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Abstract: Orogenic antimony-gold deposits contribute significantly to the global antimony resource base.
China's orogenic antimony-gold deposits are primarily in southern Tibet. Investigations indicate that antimony
combines and migrates with sulfur hydroxides in ore-forming fluids. Previous research on fluid inclusions in
orogenic antimony-gold ores with sedimentary rock accommodation revealed the presence of organic
inclusions, including liquid hydrocarbons, alongside common components such as CO2, H20, CHs, and NaCl.
However, the impact of liquid hydrocarbons on antimony migration and mineralization is still debatable. To
investigate the transportability of antimony by liquid hydrocarbons in orogenic antimony ores, we selected n-
dodecanethiol and n-dodecane as the subjects. We measured the solubility and occurrence form of antimony
in these compounds at various temperatures and durations. The results indicate that after 5 and 10 days of
reaction at 100 °C, the antimony concentrations in the n-dodecanethiol and n-dodecane groups were 67.44+7.62
ppm, 75.15+£16.74 ppm, 1.40+1.02 ppm, and 3.02+3.09 ppm, respectively. At 150 °C for 5 and 10 days, the
respective concentrations were 50.58+5.39 ppm, 77.26+45.20 ppm, 2.66+3.08 ppm, and 2.41+2.03 ppm. At 200 °C
for 5 and 10 days, the corresponding concentrations were 339.76+71.94 ppm, 218.97+25.03 ppm and 6.53+7.17
ppm, 2.27+0.82 ppm (n=3). The measured solubility of antimony in the n-dodecanethiol group increased
gradually with rising temperature. The solubility of antimony in the n-dodecane group was low and notably
inferior to that observed in the n-dodecanethiol group. X-ray photoelectron spectroscopy (XPS) analysis
demonstrated a distinct thiol (R-SH) peak at 163.31 eV and compound peaks of antimony reacting with thiols
at 162.06 and 160.87 eV. This suggests that antimony predominantly forms complexes with thiols for migration.
Our findings suggest that specific liquid hydrocarbon components, predominantly thiols, can interact with
antimony at metallogenic temperatures and persist in ore-forming fluids, facilitating migration and mineral
enrichment. Earlier experimental studies on gold and crude oil have indicated that liquid hydrocarbons also
play an essential role in the transportation and enrichment of gold during the formation of gold deposits, thus
indicating that liquid hydrocarbons possess the considerable potential to act as an ore-forming fluid during
orogenic antimony-gold deposit formation in southern Tibet.

Keywords: antimony; liquid hydrocarbons; thiol; ore-forming fluid; orogenic antimony-gold
deposits; southern Tibet

1. Introduction

Regions such as South China, the Qinling Mountains, Southern Tibet, and Xinjiang Tianshan are
known for their abundant antimony-gold resources [1]. Situated within the Tethys Himalayan region,
the antimony polymetallic mineralization belt in southern Tibet is positioned between the Indus-
Yarlung Zangbo Suture Zone (IYZSZ) and the South Tibetan Detachment System (STDS) (Figure 1)
[2]. The region's stratigraphy is extensively exposed, exhibiting intricate tectonic features, and
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antimony single deposits and antimony polymetallic deposits are widely distributed due to multiple
phases of collision and accretion between the Indian plate and the Eurasian plate [3]. Antimony (gold)
deposits within the extensive South Tibetan metallogenic belt are predominantly associated with
sedimentary rocks as the main ore-forming wall rocks, exhibiting a wide distribution range,
significant production outputs, and substantial metal reserves. The near east-west and north-south
fault structures control the spatial distribution of these antimony (gold) deposits (Figure 1), and the
majority of them occur in Triassic, Jurassic, and Cretaceous siltstones, feldspathic sandstones, and
carbonaceous slates, as well as alkali-rich medium-basic intrusive rock masses. The organic stuff is
abundant in the ore-forming wall rocks.
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Figure 1. Mineral geological map of antimony ore belt in south Tibet (modified after [4,5]). [YZSZ =
Indus-Yarlung Zangbo Suture Zone, STDS = South Tibet Detachment System. 1. Cretaceous: clastic
and carbonates rocks, interlayered with volcanic rocks; 2. Jurassic: shelf-facies shale (slate), sandstone,
limestone, interlayered with volcanic rocks; 3. Upper Triassic: deep-water shelf-facies sandstone shale
(slate), interlayered with volcanic rocks; 4. Lower-middle Triassic: shallow-marine sandstone and
shale (slate); 5. Permian: conglomerate, sandstone, marble, and silty slate; 6. Precambrian
metamorphic rocks; 7. Cenozoic granitoids; 8. Ductile shear zone; 9. Thrust fault; 10. Detachment fault;
11. Antimony deposit; 12. Gold antimony deposit; 13. Antimony polymetallic ore; 14. City.

Organic matter plays a crucial role in the migration and enrichment processes of mineralizing
elements, particularly in the formation of metallic sedimentary deposits [6,7,8]. Significant quantities
of liquid hydrocarbons can be generated through the thermal decomposition of organic matter during
both diagenesis and deep diagenesis [9,10]. These liquid hydrocarbons, formed during the evolution
of sedimentary organic matter, have been identified in various metal deposits, such as orogenic
antimony-gold deposits [12,14], Witwatersrand-type Au-U deposits in South Africa [15], sediment-
hosted U deposits [16,17], and Mississippi Valley-type Pb-Zn deposits [20,19,20].

Numerous antimony single deposits and antimony-gold deposits are closely associated with
liquid hydrocarbons. Antimony single deposits, such as the DaChang antimony deposit in Qinglong,
Guizhou, contain liquid hydrocarbons or organic inclusions that are present within the ore and oil
source rocks in the marginal basins, and there are multi-layered asphalt layers (ancient oil deposits),
with asphalt reserves totaling 368,400 tons. Additionally, there is a close spatial relationship between
the antimony mineralization layer and asphalt layers [21,22]. Furthermore, isotopic analyses of ore
samples from the Meiduo antimony deposit in Northern Tibet indicate that organic matter was
involved in the mineralization process, and Raman laser and micro-infrared spectroscopic analyses
reveal that the mineralized fluids contain components including CHas, CsHs, and CH2 [23]. In the fluid
inclusions of the mineralized ores, antimony gold deposits, such as the gold and antimony ore
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deposits in Lannigou, Guizhou, contain saturated hydrocarbons, unsaturated hydrocarbons,
aromatic hydrocarbons, and other organic substances, and are intimately associated with the oil layer
[24,25]. Moreover, Zhai et al [14] employed petrographic observation, Raman spectroscopy, and fluid
inclusion micro thermometry to detect gas-liquid two-phase or one-phase organic inclusions at room
temperature in the vein mineral quartz and the ore mineral phengite, both of which formed during
the metallogenic phase of the Shalagang antimony deposit and the Mazala antimony-gold deposit in
southern Tibet (Figure 2a). Raman spectroscopy analysis indicated that the organic inclusions
consisted mainly of alkanes and polycyclic aromatic hydrocarbons (Figure 2b). Levine [26] proposed
that the presence of a considerable quantity of liquid-phase and gas-liquid two-phase organic
inclusions in the ore indicated the involvement of liquid hydrocarbons in the transport of ore-forming
materials, and the occurrence of liquid organic inclusions indicated the maturation of hydrocarbons.
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Figure 2. Photomicrographs of typical organic fluid inclusions from Mazala deposits (modified after
[14]). (a) Isolated two-phase hydrocarbon inclusion in quartz from Mazala. (b) Laser Raman spectra
of liquid-phase hydrocarbon in two-phase inclusions.

The current research on the ore-forming fluids of orogenic antimony-gold deposits primarily
emphasizes the investigation of their inorganic components. Therefore, additional research is needed
to confirm whether liquid hydrocarbons in ore-forming fluids can be involved in antimony
mineralization despite indications of their potential positive role in the process. Recent experimental
studies by various scholars have shown that natural liquid hydrocarbons have the capacity to
transport sufficient mineralizing materials to support the mineralization process. These studies have
specifically investigated the solubility of zinc, uranium, palladium, and other metals in liquid
hydrocarbons [31,32,32,30,31,32]. N-dodecane and n-dodecanethiol are typical constituents of liquid
hydrocarbons formed through the pyrolysis of organic matter, representing the wide range of organic
groups present in such hydrocarbons. These two organic compounds are suitable for this experiment
because of their physical characteristics, including their melting and boiling temperatures, as well as
their stability under various redox and temperature conditions. Therefore, in our experimental
investigation to assess the potential contribution of liquid hydrocarbons in ore-forming fluids to the
transport of antimony, we utilized n-dodecane and n-dodecanethiol.

We conducted experiments involving the dissolution of antimony metal in n-dodecane and n-
dodecanethiol. The experiments were conducted at temperatures of 100, 150, and 200 °C, with
varying reaction durations ranging from 5 to 10 days. Additionally, we performed an XPS analysis
to investigate the surface composition of the antimony lumps after the reaction. This analysis enabled
us to investigate the potential efficiency of n-dodecane and n-dodecanethiol in transporting antimony
and to determine if liquid hydrocarbons can participate in the transportation of antimony in the ore-
forming fluids. This research provides new insights into the transport mechanism of antimony in
orogenic antimony-gold deposits located in southern Tibet and hosted by sedimentary rocks.

2. Materials and Methods
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2.1. Sample Description

The organic reagents n-dodecane and n-dodecanethiol were obtained from Wengjiang Reagent
and produced in Guanchang Industrial Zone, Guandu Town, Wengyuan County, Shaoguan,
Guangdong. The properties of n-dodecane and n-dodecanethiol are displayed in Table 1.

Table 1. Characterization of n-dodecane and n-dodecanethiol properties.

Parameters n-dodecane n-dodecanethiol
Concentration AR, 98.0% AR, 98.0%
Density(25 °C) 0.75 g/ml 0.845 g/ml

Molecular formula C12Hazse C12H26S

Molecular weight 170.34 202.40
Boiling point 215-217 °C 266-283 °C
Melting point -9.6 °C -7 °C

2.2. High-temperature Experiments

The experiments were conducted in a sealed reactor consisting of a larger tube placed over a
smaller tube, with the larger tube made of high borosilicate glass test tubes (OD = 12 mm, ID = 10
mm) and the smaller tube made of quartz test tubes (OD =9 mm, ID =7 mm) (Figure 3). The decision
to conduct tests at 100, 150, and 200 °C was based on the temperature ranges identified through micro
thermometry of fluid inclusions in orogenic antimony deposits, as well as the physical and chemical
properties of n-dodecane and n-dodecanethiol. To minimize the risk of thermal degradation of n-
dodecane and n-dodecanethiol and ensure sufficient time for equilibrium to be reached, the lowest
temperature within this range was chosen.

1. Experimental setu .
P P 2. Sample preparation
/_/ Sealed Pyrex® vessel
Quartz reaction vessel

Quartz wool H

45
2%HNO 5L 40
35

— : 30
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HCl1 20
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a. Dry ash at 600 °C  b. Leach, oxidize and dilute c. Rinse Sb(mental) block

Run at X°C for Y days

Figure 3. The experimental protocol employed for the investigation of antimony solubility and
speciation in liquid hydrocarbons at 100, 150, and 200 °C.

Prior to the experiment, the borosilicate glass and quartz tubes were cleaned with nitric acid
(~75% HNO:s) for 24 hours, rinsed with ultrapure water, and dried at 100 °C for 2 hours. The antimony
was introduced into the quartz tubes in the form of pure metal blocks with a controlled mass of
approximately 0.50 g. Two experimental groups were established: one group received a mixture of
0.25 ml n-dodecane and 0.25 ml n-dodecanethiol in the quartz test tubes, while the other group
received only 0.25 ml of n-dodecane. After the addition of the reagents as well as the antimony blocks,
the quartz test tubes were carefully introduced into the borosilicate glass test tubes and then sealed
with a high-temperature flame. All the weights, that is, the weights of the quartz test tubes before
and after the addition of the antimony metal blocks, as well as the n-dodecane and n-dodecanethiol,
were carefully determined during the experiment using a high-precision analytical balance. Sanz-
Robinson et al. [30,31] conducted kinetic experiments using a range of crude oil samples and a
controlled temperature gradient to evaluate the solubility of palladium and zinc in crude oil and
determine the equilibrium time. Palladium and zinc wires were reacted with equal volumes of crude
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oil for 5, 10, 15, and 30 days. The concentration of palladium in the crude oil started to stabilize after
approximately five days, while zinc reached a steady concentration in less than 15 days and, in certain
instances, within five days. Therefore, based on the findings of previous studies, reaction durations
of 5 and 10 days were selected to ensure the attainment of steady-state concentrations of antimony
within a reasonable timeframe.

After completing the weighing process, the sealed reactor was placed inside a tabletop muffle
furnace oven preheated to the required temperature. The temperature was maintained within a +1
°C range. The experimental setup utilized a muffle furnace manufactured by Shanghai Jinping
Instrumentation Co., Ltd. The furnace had dimensions of 500 mm in length, 300 mm in width, and
200 mm in height. It operated at a rated voltage of 380 V, a rated temperature of 1200 °C, and a power
output of 12 kW, incorporating an electric heating wire as the heating element.

After the experiment, the reactors were opened using a diamond cutter, and the quartz test tubes
were carefully extracted using disposable tweezers. Clean quartz wool was used to plug the openings
of the quartz test tubes, ensuring no material loss due to volatilization and facilitating subsequent
analytical tests.

2.3. XPS Analysis

Organic reagents that had not been completely reacted were evaluated using a method similar
to that described by Sugiyama and Williams-Jones [33]. The crude oils were ashed using a
combination of thermal combustion and chemical oxidation. The procedure involved transferring the
remaining organic chemicals into a clean quartz test tube, sealing the tube's opening with clean quartz
cotton, and subjecting the tube to cauterization at 600 °C for 12 hours. After cauterization, the quartz
test tube was treated with a mixture of 0.25 ml HNOs (75%), 0.25 m1 HCI (35%), and 0.5 ml H202 (30%)
and left to leach for 24 hours, ensuring complete dissolution of any remaining ash. The leaching
solution was diluted 1000 times with 2% HNOs solution before analyzing and determining the
amount of dissolved antimony in the solution using an ICP-MS quadruple rod plasma mass
spectrometer (Agilent 7700x, USA) with Y as the internal Standard. Incompletely reacted antimony
blocks were removed with disposable tweezers, washed with toluene, and vacuum-dried for 24 hours
at room temperature. Subsequently, the surface composition of the antimony blocks was analyzed
and studied using X-ray Photoelectron Spectroscopy (XPS) on a Thermo Fisher Scientific Ka
spectrometer. The measurement employed Al Ka radiation (1486.6 eV, 12 kV, 720 W) with an X-ray
spot size of 400 um. The scanning mode was set to CAE, with the lens mode as Standard. The full-
spectrum scanning fluence energy was 150 eV, the narrow-spectrum scanning fluence energy was 40
eV, and the resolution was <0.45 eV. Energy correction was conducted using the surface
contamination Cls peak (284.8 eV). The resulting data were fitted and analyzed using XPS Peak41
software and background removal through the Shirley-type method.

3. Results

3.1. Results from the Antimony Solubility Experiments
The dissolution of antimony blocks in n-dodecane and n-dodecanethiol reagents at 100, 150, and

200 °C is reported in Table 2 and Figure 4.

Table 2. A summary of the experimentally determined solubility of antimony in n-dodecane and n-
dodecanethiol at 100, 150, and 200 °C. (ppm).

N-dodecane: n-dodecanethiol = 1:1 Only n-dodecane
Times
Tomp: 5 days 10 days 5 days 10 days
100 °C 67.44+7.62 75.15+16.74 1.40+1.02 3.02+3.09
150 °C 50.58+5.39 77.26+45.20 2.66+3.08 2.41+2.03

200 °C 339.76+71.94 218.97+25.03 6.53+7.17 2.27+0.82
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Figure 4. Concentration of antimony in both groups of reagents at 100, 150, and 200 °C as a function
of the duration of the experiments.

The reaction was divided into two groups, with three experiments performed under each set of
conditions. One group contained a 1:1 mixture of n-dodecane and n-dodecanethiol, while the other
group used n-dodecane alone as the reagent (Table 2). The dissolution of antimony was investigated
by comparing the two groups. The solubility of antimony in the 1:1 mixture of n-dodecane and n-
dodecanethiol increased with temperature, reaching a maximum of 339.76 ppm at 200 °C, as indicated
in Table 2 and Figure 4. Moreover, with an increase in reaction time at 100 and 150 °C, the solubility
of antimony increased, reaching values of 75.15 ppm and 77.26 ppm on the 10th day, respectively.
However, at 200 °C, the solubility of antimony decreased, and on the 5th day, it was higher than on
the 10th day, possibly due to slight pyrolysis of the organic reagents during prolonged heating. The
solubility of antimony did not increase with temperature in reagents consisting solely of n-dodecane.
Only a small amount of antimony was dissolved in n-dodecane, and its solubility did not significantly
change at different temperatures or reaction durations, remaining in the range of a few ppm (Table
2, Figure 4). These findings demonstrate that the thiol content plays a crucial role in determining the
dissolution of antimony.

3.2. Results of XPS Analyses

XPS was employed to measure the spectra of antimony blocks after the reaction in a 1:1
combination of n-dodecane and n-dodecanethiol at 200 °C, as illustrated in Figure 5. Figure 5a
illustrates the examination of reagent residues on the surface of the antimony blocks. It was
determined that sulfur accounts for approximately 21% of the surface of the antimony metal block.
The sulfur (52p) peaks in the green and red lines correspond to sulfur bound to antimony and have
binding energies of 162.06 eV and 160.87 eV (Figure 5a), respectively. The prominent sulfur (S2p)
peak in the blue line corresponds to the unbound free thiol functional group, with a binding energy
of 163.31 eV (Figure 5a) [34].

XPS tests indicate that most sulfur is chemically bonded to antimony, while a portion exists as
unbound free thiols. Additionally, Figure 5b demonstrates that XPS measurements of the toluene-
rinsed surface of the antimony block reveal the presence of a blend of antimony metal and antimony
compound (III). The antimony (Sb3d) peaks are depicted by the green and red lines, with binding
energies of 530.30 eV and 529.39 eV (Figure 5b), respectively, corresponding to antimony compounds
formed through thiol reactions. During the reaction with the mixed reagents, the antimony metal
undergoes oxidation while the thiols undergo reduction.
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Figure 5. XPS spectra obtained by X-ray photoelectron spectroscopy of antimony blocks after reaction
with a 1:1 mixture of n-dodecane and n-dodecanethiol reagents at 200 ‘C. Figure a shows the XPS
spectrum of the residual reagent sulfur form on the antimony block after the reaction. The thiol peak
was separated into an unbound thiol peak in blue (163.31 eV), while the sulfur peaks bound to
antimony are represented by the green (162.06 eV) and red (160.87 eV) peaks. Figure b displays the
XPS spectrum of the antimony block surface after the reaction and rinsing with toluene. The green
and red peaks represent the compound antimony, while the blue peak represents the antimony metal.

4. Discussion

4.1. Factors Determining the Concentration and Speciation of Antimony in Liquid Hydrocarbons

Previous experimental studies have demonstrated that temperature exerts a significant influence
on the solubility of antimony in solution. In a study by Koamakosa [35], the solubility of stibnite ores
in H25-H2O solution was examined across temperatures ranging from 100 to 300 °C. The results
revealed a substantial alteration in stibnite solubility due to temperature variations, with the
maximum solubility observed at 200 °C. He et al. [36] conducted water-rock leaching experiments on
the S, Cl-containing stratum of antimony in a medium-low temperature hydrothermal system. Their
findings revealed that the antimony leaching rate increased with rising temperature within the range
of 100-200 °C, reaching its peak at 200 °C. William-Jones and Norman [37] provided evidence of the
substantial impact of temperature on antimony precipitation in hydrothermal fluids, highlighting
that lower temperatures were more favourable for the formation of stibnite through antimony
precipitation. The present experimental study on the dissolution of antimony was conducted at 100,
150, and 200 °C temperature gradients, and the results showed that temperature is an important
parameter affecting the solubility of antimony in organic reagents. Figure 4 illustrates the relationship
between antimony solubility and temperature. In the 1:1 mixture of n-dodecane and n-dodecanethiol
reagent group, the solubility of antimony exhibits a gradual increase with temperature, reaching its
peak at 200 °C (Figure 4). Research indicates that the solubility of most minerals increases as
temperature rises. Within a specific range, higher temperatures enhance the extraction of mineralized
metals from surrounding mineralized rocks by ore-forming fluids, leading to a significant elevation
in the concentration of mineralized components in the fluids and facilitating mineralization
enrichment. Additionally, temperature impacts the density of the ore-forming fluid. As temperature
increases, the density of the fluid decreases, prompting its upward flow toward faults, fracture zones,
and other regions of the ore that are conducive to mineralization. This, in turn, affects the
mineralization process.

The findings of our study indicate that the thiol group can dissolve substantial quantities of
antimony, with 339 ppm of antimony dissolved at 200 °C. Additionally, Figure 4 illustrates that the
solubility of antimony in the thiol group is significantly greater compared to the n-dodecane group
(Figure 4). Based on the XPS characterization results, unbound thiols were found to persist on the
surface of the metallic antimony block after the completion of the reaction (Figure 5). Additionally,
the surface of the antimony block exhibited a higher presence of sulfur-bound compounds, providing
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evidence for the strong affinity between antimony and the reduced sulfur in the reagent mixture. The
experimental results reveal that thiol is the critical parameter governing the dissolution of antimony
in organic reagents. Metals can form ligands by interacting with organic compounds, and the stability
constants of organic-metal complexes are significantly greater than those of inorganic complexes.
Therefore, as long as low concentrations of organic ligands are present in mineralized hydrothermal
fluids, organic-metal complexes are dominant [38]. The ability of specific sulfur compounds,
especially thiols, to create organometallic complexes with chalcophile elements is widely
acknowledged [39,40]. In contrast, antimony is a chalcophile element that effortlessly combines with
sulfur. Furthermore, unlike n-dodecane, which is a soft base, n-dodecanethiol has polarity due to the
presence of sulfur-based functional groups, and antimony metal is a junction acid; hence, the thiol
reacts more readily with antimony, enabling its solubilization in the reagent. Therefore, liquid
hydrocarbons with a high concentration of thiols can play a role in the transportation of antimony
during the mineralization process. The amount of hydrogen sulfide in the mineralized layer affects
the concentration of thiols in liquid hydrocarbons. In the deep source area of antimony-gold mines
in southern Tibet, hydrocarbons and sulfates undergo thermochemical reduction reactions, resulting
in the generation of substantial amounts of hydrogen sulfide. This hydrogen sulfide can react with
organic compounds present in crude oil and natural gas, leading to an increase in the concentration
of thiols and the subsequent production of liquid hydrocarbons that are enriched with thiols
[44,42,43 44].

4.2. Formation of Liquid Hydrocarbons in Orogenic Antimony-Gold Ores and Their Role in the
Mineralization Process

The collision between the Indian and Eurasian plates occurred approximately 65 million years
ago [45,46,47], resulting in a collisional orogenic process that can be divided into two distinct phases:
early collision-extrusion and late orogenic intracontinental extension. Throughout this process,
various geological features emerged in southern Tibet, including folded tectonics, retrograde
fractures, metamorphic nuclear vaults, and near east-west and near north-south fracture systems
(Figure 1) [2,48,49,50,51,52]. These geological features have played a role in constraining the
mineralization of antimony (gold) deposits. Numerous antimony single deposits and antimony-gold
deposits are present within the Southern Tibetan Plateau, of which the Shalagang antimony deposit
represents the characteristics of antimony deposits with sedimentary rocks as the main ore-forming
enclosing rocks, and the Mazala antimony-gold deposit represents the characteristics of antimony-
gold deposits with sedimentary rocks as the main ore-forming enclosing rocks. The Triassic, Jurassic,
and Cretaceous strata, where these two deposits are located, are most developed with siltstone,
sandstone, quartz sandstone, carbonaceous slate, and marl. These strata contain a large amount of
sedimentary organic matter, which often constitutes the ore-forming wall rocks of the deposits [53].
Previous studies have revealed that the Shalagang antimony deposit and the Mazala antimony-gold
deposit are shallow, low-temperature deposits. Additionally, fluid inclusions within the relevant
mineralized ores of these two deposits have been found to contain liquid hydrocarbon components
(Figure 2) [14,54].

The results of our tests indicate that liquid hydrocarbons play a crucial role in antimony
mineralization transport. Previous research by Migdisov et al. [27] examined the solubility of gold in
a variety of natural crude oils at temperatures ranging from 100 to 300 °C, yielding results comparable
to those presented here. Their experiments demonstrated that liquid hydrocarbons may have
significantly contributed to the formation of the deposits. Liquid hydrocarbons can extract gold from
its host rocks, transport it in appreciable concentrations, and deposit it in economically exploitable
amounts. Crede et al. [28,29] performed an in-situ XAS experiment at 25-250 °C to determine the
morphology and structural properties of gold complexes in aqueous and oil-based fluids (S-free n-
dodecane, S-bearing 1-dodecanethiol). Since sulfur and organothiol compounds are ubiquitous and
abundant components in natural oils, the experimental results show that natural oils can potentially
enrich gold from coexisting gold-bearing brines, demonstrating the importance of liquid
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hydrocarbons in conveying and enriching gold mineralization. As a result, we may conclude that
liquid hydrocarbons can play an essential role in both antimony transport and gold mineralization.
This also provides a possible explanation mechanism for the co-occurrence of antimony and gold
ores in southern Tibet from the ore-forming fluid. Regional metamorphic tectonic events impact the
organic-rich peripheral rocks within the orogenic antimony-gold deposits associated with
sedimentary rock strata during the diagenesis stage, leading to the liberation of organic components,
including liquid hydrocarbons. These components are subsequently enriched in the ore-bearing
fluids, facilitating the entry of the active and more active antimony and gold elements into the
reservoir in complex and other forms, in conjunction with water and oil. Ductile shear zones and
faults create favourable conditions for the upwelling of ore-bearing fluids. These fluids are
subsequently influenced by changes in temperature and pressure, leading to their migration,
precipitation in favourable tectonic sites, and the eventual formation of mineralized bodies [2,11].

4.3. Evaluation of the Potential of Liquid Hydrocarbons as Ore-forming Fluids in Orogenic Antimony-Gold
Ores

When evaluating the potential of liquid hydrocarbons as ore-forming fluids, it is crucial to
compare antimony solubility in them to antimony solubility in hydrothermal fluids. The solubility
characteristics of pyroxene indicate that solutions of different properties can dissolve and transport
high concentrations of antimony. Elevated temperatures and mildly acidic or alkaline conditions are
particularly favourable for the dissolution and transport of antimony [55]. Extensive research data on
the antimony concentration in modern geothermal fluids has shown significant variability, with the
majority having antimony contents around 0.1 ppm. In contrast, fluids in New Zealand's geothermal
areas exhibit antimony contents as high as 84.42-238.25 ppm, demonstrating the presence of fluids
with elevated antimony levels in nature. Nevertheless, compared to the antimony solubility in this
experiment, it is clear that the antimony level in modern geothermal fluids is far from saturation. In
addition, studies have shown that hydrothermal solutions forming epithermal gold deposits contain
only a few tens of ppb of gold [56], which is within the solubility range of gold in crude oils identified
in the study of Migdisov et al [27]. Hence, we conclude that liquid hydrocarbons have great potential
as mineralizing fluids for transporting antimony and gold mineralization.

Additionally, the antimony concentration and extractability of the host rock are crucial factors
in the formation of antimony ore-forming fluids. The average antimony content in magmatic rocks is
generally lower than Clark's value, with ultramafic rocks having the lowest antimony content (0.1
ppb), basaltic and acidic rocks exhibiting similar antimony levels (0.2 ppb), and sedimentary shales
and mudstone rocks containing the highest antimony content (1.5 to 2 ppm) [57]. The prevalence of
sedimentary rocks in southern Tibet, along with the abundant organic matter in the surrounding
rocks, creates a favorable metallogenic environment conducive to hydrocarbon reservoir formation.
When hydrocarbons come into contact with sulfate minerals at temperatures exceeding 100 °C, they
trigger reactions like TSR (thermal sulfate reduction), leading to a substantial increase in thiol levels
[58]. Based on the findings of this experimental work, thiols readily react and combine with antimony,
causing antimony oxidation and thiol reduction, effectively inhibiting antimony migration during
mineralization. Hydrocarbons with a high thiol content significantly enhance the extraction of
antimony metal from ore-forming wall rocks. Consequently, in antimony deposits with sedimentary
rock accommodation, organic fluids, rather than aqueous fluids, primarily facilitate antimony
transfer. The hydrocarbons found in the inclusions are likely the remaining organic components
devoid of thiol after their involvement in metal transportation for mineralization.

This experiment's XPS characterization results show that antimony is readily bonded to thiols
(Figure 5). However, we are unsure of the exact manner in which antimony is transported in liquid
hydrocarbons in this instance. Additional ligands or functional groups present in liquid
hydrocarbons may also play a significant role in facilitating the transport of antimony. In addition to
the formation of organic complexes for metal transportation during mineralization, liquid
hydrocarbons can exhibit other forms. An example of this is the synthesis of noble metal
nanoparticles (NMNPs) to explore the enrichment and transportation of gold and platinum group
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elements (PGE) within naturally occurring organic (hydrocarbon) systems [32]. Furthermore, it has
been found that liquid hydrocarbons are more efficient in transporting valuable metals when they
are in the form of nanoparticles rather than molecules. Hence, a detailed investigation into the specific
form of liquid hydrocarbons involved in the transportation of antimony during mineralization is
warranted.

5. Conclusions

(1) Antimony exhibits a pronounced chemical affinity towards reduced sulfur components. The
solubility of antimony in organic reagents with a high thiol concentration surpasses its solubility in
fluids previously identified as antimony mineralized.

(2) The thermochemical sulfate reaction that occurs in the ore-forming peripheral rocks of
orogenic antimony-gold deposits with sedimentary rock accommodation in a specific temperature
range produces high concentrations of hydrogen sulfide. This, in turn, leads to the formation of a
liquid hydrocarbon rich in thiols. This liquid hydrocarbon with a high thiol content can serve as a
carrier within the ore-forming fluids for antimony mineralization.

(3) There is a clear positive correlation between the solubility of antimony and thiols, suggesting
that thiols are determinants of antimony solubilization in liquid hydrocarbons. Nevertheless, we
cannot rule out the possibility that other organic ligands, such as porphyrins and carboxylic acids,
may also play a role in the dissolution and transport of antimony.
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