcopyrite-pyrrhotite, combined with the secondary
minerals of marcasite-acanthite and minor magnetite-limonite-goethite, indicate that the
studied samples represent the products of the supergene processes in the enrichment zone
rather than the leached cap or the oxidized zone.

Marcasite has the same chemical formula as that of pyrite but shows a different crystal
structure. It has been found that the marcasite is commonly formed under low-temperature
conditions with relatively strong acidity (pH < 5) [38]. The extensive replacement of
pyrite by marcasite in this study (Figure 3) thus implies that the replacement occurred in
a low-temperature acidic environment. Argentite (Ag2S) commonly has two allotropic
forms [39,40], of which the monoclinic phase αAg2S (acanthite) occurs at temperatures
below 177 ◦C, whereas the isometric phase βAg2S (argentite) occurs at higher tempera-
tures of 179–586 ◦C. When the temperature drops below 177 ◦C, the latter will convert
from an isometric to a monoclinic phase but remain unchanged in external appearance
(cubic) [39,40]. The Ag2S crystals in this study show irregular rather than cubic shapes
(Figures 4g–i and 5d), combined with the occurrence of marcasite, indicating that they are
acanthite formed under low-temperature conditions. Because there was no argentite or
acanthite found in the primary quartz–sulfide veins in the Linglong gold deposit [15,16],
the acanthite was likely newly formed during the supergene modification. Siderite fills in
the fractures of pyrite (both primary and secondary), pyrrhotite, and magnetite (Figure 3)
or encloses the acanthite (Figure 4g–i), so that it should form after the formation of the
marcasite, magnetite, and acanthite. The forming conditions of siderite are reductive
and near neutral, thereby indicating the fluids had evolved to being reductive and near
neutral [8,41,42].

Based on the above results, the secondary mineral assemblages changing from magnetite-
limonite-goethite to marcasite-acanthite, and to siderite in the studied samples suggest
that the associated fluids (groundwater) evolved from being oxidative and weakly acidic
in the near-surface zone to reductive and near neutral in the supergene enrichment zone
during descending.

5.2. Occurrences of Au and Ag

Gold and silver can occur as nano- to micro-scale particles or as a solid solution in the
lattice of the host minerals [43–47]. Visible gold grains (mainly electrum) hosted by pyrite
are dominant in the primary ores of the Linglong gold deposit (Figure 4a–f) and also in
the other Jiaodong gold deposits [14,48–50]. However, such gold grains were not found in
the secondary minerals from the studied samples, suggesting that Au and Ag present in
other forms.

The occurrence of Au and Ag in minerals can be inferred from the time-resolved
LA–ICP–MS signals [51,52]. In the studied samples, the smooth and low LA–ICP–MS
signals of Au and Ag in the pyrite (Figure 6a) suggest that nanoparticles of Au and Ag are
absent. Nonetheless, low concentrations of Au (0.004–0.029 ppm) and Ag (0.022–4.14 ppm)
can be detected by LA–ICP–MS, indicating that minor lattice-bound Au and Ag occur in
the pyrite. Based on the element-distribution mapping, the Ag shows a similar distribution
to that of Cu and Pb (Figure 9), indicating that a certain amount of Ag is associated with the
base metal sulfides (e.g., chalcopyrite, galena, and sphalerite). These base metal sulfides
have been widely identified in the primary ores of the Linglong gold deposit.

The consistently high LA–ICP–MS signals of Au and Ag in the marcasite (Figure 6b) in-
dicate that lattice-bound Au and Ag occur, which account for the Au and Ag concentrations
up to 23.5 ppm and 6021 ppm, respectively. There are also some coupled spikes of Au and
Ag signals in some spots (Figure 6c). Combined with no other metals showing consistent
spikes with Au and Ag and no visible gold grains found in the marcasite, it is inferred that
nanoparticles of Au–Ag alloys occur in the marcasite. In general, the analyzed marcasite
grains contain high lattice-bound Au and Ag and a certain amount of nanoparticles of
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Au–Ag alloys. It is noteworthy that acanthite (Ag2S) is widely developed in the studied
samples, which should host a large amount of Ag in the supergene enrichment zone.

5.3. Metal Remobilization during Supergene Processes

Supergene processes include the dissolution of parent rock materials, the transporta-
tion of soluble elements, and the precipitation of secondary minerals [9,12]. They are
mainly controlled by the rock and mineral compositions and the properties of the de-
scending groundwater [11]. As discussed above, the descending groundwater was ox-
idative and weakly acidic in the near-surface zone, which could dissolve the primary
pyrite by oxidation reactions [7,11]. Thus, the pyrite oxidation can be described by
Equations (1) and (2) [7,53,54]:

2FeS2(s) + 7O2+2H2O = 2Fe2++4SO2−
4 +4H+ (1)

FeS2(s)+3.75O2+3.5H2O = Fe(OH)3(s) + 2SO2−
4 +4H+ (2)

The oxidation of primary pyrite can yield an intermediate thiosulphate ion via
Equation (3), which could form complexes with metals [7,8,55]. The Au released from
the dissolution of pyrite or Au–Ag alloys can be mobilized as thiosulphate complexes
(Figure 10). These processes are described by the combination of Equations (3) and (4):

FeS2(s)+6Fe3++3H2O = S2O2−
3 +7Fe2+ +6H+ (3)

4Au + 8S2O2−
3 +O2+2H2O = 4 [Au(S 2O3)2]

3−+4OH− (4)
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Figure 10. Schematic pH–Eh diagram for 5 × 10−3 molar dissolved sulfur at 25 ◦C (reproduced from
Craw et al. [8] with permission of Taylor & Francis Ltd.). Metastable thiosulphate ions are produced
from the oxidation of primary pyrite under weakly acidic conditions (red dashed domain). Gold
is transported as thiosulphate complexes in the oxidation zone and precipitated in the supergene
enrichment zone by reduction (black arrow). In contrast, gold chloride complexes are stable only in
the low-pH, high-Eh, and Cl-rich conditions (top left gray area).
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Gold can also be transported as chloride complexes in solutions [56], which, however,
is ruled out in this study because gold chloride complexes mainly occur in low-pH, high-
Eh, and Cl-rich environments (Figure 10) [7,8]. For Ag, under the acidic and oxidized
conditions, it has stronger mobility than that of gold [57] and can also be transported as
thiosulphate complexes [7,8].

The Au– and Ag–thiosulphate complexes were transported downward. Either reduc-
tion or further oxidation and the change in pH condition can destabilize the thiosulphate
complexes (Figure 10) [8,57–59]. In this study, the weakly acidic and oxidative groundwater
evolved into a near neutral and reductive fluid at deeper depth due to the buffering of
pyrrhotite-bearing ore rocks. As a result, the thiosulphate was reduced to H2S or HS−

(Figure 10), leading to the destabilization of the Au and Ag thiosulphate complexes and
thus the deposition of Au and Ag.

5.4. Implications

In the supergene enrichment zone of the studied deposit, almost all gold grains
are found in the fractures or as inclusions within the primary pyrite (Figure 4a–f), in-
dicating they formed under hypogene processes rather than supergene processes and
did not dissolve. Rare lattice-bound Au (0.004–0.029 ppm, mean of 0.011 ppm) and Ag
(0.022–4.14 ppm, mean of 0.897 ppm) were found in the primary pyrite. In contrast, the
marcasite grains generated through supergene processes show one to three orders of magni-
tude higher lattice-bound Au (0.003–23.5 ppm, mean of 1.33 ppm) and Ag (81.7–6021 ppm,
mean of 1111 ppm) concentrations, but contain no visible gold. This indicates that the
supergene processes significantly mobilized Au and Ag from the primary minerals to
the secondary minerals through dissolution–reprecipitation. Marcasite is orthorhombic,
whereas pyrite is isometric [60]. The former is more imperfect in crystal structure and thus
prone to having more lattice or structural defects. This would facilitate the incorporation of
metals into the marcasite. In addition, the low-temperature, reductive conditions enhanced
the coupled incorporation of As and Au into marcasite [43,61]. Since previous studies
mainly focused on the visible electrum grains in the primary ores, the enrichment of Au
and Ag in the marcasite suggests that it is also possible to utilize the lattice-bound Au and
Ag. In addition, the newly formed Ag–S mineral (acanthite) in the supergene enrichment
zone indicates that fractionation between the Au and Ag occurred. This led to the further
enrichment of Ag, which can facilitate the extraction of Ag.

6. Conclusions

The near-surface ores of the Linglong gold deposit have undergone supergene mod-
ification, resulting in the formation of a supergene enrichment zone. Secondary mineral
assemblages were formed after the primary pyrite, pyrrhotite and chalcopyrite and changed
from magnetite-limonite-goethite, to marcasite-acanthite, and to siderite. These mineral
assemblages and variations suggest that the associated fluids (groundwater) evolved from
being oxidative and weakly acidic in the near-surface zone to reductive and near neutral
in the supergene enrichment zone. Gold and Ag were released from the primary Au- and
Ag-bearing minerals (mainly electrum and pyrite) dissolved by the oxidative groundwater
and transported as thiosulphate complexes downward. These complexes precipitated in
the supergene enrichment zone due to the decreasing Eh, forming the Au- and Ag-rich
sulfides (mainly marcasite and acanthite). The supergene processes not only led to the
remarkable mobilization of Au and Ag, but also the fractionation between them. More
attention needs to be paid to the supergene enrichment zones because they can become
favorable targets for mining and utilization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min12030367/s1, Table S1: LA–ICP–MS elemental compositions of pyrite and marcasite from
the supergene enrichment zone of the Linglong gold deposit.

https://www.mdpi.com/article/10.3390/min12030367/s1
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