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Abstract: Aqueous complexation has long been considered the only viable means of transporting
gold to depositional sites in hydrothermal ore-forming systems. Here, we present direct evidence
supporting an alternative hypothesis, namely, the transport of gold as colloidal particles. We observed
nano-scale gold particles adsorbed on halloysite and micro-scale gold particles in altered rocks by
TEM and SEM in the Shanggong orogenic gold deposit. Based on this evidence, we propose a feasible
model for the origin of microscopic gold particles in alteration zones. In the early stage of ore-forming
fluid, gold may migrate in the form of collaurum, which is maintained by supercritical CO;, and
colloidal silica. Low salinity and high pressure are conducive to the stable migration of colloidal
gold. When the physicochemical conditions change, some collaurum is precipitated and adsorbed by
the clay minerals produced by hydrothermal alteration, and some collaurum undergoes growth and
evolves into micro-submicrometer-sized gold particles. This study highlighted the significance of
collaurum in the formation of orogenic gold deposits.

Keywords: colloidal gold; nanoparticles; clay minerals; carbon dioxide; Shanggong gold deposit

1. Introduction

The mechanism of activation, migration, and precipitation of elements is the basic
research concept in the formation of metal deposits [1]. Clarifying the existence of gold
(Au) in the process of mineralization is crucial to understanding how gold deposits form.
Previous studies have suggested that the transportation of Au in ore-forming fluids depends
on sulfide complexes and chloride complexes [2-5]. Gold sulfide and hydrogen sulfide
species (e.g., Au(HS),~ and Au(HS)?) are believed to be more efficient for transporting
gold [6]. In particular, recent research suggests that the trisulfur radical ion S*~, which can
exist stably in aqueous fluid under a wide range of temperatures (from 200 °C to 700 °C)
and pressure conditions (from saturated vapor pressure to 30 kbar), may play an important
role in gold transport [7-10].

There has long been a huge controversy as to whether gold can be transported stably
in the form of collaurum in hydrothermal ore-forming systems. Direct observation of
gold nanoparticles in a Carlin-type gold ore-forming system confirmed that nano-gold
is a key link in the metallogenic process [11]. This raises the question of whether the
gold nanoparticles observed in the ore rocks are just the result of the precipitation of
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gold complexes or whether the gold directly migrated as colloidal particles in the ore-
forming fluid. In fact, the well-developed colloform textures in the mineral scales in
hydrothermal gold deposits are considered strong evidence that gold can be transported as
colloids [12-14]. Advancements in technology and experimental petrology have enabled
the observation of gold nanoparticles in simulation experiments and natural fluids and
media [15-17]. Submicron/nano gold particles were found in high-temperature volcanic
gas deposits [18,19], and nanoscale hexagonal crystals of Cu and Au alloy were observed in
earthgas and soil collected at the Jinwozi goldfield [20]. More recently, gold nanoparticles
in the fluid of the Reykjavik geothermal field in Iceland [21] and gold colloids in black
smoker hydrothermal fluids ejected from the submarine hydrothermal vents of the South
Pacific [22] were detected, confirming that gold nanoparticles can exist and migrate stably
in the hydrothermal fluid. All these demonstrate that gold (bio) colloids could be an
important component of gold dispersion in the environment [23].

Orogenic gold deposits, which supply ~30% of gold resources worldwide, were
formed by massive aqueous—carbonic fluid flow along major fault zones during orogeny,
typically during late orogenic shifts from compressional to transpressional or transtensional
regimes [24,25]. Despite decades of study, the genesis of orogenic gold deposits remains a
topic of debate [26,27]. One aspect of this debate concerns the state of gold in mineralizing
fluids, specifically whether nano-gold can play a role in the mineralization process. Some
research has found evidence for the existence of collaurum in orogenic gold deposits. Gold
nanoparticles were observed in the CO;-rich gas-liquid inclusions in the gold-rich layer
of the Russian Kola Super-Deep Borehole by LA-ICP-MS and optical methods, and these
fluids were interpreted as a precursor of ore-forming fluids for orogenic gold deposits [28].
Submicron gold particles on the inner walls or on calcite or baryte crystals of open inclusions
of orogenic gold ore were observed by scanning electron microscopy (SEM) and might be
formed by the growth of gold nanoparticles present in the ore-forming fluid [29]. More
direct evidence for the transport of the gold as colloidal particles and their flocculation in
nanoscale calcite veinlets was presented by McLeish et al. [30].

The Shangong gold deposit is a typical orogenic gold deposit that is characterized by
reduced salinity, CO,-rich ore fluids, and fault-controlled ore bodies [31-33]. Structure-
altered zones are a typical feature of orogenic gold deposits [34,35]. If gold nanoparticles
exist in the ore-forming fluid, they will leave traces when the ore-forming fluid interacts
with the wall rocks. In our previous work, micro-submicrometer-sized gold particles in ore
rocks have been found [36]. Here, we further present the gold nanoparticles observed in
the alteration zone and discuss the migration and precipitation of gold as colloidal gold.

2. Geological Backround

The Shanggong gold deposit is located in the Xiong’er Terrane, Henan Province, on
the southern margin of the North China Craton, and is bounded by the San—Bao fault to
the north and the Machaoying fault to the south [37] (Figure 1). The NE-trending faults
are the most developed in the study area, and the Shanggong gold deposit is controlled
by the Kangshan—Qiliping fault (KQF in Figure 1C). The whole ore belt is like a broom,
which gradually spreads out from southwest to northeast (Figure 2). The accumulated gold
resources of the Shanggong gold deposit reach 105 tons. The ore types are mainly structural
breccia type, structural mud conglomerate type, and altered rock type. The major ores of
this deposit have a disseminated, vein-disseminated, and breccie-like structure. The ore
bodies are mainly pod-like, vein-like, and lenticular. The main metallic minerals are pyrite,
followed by galena, sphalerite, chalcopyrite, fahlore, and pyrrhotite. The gangue minerals
are mainly quartz, ankerite, and sericite, followed by chlorite, fluorite, and a small amount
of barite and calcite. The wall rocks of the mining area is intensively altered, and the main
alteration minerals are quartz, ankerite, sericite, chlorite, hematite, followed by kaolinite,
fluorite, and a small amount of barite. From the orebody outward to the wall rocks,
the alteration sequences and their corresponding homogenization temperatures of fluid
inclusions are: Au-bearing sulfide-ankerite-sericite-quartz zone (320 °C~390 °C)—>sericite-
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chlorite zone (230 °C~300 °C)—>sericite-ankerite zone (180 °C~240 °C)—ankerite-hematite
zone (110 °C~200 °C) [32,33].

The origin of ore-forming materials and ore-forming fluids in the Shanggong gold
deposit has been debated by different researchers [31,37-39]. According to previous studies,
the mineralization of the Shanggong gold deposit can be divided into three stages. In
the first stage, the Taihua complex experienced two stages of tectonic metamorphism in
Archean [40], and part of gold could be locally enriched in the favorable tectonic fracture
dilatation zone to form an “ore embryo” [32]. The second stage is mainly Indosinian
mineralization [41,42], consistent with the continental collision of the North China Plate
and the Yangtze Plate, in which metamorphic fluid generated by the collision orogeny
further extracted gold from the Taihua Group complex and “ore embryo”. The third stage
is Yanshanian mineralization, the main mineralization stage, which is consistent with the
large-scale gold mineralization in the Xiongershan area [43]. This period is mainly due to
the transition of the tectonic environment from compression to extension, which is directly
related to the thinning of the lithosphere in the North China Craton and the remelting of
the crystalline basement of the lower crust [40,44,45]. The geological characteristics of the
Shanggong gold deposit are basically consistent with the Mesozoic collision orogeny in the
southern margin of the North China Craton, and the mineralization is not only related to
the metamorphic fluid generated by the continental collision orogeny but also controlled
by the Yanshanian magmatic hydrothermal fluid [46,47]. So both the mantle and the Taihua
complex contributed partial metallogenic materials of the Shanggong gold deposit [39].
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Figure 1. (A) geographical location of the study area; (B) tectonic location of the study area; (C) sim-
plified geological map of the Xiong’er Terrane showing the location of the Shanggong Au deposit
(modified after [48]).
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Figure 2. (a) Simplified geological map of the Shanggong gold deposit. (b) The geological map of the
33rd exploration profile and the field picture of the altered rock (modified after [38]).

3. Sampling and Analysis Methods
3.1. Sample Collection and Preparation

The altered rock sample (chlorite alteration zone) was collected from the mining road-
way in the 33rd exploration line (Figure 2). It was dried at room temperature and ground
to <75 um for chemical analysis. The uncrushed sample was randomly dispersed onto the
conductive glue for SEM observation. The nanoparticles of the altered rock were collected
with independently designed equipment, which is composed of an electromagnetic oscilla-
tor, a micron sieve, a capture device, and a vacuum pump (Figure 3). During the scattering
process, the nanoparticles of the altered rocks with the rising gases entered the capture
device through a 0.45-um Millipore filter and were captured on the copper (Cu) grids.

(a)

trap device

Micron sieve

Soils

........... Air extractor

Electromagnetic oscillator--7----;rf-‘--r'Jrr)_r‘J_rr)J"J_rr)JF‘J_r'Jr'—'I'JJ‘_y vgf&g‘f

Figure 3. The equipment used for collecting nanoparticles from the altered rock samples: (a) model
diagram; (b) physical device.
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3.2. Analytical Methods
3.2.1. TEM Analysis

The TEM observations of particles were conducted using a Thermo Scientific (Waltham,
MA, USA) FEI Talos F200S microscope operated at 200 kV at the Electron Microscopy Cen-
ter of GIGCAS (Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,
Guangzhou, China). Various techniques, including scanning TEM (STEM), high-resolution
TEM (HRTEM), selected area electron diffraction (SAED), and energy dispersive spec-
troscopy (EDS), were used for morphological, structural, and compositional investigations.

3.2.2. SEM Analysis

Scanning electron microscopy (SEM) with EDS was utilized to study the surface
microtopography and chemical composition of the altered rock samples. For more detailed
information on SEM, see Han et al. [36]. SEM observation of the altered rock sample was
conducted at Guilin University of Technology (GLUT).

3.2.3. Chemical Analysis

The altered rock was ground to <75 um and sent to the central laboratory of the
Institute of Geophysical and Geochemical Exploration, China Geological Survey. The major
elements (5i0;, Al,O3, TFe; O3, MgO, CaO, K;O, S) were analyzed with X-ray Fluorescence
Spectroscopy (XRF). The concentration analysis of Na,O and Au was conducted with an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) and a Graphite
Furnace Atomic Absorption Spectrometry (GF-AAS). The passing rates of standard refer-
ence material and laboratory duplicate samples were both 100% for S5iO,, Al,O3, TFe,Os3,
MgO, CaO, K0, NayO, and S. The passing rate of the laboratory duplicate samples for
Au was 90.9%. To assess the chemical weathering degree of the rocks, the chemical index
of alteration (CIA) was calculated based on the formula {x(Al,03)/[x(Al,O3) + x(CaO) +
x(NayO) + x(K,0)]} x 100, where the oxides are in molecular percentage.

4. Results
4.1. Chemical Composition

The chemical composition of the altered rock is listed in Table 1. The ore rock and
altered rock were both mainly composed of Si, Al, Fe, Ca, K, Mg, and O. The Au concentra-
tion is 877 ng/g. The S concentration is not high, indicating the sulfides are not enriched in
the alteration zone. The CIA value of the altered rock (57.99) is very low, which suggests
that the alteration zone is not subjected to intense chemical weathering.

Table 1. Chemical compositions and CIA of the altered rock (SGAR) of the Shanggong gold deposit.

Elements S Au SiO, Al,Os3 TFe, 03 MgO CaO Na,O K,O CIA
Unit uglg ng/g % % % % % % %
SGAR 113 877 58.3 17.2 6.01 1.88 3.65 0.98 3.88 57.99

4.2. SEM Observation of the Altered Rock

Under SEM observation, the altered rocks are mainly composed of clay minerals. Most
of the clay minerals are chlorite and kaolinite. A small amount of pyrite, barite, galena, and
ankerite exist in the altered rock sample. The native gold particles are also found, which are
not bound with clay minerals and pyrites. Considering that pyrites tend to be oxidized to
iron (hydro)oxides in the epigenetic process, it is important to point out that the pyrites in
the altered rock are all regular-shaped (see Figure 4B,C) and no iron oxides and hydroxides
were observed, which certifies that the clay minerals and native gold particles are very
likely formed during the ore-forming process.
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Figure 4. Minerals in altered rock observed by SEM. (A) The micro-native gold particle is marked
with a yellow circle. (B) A micro-native gold particle and a group of pyrites. (C) Aggregations of clay
minerals and pyrite. (D) The aggregation of chlorite and kaolinite. Py: pyrite.

4.3. TEM Observation of the Altered Rock

Figure 5 shows the particles in altered rocks on a nanoscale. It can be seen that this
sample is mainly composed of two minerals; one is irregular and granular, and the other
shows a hollow tubular crystal form. The tubular mineral is identified as halloysite based
on its chemical composition and size, measuring approximately 700 nm long and 60-70 nm
wide, with an outer diameter of 60-70 nm and an inner diameter of 20-30 nm, and a
wall thickness of 15-20 nm. There are a large number of gold nanoparticles adsorbed on
halloysite, and the particle sizes are generally less than 10 nm (Figure 5A-C). However, we
did not find gold nanoparticles adsorbed on the chlorite or kaolinite.
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Figure 5. Colloidal gold adsorbed on the halloysite in the altered zone observed with TEM. (A,B) Gold
nanoparticles marked by yellow arrows scattered on the surface of halloysite. (C) HRTEM images of
nano-gold particles. The measured lattice spacing is 2.3 A. Electron diffraction patterns indicate that
this particle is a polycrystalline aggregate. (D) Surface scanning of (B). The red pixel points represent
Au. (E) The EDS spectrum of the gold nanoparticle shown in (C).
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5. Discussion
5.1. Gold May Migrate as Colloidal Gold in the Ore-Forming Fluid of Orogenic Gold Deposits

Gold nanoparticles have been reported in various geological environments in re-
cent years, including hot springs, volcanic gas, and hydrothermal fluids in black smok-
ers [17,18,22,29]. Moreovert, gold nanoparticles have been detected in CO;-rich gas-liquid
inclusions in the gold-rich layer (9500-11,000 m) of the Russian Kola Super-Deep Bore-
hole [28], providing direct evidence that colloidal gold can still be produced and stably
exist under high temperature and pressure conditions. However, there is still a lack of
understanding of why colloidal gold can exist in a high-temperature and high-pressure
environment.

Colloidal silica may act as a protective agent for colloidal gold. In a simulation
experiment, gold colloids can exist stably at a temperature of 350 °C with colloidal silica [15].
Colloidal silica is negatively charged when the pH is higher than ~4, which can enhance
the repulsive force of colloidal gold, thereby promoting its stability [49,50]. Synchrotron
X-ray Near-edge Spectroscopy (XANES) was used to study the stability of colloidal gold
in solutions containing sulfur and citrate [50]. It was found that gold nanoparticles in
sulfur-bearing systems begin to lose stability when heated to 150 °C under a pressure of
28 bar. However, after adding 0.5-1.5 wt% colloidal silica, the colloidal gold can remain
stable up to 300 °C. When the temperature rises to 350 °C, colloidal gold will precipitate
due to the instability of colloidal silica. This result is consistent with the experimental
findings of Frondel [15], and it is the first to prove that colloidal gold can exist stably at high
temperatures (up to 300 °C) in a sulfur-bearing fluid. In most gold deposits, gold dendrites
are commonly hosted by quartz, which implies the co-migration and co-precipitation of
colloidal gold and colloidal silica [12,14,51-53].

Dynamic light scattering (DLS) technique combined with a flow type high temperature
and high-pressure sample cell (25 °C-375 °C, 250 bar) was used to study the dispersion
stability of colloids in supercritical water, and the result showed that the aggregation of
colloids in supercritical water was a universal phenomenon irrespective of the materials [54].
The reason is that under the conditions of high temperature and high pressure, the dielectric
constant of water decreases, and the electrostatic repulsive potential between particles in
the stable dispersion is significantly reduced, causing the agglomeration and sedimentation
of colloids. However, this study did not consider the effects of other electrolytes present
in geological fluids [54]. Compared to pure water, geological fluids contain abundant
substances such as various anions, cations, ion groups, carbon dioxide, methane, etc., which
play a vital role in the mineralization process [55]. The electrolyte content in geological
fluids can be quantified by salinity [56]. Increasing salinity is often thought to increase
the ionic strength of the aqueous medium, thereby stabilizing electrostatic repulsion and
leading to the agglomeration and sedimentation of colloids [15,57,58]. The stability of
the gold sol to the electrolyte sodium chloride increased with an increase in temperature,
indicating an interaction between the factors that affect the stability of the colloid [15]. As
temperature increases, the colloid can exist stably at higher salinities. The classic DLVO
(Derjaguin—Landau—Verwey—Overbeek) theory was used to calculate the inter-particle
forces at higher temperatures and pressures (500 bar < P < 3000 bar, 25 °C < T <400 °C)
and evaluate the stability of gold colloids and silica colloids in a dilute sodium chloride
solution [57]. The results showed that increasing temperature reduces the stability of the
colloids. On the contrary, increasing pressure makes the colloids more stable. When the
pressure is increased to a certain level (P > 1 kbar), the influence of temperature on the
stability of the colloid will be diminished [57].

Besides high pressure and low salinity, the ubiquitous CO, in orogenic gold mineraliz-
ing fluids may enhance the stability of colloidal gold. Although the high CO, content in
ore-forming fluids is closely related to orogenic gold deposits [34,59] and has been widely
recognized [60,61], the role of CO, in gold transport and deposition remains unappreci-
ated [27]. Numerous studies have proved that CO;-rich fluids have a strong ability to
transport gold under high temperature and high pressure conditions, such as low-salinity
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CO,-rich inclusions with a gold content of up to 5 ng/g discovered from the Sigma gold
deposit in Vald’Or, Canada [59] and an average gold nanoparticle content of up to 750 ug/g
in the CO,-rich gas-liquid inclusions detected in the gold-rich layer of the Russian Kola
Super-deep Borehole [28]. While traditional knowledge suggests that gold is mainly trans-
ported in the form of complexes in aqueous fluids, it cannot be ignored that these gold
complexes have relatively low predicted solubility in typical gold mine fluids [62,63]. It is
difficult to form some spatially discontinuous ultra-high-grade gold veins [30].

Regarding the role of CO; in gold transportation, Phillips and Evans [60] proposed that
CO, dissociates as a weak acid in the ore-forming fluid and acts as a buffer to keep the fluid
pH at a proper range. Under this appropriate pH level, it is beneficial to the complexation
of HS™ and gold, which promotes the maintenance of the gold concentration in the fluid
at a higher level [60,64]. However, this explanation was proven to be incorrect [9]. CO,
may form bicarbonate (HCO3; ™) and carbonate (CO327) ions as ligands for some “hard”
metals (such as REE, Ca, Sr, Sn, Zr, U, Nb, etc.), but these two ligands have a low affinity
for gold. Moreover, the abundance of HCO3; ™ and CO3™ ions in the high temperature and
high pressure environment of the magma hydrothermal system is very low [6,65,66].

Another well-known function of COj is to enlarge the pressure range of vapor-liquid
immiscibility, which causes vapor-liquid separation to occur at a deeper depth. The effect on
gold transportation is that it can make the gold fractionate into the gas phase earlier when it
is transported upward from the deep [67-69]. Nevertheless, existing data indicate that gold
tends to enter the vapor phase during vapor-liquid separation in magmatic hydrothermal
conditions. The distribution coefficient (Kyap,1iq) 0f gold in the vapor and liquid phases is
generally above 1 and can even reach up to ~100, with absolute concentrations of gold in
the vapor phase attaining values of 10 ug/g ([6,70] and references therein).

Additionally, CO; is nonpolar, and an increase in CO, content in the system can
lead to a decrease in water activity and fluid dielectric constant, thereby reducing the
concentration of solute in the system [68,71]. Kokh et al. [72] explored the effect of CO; on
the dissolution of gold under hydrothermal conditions and obtained direct experimental
data on the solubility of gold in supercritical CO,—H,O-S-salt fluid for the first time. Under
the conditions of 450 °C, 2 kbar, and 7 wt% (NaCl + KCl), the solubility of gold in neutral
sulfur-poor fluids (0.1 wt% S) remains stable at around 0.1 pg/g with the increase in CO,
content, while the solubility of gold in acidic sulfur-rich fluids (1 wt% S) decreases from
2 ug/gat 0 wt% CO; to 0.2 ug/g at 70 wt% CO,. It was explained that gold in sulfur-poor
fluids mainly forms a neutral complex (AuHS),, while gold in sulfur-rich fluids is mainly
transported in the form of Au(HS); ™, which becomes less stable with the increase in CO,
content [72]. This work helps us to understand the effect of CO, on the transport of gold
under supercritical conditions.

However, the solubility of gold complexes is obviously lower than the gold concentra-
tion detected in some natural CO,-rich inclusions [28]. Therefore, it is reasonable to assume
that large amounts of gold may exist as collaurum in CO,-rich fluids. In nanomaterials
science, a method has been developed for preparing gold nanoparticles using organometal-
lic compounds in a supercritical CO,-water emulsion. This method highlights that gold
nanoparticles can be stable in CO; fluid, and the high dispersion stability of nanoparticles
is attributed to the combination of organic ligands on the surface of nanoparticles [73-75].
The experimental results of Liu et al. [50] also supported this point. The gold colloids in
the citrate-based solutions agglomerate and precipitate at 260 °C, which coincides with the
instability temperature of citrate (<260 °C). It was speculated that the presence of organic
ligands in the fluid could help stabilize the gold colloid.

The early ore-forming fluid of Shanggong gold deposits generally has the following
characteristics: salinity is generally less than 9%, and the phase proportion of CO, ranges
from 20% to 70%, matching well with the orogenic gold deposits [34]. Moreover, the
pressure of the early mineralization period of the Shangong gold deposit is near 1 kbar
(0.93 kbar) [33]. These conditions make it feasible that colloidal gold can exist stably in the
early ore-forming fluid.
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5.2. Precipitation and Occurrence of Gold in the Alteration Zone

The ore-forming hydrothermal fluid will undergo an alteration reaction to form the
alteration zone when encountering suitable wall rocks during the upwelling process, and at
least a part of the gold will be unloaded and precipitated from the hydrothermal fluid [34].
Clay minerals, including chlorite, illite, and kaolinite, are widely present in the structural
alteration zone of orogenic gold deposits [76,77]. In this study, two types of gold particles
were observed in the alteration zone, namely nanoscale native gold particles adsorbed on
halloysite (Figure 5B) and unbounded microscale native gold particles (Figure 4A,B).

Clay minerals have a high adsorption capacity for many elements [78,79]. Some
scholars have studied and reported on the adsorption of different forms of gold by clay
minerals [80]. In the Shewushan supergene gold deposit in China, it was found that gold
particles are adsorbed on the edges of clay minerals (such as kaolinite and illite) and
goethite, and most of the particles are less than 20 nm [81]. In the Hardrock Archean
orogenic gold deposits, part of the gold is found to be adsorbed on chlorite in the orogenic
gold ore [82]. The positive correlation between gold and loss on ignition (LOI) in drill
core samples from the orogenic gold deposit further verified the fact that part of the
gold may be present in clay minerals [83]. However, gold nanoparticles are just found
bound to halloysite in this paper, which may be attributed to the tubular shape of hallosite.
None are adsorbed on more common clay minerals, such as chlorite and kaolinite, in
the alteration zone. The gold nanoparticles on halloysite may be formed by the direct
precipitation of colloidal gold from the parent hydrothermal fluid [84-86]. Meanwhile, the
microscale native gold particles may originate from the growth of nanoscale gold particles
by Ostwald ripening.

6. Conclusions

We observed nano-scale gold particles adsorbed on the halloysite in the altered rock
from the Shanggong gold deposit. Based on previous research, we discussed the possibility
of gold migration in the form of colloidal gold in the ore-forming fluid of orogenic gold
deposits. Increasing temperature and salinity can promote the instability and agglomeration
of gold colloid, while increasing pressure is conducive to the stability of colloidal gold.
Especially under higher pressure conditions (>1 kbar), the negative effect of temperature
on the stability of colloidal gold can be hampered. Silica colloid can protect the gold colloid
below 350 °C and maintain its stability in the fluid. Besides complexing with gold ions,
various ligands in the fluid may have a positive effect on the stability of colloidal gold.
The effect of COj is currently unclear, but it may play an important role in the formation
of gold aerosols. Low salinity and an appropriate amount of CO, are conducive to the
stability of colloidal gold. Orogenic gold deposits usually form at a depth of 220 km and
under pressure above 1 kbar. Under these geological conditions, the negative effects of high
temperatures (higher than 300 °C) on the stability of colloidal gold will be overwhelmed
by the positive effects of high pressure. Therefore, during the formation of orogenic gold
deposits, it is possible for gold to migrate in the form of colloids.

We propose a viable model to explain the origin of the gold particles in the alteration
zone. The gold and fluid of the Shanggong gold deposit may have originated from the
metasomatized mantle and Taihua complex. Under high temperature and high pressure,
the fluid enters a supercritical state, carrying a large amount of colloidal gold and gold
complexes. As the fluid rises, the temperature and pressure decrease, and the supercritical
state is left behind. Part of the collaurum is adsorbed by the clay minerals produced by
hydrothermal alteration. The other part of the collaurum undergoes growth and evolves
into micro-submicrometer-sized gold particles.

Our work is a preliminary analysis of the role of colloidal gold in orogenic gold
deposits. More investigations are needed to confirm it, such as detecting gold nanoparticles
in fluid inclusions with SP-LA-ICP-MS, distinguishing collaurum from micro-scale gold
particles in pyrites and quartz with FIB-SEM and TEM.
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