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Abstract The solubility of Au in silicate melts and fluids governs the enrichment and migration of Au during the formation of
magmatic-hydrothermal Au deposits. Large Au deposits require vast amounts of Au to migrate from the upper mantle-lower
crust to the shallow crust, and high Au solubility in magma and hydrothermal fluid facilitates the formation of Au-rich magma
and fluid in the crust and mantle source and efficient transport. This paper reviews recent high-pressure and high-temperature
experimental studies on Au species in magmas and hydrothermal fluids, the partitioning behavior of Au between silicate melts
and fluids, and the effects of temperature, pressure, oxygen fugacity, sulfur fugacity, silicate melt composition, and volatiles
(H,0, CO,, chlorine, and sulfur) on the solubility of Au in magma. We show that the solubility of Au in magma is largely
controlled by the volatiles in the magma: the higher the content of reduced sulfur (827 and HS) in the magma, the higher the
solubility of Au. Under high-temperature, high-pressure, H,O-rich, and intermediate oxygen fugacity conditions, magma can
dissolve more reduced sulfur species, thus enhancing the ability of the magma to transport Au. If the ore-forming elements of the
Au deposits in the North China Craton originate from mantle-derived magmas and fluids, we can conclude, in terms of massive
Au migration, that these deep Au-rich magmas might have been generated under H,O-rich and moderately oxidized conditions
(827 coexists with S6+). The big mantle wedge beneath East Asia was metasomatized by melts and fluids from the dehydration of
the Early Cretaceous paleo-Pacific stagnant slab, which not only caused thinning of the North China Craton, but also created
physicochemical conditions favorable for massive Au migration.

Keywords  Magmatic-hydrothermal gold deposits, Gold solubility, Sulfur solubility, Volatiles, High-pressure and high-
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Gold is valuable and has long been of great interest to
economic geologists. There are various types of Au de-
posits, including deposits where the formation is not di-
rectly related to magmatic activity, such as orogenic Au
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Introduction deposits formed during orogenesis (Mao et al., 2002; Chen

et al., 2009; Groves and Santosh, 2016), and deposits clo-
sely related to magmatic processes, such as porphyry Au-
Cu deposits, epithermal Au deposits, Au-rich volcanogenic
massive sulfide (VMS) deposits, and Carlin-type Au de-
posits (Walshe and Cleverley, 2009; Heinrich and Candela,
2014; Zhu et al., 2015). The ore-forming processes of
magmatic-hydrothermal Au deposits require magma and
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subsequent fluid exsolution to transport large amounts of
Au from deep sources to shallow mineralization sites.
Specifically, in the magmatic processes associated with ore
formation, Au needs to be extracted from the lithospheric
mantle by the magma, which crosses the mantle-crust
boundary, intrudes upward, and undergoes complex mag-
matic and hydrothermal evolution to form Au-bearing
fluids to precipitate and mineralize Au in favorable tectonic
regions. In these processes, the solubility of Au in volatile-
rich magmas controls the Au transport, i.e., high Au solu-
bility facilitates the transport of large amounts of Au. In
addition, high Au solubility in magma will reduce the
partition coefficient of Au between sulfide and magma (Li
et al., 2019), which will facilitate the formation of Au-rich
magma in the source region. The solubility of Au in mag-
mas and fluids thus governs the enrichment and migration
of Au during ore-forming processes. Constraining the
physicochemical factors controlling the solubility of Au in
magmas (silicate melts) and fluids can therefore help im-
prove our understanding of the favorable conditions for Au-
rich magma formation and Au transport. With the devel-
opment of Laser-Ablation Inductively-Coupled-Plasma
Mass Spectrometry (LA-ICP-MS), the precise determina-
tion of trace amounts of Au in experimental products has
become feasible. Thus, numerous high-pressure and high-
temperature experimental studies have been carried out in
recent years to investigate the solubility and partitioning
behavior of Au in melts and fluids (Borisov and Palme,
1996; Loucks and Mavrogenes, 1999; Frank et al., 2002;
Hanley et al., 2005; Simon et al., 2005, 2007; Bell et al.,
2009, 2011; Botcharnikov et al., 2010, 2011; Jégo et al.,
2010, 2016; Zajacz et al., 2010, 2012, 2013; Jégo and Pi-
chavant, 2012; Li and Audétat, 2013; Li et al., 2019; Pok-
rovski etal., 2015; Brenan et al., 2016; Sullivan et al., 2018;
Audétat, 2019). In this paper, we review the state of the art
of high-pressure and high-temperature experimental studies
on Au solubility in silicate melts and fluids, and combine
recent experimental results to investigate the effects of
physicochemical factors such as temperature, pressure,
oxygen fugacity (fO,), sulfur fugacity (fS,), and magma
composition (including volatiles) on Au solubility in
magma. Based on the results, we summarize the physico-
chemical conditions favorable for the generation of Au-rich
magma that form magma-hydrothermal Au deposits, pro-
viding an experimental constraint on the genesis of mag-
matic-hydrothermal Au deposits, especially for decratonic
Au deposits.

2. Geochemical behavior of Au in fluids

The valence, species, and geochemical behavior of Au in
fluids have been widely studied; in particular, the results of
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in situ observations are based on fluid-related studies. In the
ore-forming processes of magmatic-hydrothermal deposits,
decompression during magma ascent and crystallization of
magma can lead to fluid exsolution. Understanding the
geochemical behavior of Au in fluids can help us better
understand the factors controlling the solubility of Au in
magma. Therefore, this review will first introduce the va-
lence and species of Au prevalent in fluids and the role of
magmatic-hydrothermal fluid in the extraction, enrichment,
and migration of Au.

2.1 Valence and speciation of Au in fluids

The common valence states of Au are Auo, AuH, and Au”".
Native gold (Auo) is very inert and usually does not react
with acid or alkali and is resistant to corrosion. However, Ad’
can be oxidized by nitric acid and other strong oxidizing
agents, forming Au’’. For example, Au’ can be dissolved in
aqua regia (a mixture of nitric acid and hydrochloric acid in a
molar ratio of 1:3): Au’ is oxidized to Au’’, which then
complexes with chlorine ions to form AuCl". In magmatic-
hydrothermal systems, Au mostly occurs as Au' (Pokrovski
et al., 2009, 2015; Seward et al., 2014; Brugger et al., 2016;
Sullivan et al., 2018).

According to Pearson’s (1963) soft-hard acid-base theory,
the electron acceptor is an acid and the electron donor is the
base. Au'" and Au’" are soft ions that are more likely to
complex with soft ligands. At room temperature, Au'" tends

to form stable complexes with HS ", S,03, CN ', and SCN™

(Williams-Jones et al., 2009). Because Au'"and Au’" are not
stable in pure water, Au in fluids is predominantly trans-
ported in complexes with Cl and S (Williams-Jones et al.,
2009; Heinrich and Candela, 2014; Liu et al., 2014; Seward
et al., 2014; Pokrovski et al., 2015). As shown in Table 1,
when the temperature is less than 350°C, the most important
ligand for Au is HS (Seward, 1973; Williams-Jones et al.,
2009). As the temperature increases, the dielectric constant
of H,O decreases, which favors electrostatic interactions and
allows Au'" to form stable bonds with harder bases, such as
Cl and OH . During the hydrothermal stage of the ore-
forming process (~<600°C), Au is mainly transported in the
form of complexes with HS under moderately acidic con-
ditions (Williams-Jones et al., 2009; Seward et al., 2014). X-
ray absorption near edge spectroscopy (XANES) studies
further indicate that Au(HS), is the predominant complex in
neutral S-bearing hydrothermal fluids (Pokrovski et al.,
2009).

Fluids with high salinity (Cl-rich) are usually acidic be-
cause of charge balance effects (Heinrich and Candela,
2014). In acidic S-bearing fluids, the stability of HS de-
creases because of the lower pH, and although AuHS' can be
formed, the Au solubility decreases in hydrothermal fluids



Liu X, et al.  Sci China Earth Sci
Table 1 Species of Au in hydrothermal fluids
Temperature  Acidic conditions Neutral to acidic conditions
<350°C AuHS Au(HS),
350-600°C AuCl, Au(HS),, = AuHS)S,, + AuOH

(Pokrovski et al., 2009). Thus, AuCl, dominates in fluids
under acidic (and oxidizing) conditions (e.g., most Cu-Au
porphyry-type deposit systems) (Heinrich and Candela,
2014; Pokrovski et al., 2015). However, experimental studies
suggest that under high-pressure and high-temperature con-
ditions (e.g., at 1000°C and 150 MPa), HS may also replace
Cl as the most important ligand for Au complexation in the
fluid (Zajacz et al., 2010). These stable Au complexes in
hydrothermal fluids may also play an important role in
magmatic systems, although no reliable in sifu observations
have been reported.

In addition to the formation of complexes with Cl and
HS' in hydrothermal fluids, S, has recently been recognized
as a notable complex for the transport of Au under high-
pressure and high-temperature conditions (200-700°C;
~3.0 GPa) (Pokrovski and Dubrovinsky, 2011; Pokrovski et
al., 2015). S; has the following properties: (1) higher solu-
bility in fluids (>1000 ppm, 1 ppm=1 mg kg_l); (2) stability
under weakly acidic to neutral conditions (pH=3-7); and (3)
stability at oxygen fugacities, where S* or SO, coexist with
HS (Pokrovski et al., 2015). Because S; decomposes into
S* and S* during cooling, the presence of S; in fluids can
only be detected in in situ diamond anvil cell high-pressure
experiments (Pokrovski and Dubrovinsky, 2011; Colin et al.,
2020). There is no evidence that S; is stable in magmatic
systems at high temperatures. As a multivalent element, S
can occur in different oxidation states in fluids under various
fO, conditions. For example, the melts and fluids derived
from subducting slabs are believed to be oxidized, and st
(SO,) may be more stable than s> (H,S). In magmatic-
hydrothermal systems under oxidizing conditions, in addi-
tion to 8*, S* (SO, or HSO, and SO?) may also complex
with Au and influence Au transport. Because SO, is
“harder” than H,S at high temperatures, it is more likely to
bind with Au (Pokrovski et al., 2009). However, there is no
direct evidence (e.g., XANES) to support the existence of
Au-S* complexes (von der Heyden, 2020). It should be
noted that CO, is common in fluid inclusions in Au deposits.
It is generally believed that this CO, does not directly bind
with Au to form complexes, but may control fluid pH and
induce fluid exsolution (Pokrovski et al., 2013; Bodnar et
al.,, 2014). In summary, the behavior of Au in fluids is
dominated by volatiles (particularly Cl and S), and the Au
complexes in fluids vary under different temperature, pres-
sure, fO,, and pH conditions.
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2.2 Solubility of Au in fluids and Au partitioning be-
tween fluid and melt

Fluid inclusions trapped in the shallow crust (<150 MPa,
~6 km) can be divided based on salinity into a low-to-
moderate salinity and low-density vapor phase (H,O+HCI
+H,S+C0,) and a high-salinity and high-density brine phase
(H,0-NaCl+KCl) (Loucks and Mavrogenes, 1999; Pettke et
al., 2012; Pokrovski et al., 2013; Heinrich and Candela,
2014; Audétat, 2019). In the case of coexisting vapor and
brine phases, Au preferentially partitions into the higher
salinity brine phase over the vapor phase (partition coeffi-
cients are listed in Table 2). For example, Simon et al. (2005)
studied the partition coefficients of Au between fluid and
silicate melt (D,,) in a NaCl-KCI-FeCl,-HCI-H,O system at
a temperature of 800°C and pressures of 110-145 MPa, and

obtained D/Zzpor/snllcate melt:8772 and D[l:ﬂne /silicate melt:5671 00.

The Dy®°"™™™¢ increased from 0.21 to 0.72 with increasing
salinity of the vapor phase. However, unlike Cu, the Au
content did not further increase with increasing Cl content in
the fluid. For instance, in the experiments without S but rich
in Cl (NaCl =20-70 wt%) at 150 MPa and 600-800°C, the
solubility of Au in the fluid decreased from several thousand
ppm to a few ppm as the CI content (salinity) increased
(Hanley et al., 2005). In addition to composition, tempera-
ture also affects the solubility of Au in fluids. In an S-free
and Cl-rich hydrothermal fluid, the solubility of Au can in-
crease by one order of magnitude for every 100°C increment
in temperature when the salinity is constant (Hanley et al.,
2005).

Fluids associated with Au deposit formation often contain
S and CI (Seo et al., 2009; Seward et al., 2014), including
HS as an important ligand for complexation with Au.
Loucks and Mavrogenes (1999) found that the solubility of
Au in Cl-bearing fluids increased with increasing fugacity of
H,S by synthesizing fluid inclusions (550-725°C,
100-400 MPa), revealing the complexation of HS with Au.
However, other studies suggest that the enhanced Au content
in fluids with increased S content may be related to S,
(Pokrovski et al., 2015). In contrast, it has also been found
that at 800°C and 120 MPa, S does not affect the partitioning
of Au between low-salinity vapor phases (2 wt% NaCl) and

thyolitic silicate melts, with Dy2Persiicate mli—17.1( 3 for the S-

bearing system and DMYsteatem™i=1517 5 for the S-free
system (Simon et al., 2007). It seems that the role of S in
fluids for Au dissolution and partitioning behavior is much
less than that of Cl (Table 2). It is worth noting that because S
is redox-sensitive, its valence is controlled by fO,. Under
reduced conditions, S occurs as Sz_; under oxidized condi-
tions, S is present as S*, and S; is stable at intermediate fO,.
S*" does not complex with Au, and the experiments with S-
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Table 2 Partition coefficients of Au between fluid and silicate melt”
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Oxygen fugacity

Sulfur fugacity

Starting materials P (GPa) T (°C) (AFMOQ) (log /S,) DA““”"”““““e melt DA"“"e Isilicate melt Reference
2 u u
Haplogranite* 0.1-0.15 800 0.8 - 8-72 56-100 Simon et al., 2005
Haplogranite 0.12 800 0.8 -3 12403 - Simon et al., 2007
Haplogranite* 0.12 800 0.8 - 154£2.5 - Simon et al., 2007

a) *, Cl-bearing and S-free system; **, Cl- and S-bearing system

bearing but low-salinity fluids are basically at fO, of the Ni-
NiO buffer, in which S is present mainly as S*". Thus, the

effect of S, on DM ¥sleate ™! is not well constrained. Fur-

fluid/silicate melt
D Au

thermore, the available is still limited at pres-

sures greater than 0.5 GPa, suggesting that the extraction
efficiency of deep fluids on Au is not clear.

3. Solubility of Au in magma

Ore-forming elements such as Au and Cu, and fluids in
magmatic-hydrothermal deposits usually originate from
mantle-derived mafic magmas (Mungall, 2002; Audétat and
Simon, 2012; Richards, 2015; Zhu et al., 2015; Wang et al.,
2020, 2021). The abundance of Au is 3 ppb(1 ppb=1 pgkg ')
in the crust and 1-2 ppb in mantle source regions (Wang et
al., 2020, 2021). Thus, more than 1000-fold enrichment is
required to reach a grade of 3—30 ppm in Au deposits (Yang
et al., 2003). According to the pMidsiicatemelt entioned in

Section 2.2, the extraction process through magmatic-hy-
drothermal fluid exsolution can only elevate the Au content
by approximately 1-2 orders of magnitude, implying that the
magma needs to be enriched in Au by 1-2 orders of mag-
nitude relative to the mantle source.

As a chalcophile element, Au has low solubility in silicate
minerals and Fe-Ti oxides (less than 0.1 ppm in olivine and
clinopyroxene at 1000°C; approximately 2 ppm in magnetite
at 800°C), and thus Au is primarily stored in sulfides in the
source (Bell et al., 2011; Kiseeva et al., 2017; Simon et al.,
2017; Li et al., 2019). If sulfide is retained in the source
during partial melting or fractional crystallization of the as-
cending magma, it is crucial to enhance the solubility of Au
in the magma to form Au-rich magma and Au deposits.

Numerous high-pressure and high-temperature experi-
mental studies have been conducted in recent years to in-
vestigate the conditions favorable for the generation of Au-
rich magmas (Borisov and Palme, 1996; Frank et al., 2002;
Simon et al., 2005, 2007; Bell et al., 2009, 2011; Botch-
arnikov et al., 2010, 2011; Jégo et al., 2010, 2016; Zajacz et
al., 2010, 2012, 2013; Jégo and Pichavant, 2012; Li and
Audétat, 2013; Liet al., 2019; Brenan et al., 2016; Sullivan et
al., 2018). However, most previous experiments were con-
ducted under upper crustal pressure conditions (<0.4 GPa),

and high-pressure experiments at lower crustal conditions
are limited (see Table 3; previous experimental conditions
and results are summarized). Here, we systematically eval-
uated the effects of temperature, pressure, melt composition,
oxygen fugacity, sulfur fugacity, and volatiles on the dis-
solution of Au in magma, combined with our new experi-
mental results under lower crustal conditions (1.0 GPa and
950°C; see the text section in the Appendix for details of the
experiments, https://link.springer.com).

3.1 Effects of temperature and pressure

The effects of temperature and pressure on the solubility of
Au in magma are limited if the impact of volatiles is ex-
cluded (Zajacz et al., 2013; Brenan et al., 2016). High-
pressure and high-temperature experimental studies have
shown that the solubility of Au in magma increases with
increasing temperature (Figure 1). For example, the solubi-
lity of Au in rhyolitic silicate melts increases by 1-2 orders
of magnitude as the temperature increases from 800°C to
1000°C (Zajacz et al., 2013). Compared to the temperature,
the effect of pressure was much smaller. Previous experi-
mental results demonstrated that the effect of pressure on Au
solubility is almost negligible at pressures ranging from
0.1 MPa to 18 GPa (Brenan et al., 2016). However, magmas
associated with magmatic-hydrothermal deposits are usually
volatile-rich, and temperature and pressure have a significant
influence on the solubility of volatiles in magma. Therefore,
the role of volatiles needs to be considered to understand the
temperature and pressure dependence of the solubility of Au
in magma (see discussion in Section 3.4).

3.2 Effect of silicate melt composition

For a volatile-free system (200 MPa, 1000-1030°C, fO,=
FMQ, FMQ is the fayalite-magnetite-quartz fO, buffer), the
solubility of Au in the magma was found to be very low and
the effect of the silicate melt composition weak, which was
56+12 ppb, 7018 ppb, and 31+7 ppb in basaltic, andesitic,
and dacitic melts, respectively (Zajacz et al., 2013). In ad-
dition, the solubility of Au increased with decreasing degree
of silicate melt polymerization (i.e., higher NBO/T, lower
content of network-forming ions such as Si, Al, and Fe3+) and
decreasing aluminum saturation index (Zajacz et al., 2013).
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Table 3 Summary of experimental conditions and results for the Au solubility in silicate melts”

Oxygen Sulfur . . . .
Starting materials P T (°C) fugacity fugacity HZ(()V;EA)?E:R S(glpﬁilt Cl(\l}\rlltur/no)elt Au(;gnrlr)lelt Reference
(AFMQ)  (log fS,)
Anorthite-diopside latm  1300-1480 4.9-6.2 - dry S-fice  Clfree  313-516 Dorisey and Palme,
Anorthite-diopside latm  1300-1480 —4.2-3.0 - dry S-free Clfree  0.3-11.7 ~ Borisov and Palme,
Haplogranite 0.1 GPa 800 0.8 - 3.5-79 S-free 0.07-0.29 ~1 Frank et al., 2002
Haplogranite 0.1-0.15 GPa 800 0.8 - 5.1-7.7 S-free 0.2 ~0.5 Simon et al., 2005
Haplogranite 0.12 GPa 800 0.8 -3 5.1-6.2 164-189 0.1 0.36-1.1 Simon et al., 2007
Haplogranite 0.12 GPa 800 0.8 - 5.5-6.5 S-free 0.1 1.1-4.7 Simon et al., 2007
Haplogranite 0.15 GPa 800 0.8 -5.16—0.19  7.3-8.5 74-245 0.09~0.21  0.02-0.65 Bell et al., 2009
Basalt to rhyolite 0.2GPa  800-1030 0 -3.03—1.74 5.9-73 115-670 Cl-free 0.064.3 Zajacz et al., 2013
Basalt to rhyolite 0.2 GPa 800-1030 0 - 4.8-7.6 S-free Cl-free  0.02-0.13 Zajacz et al., 2013
Andesite 0.2 GPa 1000 0.2 - 5.5 S-free Cl-free 0.04 Zajacz et al., 2012
Andesite 0.2 GPa 1000 -0.9-2.5 - 5.1-6.8 S-free 0.5~12.3  0.04-0.24  Zajacz et al., 2012
Andesite 0.2 GPa 1000 -0.9-2.5 - 4.6-6.7 67-2019 Cl-free  0.22-1.54 Zajacz et al., 2012
Andesite 0.2 GPa 1000 0.2-4.7 - 4.2-6.6 207-1915 1.8~12.9 0.65-4.57 Zajacz et al., 2012
Andesite 0.2 GPa 1000 04-74 - 4.2-4.7 S-free Cl-free  0.15-3.85  Sullivan et al., 2018
Andesite 0.2 GPa 1000 0.4-7.4 - 4748 S-free 0.4 0.15-9.8 Sullivan et al., 2018
Andesite 0.2 GPa 1000 0.4-2.5 - 4.1-5.1 170-3000 Cl-free  0.31-0.56  Sullivan et al., 2018
Basalt 0.2 GPa 1000 0 - 6.6-7.3 S-free 1.2~1.9 0.1-0.49 Bell et al., 2011
Basalt 0.2 GPa 1000 4 - 6.4-8.1 S-free 1.2~2.1 0.64-4.9 Bell et al., 2011
Andesite to basalt ~ 02GPa 1050 —04-29 —0.69-197 2647 3906020 Clfree 025-7.97 Boichamikovetal,
Rhyodacite to andesite 0.2 GPa 1050 0.8 - 5868 S-fiee  02-10 028-086 Doichamikovetal,
Rhyodacite to andesite 0.2 GPa 1050 0.8 - 2566 20410  Clfiec 024247 BDowchamikovetal.
Dacite to diorite 0.4 GPa 1000-1090 -1-3.2 - 4.1-9.2 S-free Cl-free  0.03-0.24 Jégo et al., 2010
Dacite to diorite 0.4 GPa  995-1090 -0.4 - 5.9-8.0 548-957 Cl-free 1.2-43 Jégo et al., 2010
Dacite to diorite 04GPa  995-1000 —0.6-4.1 376316 3480 2562422  Clfice 025-5.16 ¢80 and Pichavant,
Dacite to diorite 0.9-1.4 GPa 950-1000 0-0.8 - 5.4-11.7 S-free Cl-free  0.07-0.23 Jégo et al., 2016
Dacite to diorite 0.9-1.4 GPa 975-1000 0-0.8 0.55-3.84 8.2-14.8 261-3865 Cl-free 0.3-47 Jégo et al., 2016
Rhyolite to andesite  0.5-3.0 GPa 950-1040 -1.7-2.7 -2.17-2.08 0-12.3 48-5536 Cl-free 0.01-11 Li et al.,, 2019

a) The solubility of Au in the alloy was obtained in Zajacz et al. (2012, 2013) (0.99 and 0.98 for Au activity, respectively), which is similar to the solubility

of pure Au

It should be noted that ore-forming magmas associated with
Au deposits are usually alkali-rich (Na and K) (Mungall,
2002; Yang et al., 2003; Richards, 2015). Although the si-
licate melts in our experiments contained up to 13—16 wt%
K, the solubility of Au in the melts was not significantly
higher than that of the basaltic to rhyolitic melt compositions
in previous experiments. This suggests that the silicate melt
composition itself has limited influence, i.e., whether or not
the magma is alkali-rich, does not directly affect the solu-
bility of Au and the ability of the magma to transport Au.
This implies that the correlation between K-rich and Au-rich
magmas may not be directly related to the alkali content, but
is more likely due to the generation of alkali-rich magmas

being influenced by the degree of partial melting and volatile
content of the source, which control the Au content in
magma. Therefore, during the formation of magmatic-hy-
drothermal deposits, the changes in temperature, pressure,
and melt composition through magma evolution have a
greater influence on the solubility of volatiles in magma and
less on the solubility of Au.

3.3 Effect of oxygen fugacity

It is believed that Au is predominantly present as Au'"in
magma and can be dissolved in magma as oxide (AuQ,s)
(Brenan et al., 2016; Sullivan et al., 2018):
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Figure 1 Solubility of Au in volatile-free silicate melts as a function of
oxygen fugacity and temperature. Without volatiles, Au is present as
AuOy 5 in silicate melts. Therefore, the solubility of Au is higher at elevated
oxygen fugacities at the same temperature. Under similar redox conditions,
the solubility of Au in silicate melts increases with increasing temperature.
Details on the experimental conditions are listed in Table 3.

Au(metal)+0.250 ,(gas)=AuO , ;(melt), (D)

Reaction (1) shows that an increase in fO, will increase the
AuQy 5 content in the silicate melt. In the absence of volatiles
such as S and Cl, and at constant temperature and pressure,
the solubility of Au in magma increases with increasing fO,
as long as the fO, is above FMQ—4 (Figure 1). The solubility
of Au in volatile-free basaltic melts was found to increase
from 1.4 to 11 ppm with fO, increasing from FMQ-2 to
FMQ+2 at ambient pressure and 1480°C (Borisov and
Palme, 1996). Similarly, with fO, increasing from ~FMQ to
FMQ+7 at 200 MPa and 1000°C, the solubility of Au in
hydrous andesitic melts (S- and Cl-free) increased from 0.1
to 3.8 ppm (Sullivan et al., 2018). For ore-forming magma,
owing to the relatively low solubility of AuQy s, it is unlikely
that massive amounts of Au were transported in the form of
oxides, but rather as complexes with ligand anions provided
by volatiles.

3.4 Effect of volatiles

As shown in Table 3, the addition of volatiles enhances the
solubility of Au in magmas at similar temperatures, pres-
sures, melt compositions, and fO,. Volatiles contained in the
ore-forming magmas include H,O, S, CO,, fluorine, and CI
(Audétat and Lowenstern, 2014). Similar to the behavior of
Au in fluids, the solubility of Au in magma is essentially
influenced by Cl and S (Botcharnikov et al., 2010; Zajacz et
al., 2010, 2012, 2013; Sullivan et al., 2018):

Au(metal)+1/xMeCl, (melt)+0.250 ,(gas)

2
=AuCl(melt)+1/xMeO, ,(melt), @

Sci China Earth Sci

September (2021) Vol.64 No.g9

Au(metal)+FeS(melt)+NaO  ;(melt)+0.250,(gas)

3
=AuSNa(melt)+FeO(melt), 3

Au(metal)+FeS(melt)+H ,O(melt)

4
=AuHS(melt)+FeO(melt)+0.5H ,(gas), “)

where Me is a network modifier metal in the silicate melt,
and Na can also be replaced by K in reaction (3).

In the experiments containing Cl but no S, Au can be
dissolved in AuCl in addition to AuQ,; (reaction (2)); as
shown in Table 3 and Figure 2, the addition of CI can en-
hance the solubility of Au. A previous study has shown that
the solubility of Au can be increased by 1 to 2 times when
approximately 0.4 wt% Cl is added to the starting materials
(Sullivan et al., 2018). However, we added 10-20 wt% NaCl
to four of our experiments, and the results showed that NaCl
did not significantly increase the solubility of Au (Appendix
Table S1), indicating that the complexation of Au with Cl in
magma is limited and much less than the effect of S.

Compared with Cl, S can substantially increase the solu-
bility of Au in magma (Table 3 and Figure 2). Therefore,
among recent high-pressure and high-temperature experi-
mental studies, a large number focused on the effect of S on
Au solubility in magma (Botcharnikov et al., 2010, 2011;
Jégo et al., 2010, 2016; Zajacz et al., 2010, 2012, 2013; Jégo
and Pichavant, 2012; Li and Audétat, 2013; Li et al., 2019;
Sullivan et al., 2018). The experimental results showed that
the Au solubility increased with increasing reduced S species
in the silicate melts, but the trends were different for different
redox conditions (Figure 3):

(1) Under reduced conditions (fO,<~FMQ), all S in the
silicate melts is in the form of reduced S species (827 and
HS ) (Jugo et al., 2010; Matjuschkin et al., 2016; Nash et al.,
2019). Although the S solubility was found to be low in
silicate melts, the Au content increased with increasing S
content, indicating complexation of reduced S species with
Au (reactions (3) and (4)).

(2) Under intermediate oxidized conditions (fO,=~FMQ
+2), the S solubility is much higher than that under reduced
conditions, but the Au content does not simultaneously in-
crease equally, indicating that the elevated S content of si-
licate melts under such redox conditions can be attributed to
S*, which does not bind with Au. In our experiments under
intermediate oxidized conditions, sulfide remained stable,
indicating that S* and S*" coexist in the melts. Therefore, the
existence of S; in silicate melts could be ruled out because no
substantial increase in Au solubility was observed.

(3) Under highly oxidized conditions (fO,=~FMQ+4.4), in
silicate melts sulfide is not stable, whereas sulfate is. Under
such conditions, the S content of silicate melts is high, but the
Au solubility is very low, consistent with the Au solubility in
previous S-free experiments, indicating that all S in silicate
melts occurs as S° and Au as AuQ 5 dissolved in the melts
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Figure 2 Solubility of Au in silicate melts as a function of oxygen fu-
gacity and Cl and S content. The experiments were performed at 1000°C
and 0.2 GPa (see Table 3 for more details on the experimental conditions).
The addition of Cl and S increases the solubility of Au compared with that
of the volatile-free experiments. Under reduced conditions (<FMQ+1), the
addition of reduced S species is more efficient than Cl in increasing the
solubility of Au in silicate melts. Under oxidized conditions (~FMQ+3), the
addition of oxidized S species does not increase the solubility of Au, in-
dicating that Au occurs only as AuO, s or AuCl at high oxygen fugacities.
Experimental data Z2013: Zajacz et al. (2013); S2018: Sullivan et al.
(2018); B2011: Bell et al. (2011).

(reaction (1)).

Previous experiments suggested that the solubility of Au in
silicate melts may be controlled by fS,, fH,S, and fO,
(Botcharnikov et al., 2011; Jégo and Pichavant, 2012; Jégo et
al., 2016). In fact, the roles of fO, and /S, can be explained by
the reduced S species content in the silicate melt. The amount
of reduced S species in silicate melts is controlled by /S, and
fO, and the FeO content of the melt, as shown in the fol-
lowing reaction (Smythe et al., 2017):

O* (melt)+0.5S ,(gas)=S* (melt)+0.50 ,(gas), (5)

The reduced S species content in silicate melts is positively
correlated with fS,/fO,, suggesting that the solubility of Au
may be directly controlled by the content of reduced S (Li et
al., 2019). In contrast, the content of reduced S decreased
with increasing fS,/fO, in our experiments under reduced
conditions (Appendix Figure S1). This was because the
sulfide solubility of the Fe-poor silicate melts can be ex-
plained by the following reaction (Baker and Moretti, 2011):

4FeS(sulfide)+20* (melt)+O,

6)
=28 (melt)+S ,+4FeO(melt). (

As shown in Appendix Figure S1, the S content gradually
deviated from the trend line as the FeO content of the silicate
melt increased in our H,O-rich experiments, suggesting a
shift in the S dissolution mechanism from reaction (6) to
reaction (5). However, regardless of the FeO content of the
melts, or even whether the sulfide is saturated, the Au con-
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Figure 3 Solubility of Au in silicate melt as a function of S content.
Because the solubility of Au in silicate melts is controlled by the reduced S
species content (green dots), the solubility of Au in the S-bearing experi-
ments is significantly higher than that in the S-free experiments. When s>
and S° coexist, the S content of silicate melts is higher compared to that
when only S* occurs, but the solubility of Au is not enhanced simulta-
neously (blue square), indicating that there is no intermediate valence S that
binds with Au in silicate melts (such as S,). When S* is the only S species
in silicate melts (e.g., orange diamond), Au is dissolved only as AuOys,
which is consistent with the solubility of Au in previous S-free experi-
ments. The trend lines in the figure are used to guide the eyes. The ex-
perimental data in this study are from Appendix Table S1 (1.0 GPa, 950°C)
and the previous experimental data are from Botcharnikov et al. (2011);
Jégo and Pichavant (2012); Jégo et al. (2010, 2016); Li et al. (2019); and
Zajacz et al. (2013). Previous experiments were conducted in the pressure
range of 0.2 to 3.0 GPa and temperature range of 800 to 1090°C, but mostly
between 950 to 1050°C (Table 3). Since the valence state of S is tem-
perature and pressure dependent, the previous reducing and oxidizing runs
in the figure refer to the experiments with only S* and S* present, re-
spectively, while the intermediate fO, runs refer to the experiments with
coexisting S* and S*'. The compositions of the silicate melts in previous
experiments range from basaltic to rhyolitic.

tent in the silicate melts increased with increasing S content
(Figure 3), indicating that the solubility of Au is directly
controlled by the content of the reduced S species in silicate
melts instead of /S, or fO,, which are only two of the factors
influencing the S solubility. Therefore, we can infer that the
conditions favorable for an increase in the content of the
reduced S species in magma are favorable for the generation
of Au-rich magma.

4. Generation of Au-rich magma and implica-
tions for the genesis of decratonic Au deposits in
the North China Craton

4.1 Metallogenic model of decratonic Au deposits in
the North China Craton

Gold deposits in the Liaodong and Jiaodong regions of the
North China Craton are the most important Au deposits in
China, with reserves of more than 4000-5000 tons (Yang et
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al., 2003; Goldfarb and Santosh, 2014; Zhu et al., 2015;
Groves and Santosh, 2016). Although the deposits are hosted
in the margin of the ancient craton, they were mostly formed
during the Early Cretaceous (130-120 Ma), suggesting that
their genesis may not be related to orogenesis during crato-
nization. The age of Au mineralization coincides with the
peak of the North China Craton destruction, and thus these
deposits are considered to be “decratonic Au deposits” as-
sociated with magmatic-hydrothermal fluids (Zhu et al.,
2015). Recent research suggests that the Au and volatiles of
the decratonic Au deposits in the North China Craton may
have been mainly derived from fertile mantle (Wang et al.,
2020, 2021). At approximately 130-120 Ma, the North
China Craton was affected by the subduction of the western
paleo-Pacific plate and dehydration of the stagnant slab in
the mantle transition zone, which led to the destruction and
thinning of the craton and induced partial melting of the
fertile mantle to produce Au-rich basalts (Zhu et al., 2012,
2015; Wang et al.,, 2020). These magmas ascended and
evolved into intermediate to felsic magmas, eventually sa-
turated with Au-rich fluids, and precipitated at shallow mi-
neralization sites (Sun et al., 2007; Fan et al., 2011; Li et al.,
2012a, 2012b; Zhu et al., 2015; Zheng et al., 2019). There-
fore, revealing the physicochemical conditions that enhance
the Au content in magmas allows us to better understand the
genesis of decratonic Au deposits.

4.2 Moderately oxidized conditions favor the transport
of Au and S

The ore-forming elements and fluids of decratonic Au de-
posits originated from mantle-derived magmas (Zhu et al.,
2015). Because mantle sulfides are the major Au-bearing
minerals, it is believed that high fO, conditions are necessary
to convert sulfides to Au-free sulfates in order to completely
destroy the sulfides and release Au (e.g., Mungall, 2002). In
fact, it is difficult to completely consume sulfide in this case.
Recent experiments have demonstrated that increasing
pressure and decreasing temperature can stabilize sulfides at
higher fO, (Matjuschkin et al., 2016; Nash et al., 2019),
suggesting that complete sulfide conversion to sulfate is
unlikely under lower crustal conditions, even if the fO, of
magma exceeds FMQ+3. The subduction zone is considered
an oxidized environment, and the fO, of primitive arc basalt
ranges from FMQ+0.5 to FMQ+2, and locally up to or above
FMQ+3 (Frost and McCammon, 2008; Richards, 2015;
Wang et al., 2019, 2020). Thus, it is difficult to exceed FMQ
+3 in the source of decratonic Au deposits. On the other
hand, the amount of garnet increases with depth in the thick
cratonic lithosphere (although the lithospheric thickness of
the decratonic Au deposits in the North China Craton has
been thinned, it remains 50-70 km in Jiaodong), and the
increase in garnet will reduce the fO, (Wood et al., 2013).
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Therefore, magmatism in the source of decratonic Au de-
posits may not completely exhaust the sulfides.

Considering that sulfide is the major host of Au, if it is
saturated during magmatic processes, it may play a role in
Au pre-enrichment, which would have a positive impact on
subsequent mineralization processes (Botcharnikov et al.,
2011; Audétat and Simon, 2012; Xiong et al., 2020). Recent
studies have shown that as the solubility of Au in magma
increases, the partition coefficient between sulfide (mono-
sulfide solid solution, MSS) and magma decreases, to as low
as 10 (Li et al., 2019). This means that a small amount of
residual sulfide in the source or during magmatic processes
does not necessarily result in depletion of Au in the magma.
The key to the formation of Au-rich magma is to form a
reduced S species-rich magma if sulfides are present.

In general, excessively high or low fO, hinder the forma-
tion of Au-rich magma during partial melting of the mantle
or fractional crystallization of basalts in the source. All
sulfides (Szf) will be converted to sulfates (S6+) under highly
oxidized conditions, which in turn results in very low Au
solubility in the magma (Figure 3), making it difficult to
provide adequate Au for subsequent exsolved fluids. On the
other hand, the amount of reduced S decreases with fO,, and
the Au content in the magma decreases under very reduced
conditions (reaction (3)). Moreover, low fO, suppresses the
presence of intermediate valence S or the subsequent ex-
solution of S-rich fluid, which greatly enhances the ability
of fluids to extract Au from the magma (Pokrovski et al.,
2013). Therefore, moderately oxidized conditions favor Au
migration from the mantle source region to the upper crust
for mineralization. In addition, the formation of large Au
deposits requires not only massive amounts of Au but also
substantial S (Li et al., 2012a). Moderately oxidized condi-
tions promote the coexistence of S*" and S* in the magma,
which not only maintains the transport capacity of Au (no
reduction in S* content), but also increases the transport
capacity of S (higher solubility of S* in the magma). As
shown in Figure 3, maximizing the solubility of Au and S in
the magma at the same time under moderately oxidized
conditions is favorable.

The age of the decratonic Au deposits in the North China
Craton coincides with the thinning stage of the North China
Craton destruction. Craton thinning is controlled by dehy-
dration of the stagnant slab in the mantle transition zone (Zhu
et al., 2012; Xu et al., 2018). The engagement of these deep
melts and fluids and the thinning of the North China Craton
both elevate the fO, in the source region. Because the content
of reduced S increases with increasing temperature and de-
creasing pressure (Smythe et al., 2017), the strong exten-
sional tectonic setting of the Early Cretaceous North China
Craton may have provided favorable conditions for the rapid
ascent of mantle-derived melts and fluids, facilitating the
transport of Au and S.
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4.3 High-pressure and H,O-rich conditions favor Au
and S transport

Recent S solubility experiments suggest that increasing the
H,O content of magma can increase both sulfide and sulfate
solubility (Fortin et al., 2015; Zajacz and Tsay, 2019; Liu et
al., 2021; Liu X et al., 2020). The formation of H,O-rich
magmas requires H,O-rich sources and high pressure (H,O
solubility in magma is generally controlled by pressure;
Keppler, 2013). Both conditions are well met for the source
of decratonic Au deposits in the North China Craton, as the
dehydration of the western paleo-Pacific stagnant plate in the
mantle transition zone can provide large amounts of H,O
(Liu et al., 2018, 2019). Furthermore, the thinned craton can
provide over 1.5 GPa pressure (50 km thickness, Xiong et
al., 2011), which promotes the generation of H,O-rich
magmas.

Pressure affects not only the solubility of H,O in the
magma, but also the transport of Au and S. Under high-

pressure conditions, the sulfide is MSS, which has a lower

Diuifde/mem than liquid sulfide, implying that sulfide residues

in the source may not result in depletion of Au in magmas (Li
et al., 2019). As the pressure increases, the partition coeffi-
cient of S between the fluid and melt decreases from several
hundred to less than 10 (Binder et al., 2018; Colin et al.,
2020), indicating that the partition coefficient may decrease
to 1 when the pressure increases to a certain level, at which
point the H,O-rich magma may have a similar capacity to
transport S as the fluid. It is also possible to form super-
critical fluids at high pressures (Ni et al., 2017; Ni, 2020;
Xiong et al., 2020). Considering the stability of S in fluids,
supercritical fluids will probably have very high solubility of
Au and S and excellent migration ability. However, studies
on the formation conditions and geochemical properties of
supercritical fluids are still scarce, especially on in situ high-
pressure experiments.

In summary, Au-rich mantle-derived magmas may have
the following features: (1) moderately oxidized (~FMQ+2 or
an fO, range of sulfide and sulfate coexistence), which can
increase the solubility of S and Au simultaneously; (2) H,O-
rich, which increases the S solubility and also provides a
large quantity of H,O for subsequent fluid exsolution. In
addition, if the initial magma is highly hydrous, it is possible
that the evolved magma will reach fluid saturation in the

fluid/silicate melt
D Au

lower crust. Considering the high and

D Juidisiicatemelt ' thege exsolved fluids will directly extract and

transport large amounts of Au and S. It should be noted that
the formation of Au deposits, especially large and giant Au
deposits, involves numerous complex processes that are af-
fected by many factors and may require various favorable
conditions, including favorable tectonic settings and the
formation and smooth migration and precipitation of ore-
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forming element-rich melts and fluids (Richards, 2013). In
this paper, we constrain the physicochemical conditions fa-
vorable for the generation and migration of Au-rich magma
during the ore formation of decratonic Au deposits in the
North China Craton only in terms of Au solubility and melt
and fluid partitioning experiments. Our model has yet to be
verified by future investigations based on natural samples.

5. Conclusions and outlook

In this paper, we reviewed the valence and species of Au, the
fluid/melt partitioning of Au, the solubility of Au in magma,
and the controlling factors of magma-hydrothermal Au de-
posit formation:

(1) The contents of Au in mantle-derived basalts and in-
termediate to felsic magmas derived from subsequent frac-
tional crystallization processes are controlled by the content
of reduced S species (S and HS") in the magma.

(2) If the source region is moderately oxidized (fO,=~
FMQ+2), it will be more favorable for transporting Au and S.
On the one hand, intermediate fO, promotes the solubility of
reduced S species, which enhances the solubility of Au. On
the other hand, intermediate fO, favors the stability of in-
termediate valence S (e.g., S;) and s S, facilitates efficient
extraction of Au from magma during fluid exsolution, and
S* the transport of large amounts of S required for miner-
alization.

(3) The formation of H,O-rich magma further increases the
S solubility of the magma, thus increasing the ability of the
magma to transport Au. The formation of H,O-rich magma
also provides adequate H,O for fluid exsolution at an early
stage. The fluid exsolution further enriches S and Au in the
magma.

(4) During fluid evolution, Au mainly binds with S, or HS
during migration at the high-temperature stage, and AuCl, is
probably the major complexation as the temperature de-
creases.

Although we summarize the physicochemical conditions
favorable for Au enrichment and migration during the for-
mation of magmatic-hydrothermal deposits, many deep
processes are still unclear regarding the transport of large
amounts of Au in the North China Craton, and relevant high-
pressure and high-temperature experiments are still rela-
tively lacking. We suggest that future research should focus
on: (1) the formation conditions of supercritical fluids and
their effects on Au and S transport; (2) whether fluids can be
saturated under high-pressure conditions (such as lower
crustal conditions) and their roles, and (3) the partition
coefficients of Au and S between fluids and silicate melts
and sulfides under various redox conditions and the effects of
volatiles under high-pressure conditions.
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