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ARTICLE INFO ABSTRACT

Keywords: The discovery, using short wavelength infrared radiation (SWIR), that some low-sulfidation epithermal gold
Gold solubility and speciation deposits are associated with hydrothermal alteration involving ammonium minerals, particularly buddingtonite
Ammonium

((NH4)AISi30g), has led to the suggestion that the gold may have been transported as a complex involving
ammonia (NHs). The speciation of gold in ammonia-rich solutions, however, has received little attention from
experimentalists and, consequently, it is not known whether gold forms stable complexes with NH3 and whether
such species could contribute significantly to the transport of gold in epithermal ore-forming systems. To resolve
this issue, we have conducted experiments to investigate the speciation and solubility of gold in ammonia-
bearing solutions at temperatures of 225 and 250 °C under vapour-saturated water pressure with oxygen
fugacity buffered by the assemblage magnetite-hematite. Based on the results of these experiments, gold does
form stable species with ammonia at elevated temperature. The gold is interpreted to have been dissolved
predominantly as Au(NH3)OH? in solutions with a NH3 concentration of 0.005 ~ 0.49 m and a pH(T) of 3.29 ~
7.47. This species formed via the reaction, Au (5) + NH3 (aq) + H20 = Au(NH3)OH,q) + 1/2 H3 (5) The logarithms
of the equilibrium constant for this reaction are —8.95 + 0.84 and —7.71 + 0.85 for 225 and 250 °C, respec-
tively. In order to determine whether this species is important for the transport of gold in epithermal systems, we
modeled the speciation of gold in a fluid at conditions typical of those epithermal gold depositing fluids. This
modeling shows that the solubility of gold as AuHS® and Au(HS)3 is much higher than that as Au(NH3)OH0
except in alkaline ammonia-bearing fluids. The association of gold mineralization with hydrothermal alteration
involving the formation of ammonium-bearing minerals in the deposits is therefore probably unrelated to the
transport of gold as a Au-NH3 complex but simply reflects the high concentration of NHj in the ore-forming fluid.

Hydrothermal systems
Gold mineralization

1. Introduction

Numerous studies have shown that low-sulfidation epithermal Au
deposits form as a result of the boiling, at relatively low temperature
(150-300 °C), of low salinity aqueous liquids having intermediate pH
and relatively low oxygen fugactity (White and Hedenquist, 1995;
Hedenquist et al., 2000; John et al., 2003; Simmons et al., 2005 and
references therein). As a result of the low oxygen fugacity, sulfur is
present in the liquid dominantly as HS’, which forms strong complexes
with gold (Shenberger and Barnes, 1989; Loucks and Mavrogenes, 1999;
Williams-Jones et al., 2009; Williams-Jones and Migdisov, 2014; Hu
et al., 2022). This has led to the conclusion that the gold is transported as
the species Au(HS)3 prior to boiling, and during boiling is deposited due
to the loss of HyS to the vapor and the resulting destabilization of this

species (Clark and Williams-Jones, 1990; Williams-Jones et al., 2009).
Significantly, stable isotope (S, C, O, and H) studies indicate that the ore-
forming fluids are dominated by meteoric water and that, in some cases,
this water has interacted extensively with organic matter (Simmons
et al., 2005; Hayashi et al., 2001; John et al., 2003; Benavente et al.,
2013). This explains why some geothermal waters (considered to be
analogues of the ore fluids for low sulfidation epithermal deposits)
contain elevated concentrations of NH (up to ~0.1 m)(Valentino et al.,
1999; Holloway et al., 2011; Pirajno, 2020). It may also explain why, in
some low sulfidation epithermal deposits, the ammonium feldspar,
buddingtonite [(NH4)AISi3Og], and the ammonium mica, tobelite
[(NH4,K)Alx(Si3Al)O109(OH)2] replaces adularia and illite (or muscovite)
as the dominant alteration minerals (Erd et al., 1964; Browne, 1978;
Ridgway et al., 1990; Ridgway et al., 1991; Krohn et al., 1993; Hovis
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Fig. 1. A schematic diagram showing the experimental set-up employed in
this study.

et al., 2004; Harlap, 2008; Soechting et al., 2008; Canet et al., 2015;
Simpson and Christie, 2019).

The association of ammonium-bearing alteration minerals with low-
sulfidation epithermal Au mineralization raises the question of whether
the gold could have been transported as ammonia-bearing aqueous
complexes. Indeed, such transport is predicted by the theoretical cal-
culations of Wood et al. (1992) and was proposed by Harlap (2008) for a
low sulfidation epithermal Au deposit with associated buddingtonite-
tobelite alteration. The calculations of Wood et al. (1992), which
involved isocoulombic extrapolations to 300 °C of potentiometric data
collected at 25 °C (Skibsted and Bjerrum (1974), showed that the sol-
ubility of Au is relatively high (ppb to ppm levels) in NHs-bearing
aqueous fluids and reaches a maximum at the NH3-NHZ{-Nj, triple point
as the species Au(NH3)3. Support for the notion that Au(NHz)3 is the
dominant species in aqueous-ammonia solutions was subsequently
provided in an extended X-ray adsorption fine structure (EXAFS) study
by Nilsson et al. (2006), albeit for ambient temperature. However,
recent studies using in situ X-ray absorption spectroscopy (XAS) at
elevated temperature and ab initio molecular dynamics (MD) simula-
tions have concluded that Au-NH3 species are not important in trans-
porting gold in ore-forming fluids because of the large competitive
advantage of the bisulfide ligand in gold complexation (Liu et al., 2014;
Mei et al., 2020). On the other hand, the simulations of Mei et al. (2020)
show that the mixed ligand species [AU(NHg)(OH)]O could play a role in
transporting gold in sulfur-poor hydrothermal fluids.

The purpose of this paper is to report the results of an experimental
study of the solubility and speciation of gold in the system NH4Cl-NaCl-
NaOH-H;0 at temperatures up to 250 °C and near neutral to alkaline pH,
and assess the potential importance of ammonia to the formation of
hydrothermal gold deposits. The results of these experiments show that
Au(NH3)OH? is the dominant species at the conditions investigated,
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supporting the results of the ab initio calculations reported by Mei et al.
(2020). Based on the thermodynamic properties for Au(NHg)OHO,
retrieved from our experiments, we model the solubility of gold in an
NHs- and HjS-bearing hydrothermal fluids and show how gold is likely
transported in ammonia-rich epithermal ore-forming fluids.

2. Methods
2.1. Experiments

The experimental equipment and methods employed in this study are
the same as those used in previous studies at McGill University (e.g.,
Migdisov and Williams-Jones, 2007; Wang et al., 2019). The experi-
ments were carried out in batch-type titanium grade 2 autoclaves
(Fig. 1) and heated in a Fisher Isotemp oven equipped with a stainless-
steel box to reduce thermal gradients. Prior to each experiment, the
autoclaves were cleaned by filling them with 50 wt% aqua regia (HNO3:
HCI, 1:3 v/v trace metal grade) for 24 h, and finally with nano-pure
water. This treatment ensured that no gold from previous experiments
remained on the walls of the autoclaves.

The solubility of gold wire was investigated in 0.5 m NaCl aqueous
solutions of variable NH3 concentration and pH at temperatures of 250
and 225 °C, and vapor-saturated water pressure. The NH3-bearing so-
lutions were prepared by adding NH4Cl solid to produce concentrations
ranging from 0.005 mol/kg to 0.50 mol/kg and the pH(25 °C) of the
solutions was made to vary between 5.98 and 10.98 by the addition of
NaOH. The concentrations of NHz and NH4 and the pH values of the
solutions were controlled by the following reaction:

NH} + OH = NH;, + H,O @

Log K\ = logaNHs ., — logaNH; — logaOH"~

Then, the activity of ammonia in the solutions can be calculated
using the equation:

LogaNH;,, = logaNH, + pH — log K, + log K, 2

where log Ky, is the logarithms of the equilibrium constant of water.

Thus, the ratio between NHi and NHY is mainly dependent on the pH
of the solutions. As the predominance boundary between NH; and NH
is ~5 at 225-250 °C (calculated using the unitherm program of the HCh
software package; Shvarov, 2008), the pH of the solutions was >5 at the
conditions of the experiments and the dominant nitrogen species was
NHY. All the experimental solutions and NH4Cl standards were newly
prepared before each experiment. The solid reactant (gold wire; Alfa
Aesar 99.999 % purity) was introduced into a small Teflon holder (~3.5
cm long). Oxygen fugacity was buffered by the assemblage magnetite-
hematite, which was introduced as Fe3O4 (black powder; Alfa Aesar,
97 % purity) and FepO3 (Red powder; Alfa Aesar, 99 % purity) into a
long Teflon holder (~11 cm; Fig. 1). At the beginning of each experi-
ment, the two Teflon holders were placed in an autoclave and 20 ml of
ammonia-bearing NaCl solution was added to them. At the conditions of
the experiments, this amount was predicted to cover the holder con-
taining the gold wire but not that containing the buffer (Fig. 1). Sets of
experiments were also conducted with solutions containing variable
concentrations of NaCl but no NHs; the pH(25 °C) of these solutions was
in the range 3 to 8 and was controlled by the addition of HCI or NaOH.
These experiments were carried out using the same set-up at the same
temperature and oxygen fugactiy as the experiments with NHs.

The experiments were conducted for a duration of 25 days, which is
significantly longer than the time required to produce a steady state
concentration, based on the results of previous sets of kinetic experi-
ments measuring metal solubility (commonly < 10 days; Shenberger
and Barnes, 1989; Gibert et al., 1998; Loucks and Mavrogenes, 1999;
Stefansson and Seward, 2004). At the end of each set of experiments, the
autoclaves (three in the same oven) were removed from the oven and
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Table 1

Compositions of quenched experimental solutions from experiments. The values of pH (T), aNHj3 54 (T), and aNHj (T) were calculated for the temperatures of interest.
T Q) NaCl (m) NH,4CI (m) Au (ppb) NaOH (m) HCl (m) PH (25 °C) pH (T) aNHj o (T) aNH; (T)
250 0.5 0.0109 0.79 0.0000646 7.18 4.01 0.00032 0.0050
250 0.5 0.00470 1.11 0.000883 8.76 4.90 0.00090 0.0018
250 0.5 0.0107 2.12 0.00418 9.20 5.32 0.0041 0.0031
250 0.5 0.0812 5.91 0.0570 9.77 5.89 0.056 0.011
250 0.5 0.0549 5.74 0.0366 9.70 5.82 0.036 0.0086
250 0.5 0.194 129 0.146 9.89 6.02 0.14 0.022
250 0.5 0.409 13.6 0.305 9.88 6.02 0.29 0.044
250 0.5 0.499 14.8 0.376 9.89 6.05 0.36 0.051
250 0.5 0.303 5.34 0.137 9.32 5.46 0.13 0.072
250 0.5 0.266 2.63 0.0425 8.69 4.83 0.041 0.10
250 0.5 0.337 1.0 0.000122 5.98 3.29 0.0018 0.14
250 0.5 0.392 12.3 0.286 9.84 5.98 0.28 0.045
250 0.5 0.401 11.0 0.295 9.85 6.00 0.28 0.045
250 0.525 0.66 5.68
250 0.55 0.59 5.68
250 0.575 0.49 5.67
250 0.7 0.69 5.65
250 0.8 0.63 5.63
250 0.8 0.64 5.63
250 0.5 0.12 0.000514 3.48 3.71
250 0.5 0.34 0.000922 3.22 3.46
250 0.5 0.32 0.000525 3.47 3.70
250 0.5 0.52 0.0000029 5.73 5.51
225 0.5 0.488 1.15 0.391 10.01 6.41 0.37 0.045
225 0.5 0.422 3.06 0.352 10.11 6.51 0.34 0.032
225 0.5 0.348 1.87 0.288 10.09 6.48 0.28 0.028
225 0.5 0.218 2.48 0.214 10.98 7.47 0.21 0.0022
225 0.5 0.285 0.77 0.168 9.56 5.95 0.16 0.056
225 0.5 0.409 1.05 0.339 10.09 6.48 0.32 0.033
225 0.5 0.397 1.55 0.326 10.07 6.46 0.31 0.033
225 0.5 0.060 0.35 0.047 9.96 6.33 0.046 0.0066
225 0.5 0.0415 0.37 0.0327 9.96 6.34 0.032 0.0045
225 0.5 0.0103 0.23 0.0050 9.38 5.76 0.0049 0.0027
225 0.5 0.08 0.000273 3.75 3.92
225 0.6 0.09 0.000350 3.65 3.83
225 0.7 0.23 0.0000610 4.42 4.60
225 0.8 0.31 0.00000498 5.51 5.43
225 0.9 0.23 0.00000480 5.43 5.41
225 0.5 0.03 0.0000105 5.17 5.24
225 0.5 0.02 0.00000400 5.59 5.45
225 0.5 0.03 0.00000062 7.60 5.62
225 0.5 0.04 0.00000530 5.46 5.40
225 0.5 0.13 0.000143 4.03 4.20
225 0.5 0.37 0.0000204 4.88 5.02

quenched to ambient temperature in less than 15 min. The long Teflon
holders containing the oxygen buffer and the gold wire were then
removed from the autoclaves; the small holders were left in the auto-
claves. A 1 ml aliquot of solution was taken from each autoclave for the
determination of pH, which was carried out in less than 5 min. This was
followed by the removal of a 1 ml aliquot of solution, which was
introduced into a test tube containing 0.1 ml HCl (~36.5 wt%, trace
metal grade) for analysis of the ammonia concentration, which was
carried out less than 2 h after the completion of the experiments; the
acidification was necessary to ensure that all the NH3 was converted to
NHjZ; NH;3 is highly volatile, particularly at high pH. Next, 6 ml of
concentrated trace metal grade aqua regia was to the autoclaves to
dissolve any gold that had precipitated on the walls during quenching.
After 30 min, the mixed solution was removed from the autoclaves for
analysis of their gold content. The pH and ammonia concentration were
measured using an accuTupH ™ Rugged Bulb Combination pH Electrode
and Thermo Scientific™ Orion™ High-Performance Ammonia Elec-
trode, respectively. Prior to the ammonia analyses, 0.3 ml of blue Ionic
Strength Adjuster (ISA, ThermoFisher), which provides a constant
background ionic strength and adjusts the solution pH to an alkaline
value, was added to each experimental and standard solution to ensure
that all the dissolved NH3 and NHj was converted to NH3 gas for
analysis. Ammonia standards with NH3 concentrations of 0.001, 0.01,
0.1, and 0.5 mol/kg were prepared from a NH4Cl stock solution. The pH

standards have pH values ranging from 5 to 13 and were prepared from a
0.5 m NaCl solution by adding to it appropriate amounts of NaOH or HCl
solution. The concentration of NaOH or HCI in these standards was
measured by titration. The resulting pH values were corrected to the
corresponding pH values for the temperatures of the experiments using
the HCh software package (Shvarov, 2008). Gold concentrations were
analyzed using Inductively Coupled Plasma Mass Spectrometry after 25
times dilution of the experimental solution using a 2 wt% HCI solution.
X-ray diffraction analysis confirmed that the buffer solids were both
present after the experiments.

2.2. Data optimization

The dissolved gold species were identified from the slope of the
logarithm of the molality of gold with respect to those of the ligands in
the various experiments. Thermodynamic properties for these species
and the standard Gibbs free energy of formation, AG°¢, were determined
from the molality of Au, NH4Cl, NaCl and NaOH in each experiment
using the program OptimA (masses corresponding to the excess amounts
of solute, gold, and the oxygen buffer assemblage at the end of each
experiment were also specified in the input file), which is part of the HCh
software package (Shvarov, 2015). The activity coefficient of each ionic
species was calculated using the extended Debye-Hiickel equation
(Helgeson et al., 1981; Oelkers and Helgeson, 1990; Oelkers and
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Fig. 2. Results of experiments with NH3-bearing solutions at 250 and 225 °C showing the concentrations of dissolved gold (log mAu) as a function of the activity of
NH;3 (log aNH3). The equations “y = ax - b” represent linear regressions of the data.
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The solubility of the gold as the species Au(OH)° and AuCl; was calculated using the thermodynamic data of Akinfiev and Zotov (2001).

Helgeson, 1991):

Aelz ] eI
1+Boé0\ﬁ

in which A and B are constants representing Debye-Hiickel limiting
law parameters, b, is the extended parameter for NaCl from Helgeson
and Kirkham (1974), d is the distance of closest approach, which is
specific to the ion of interest, z is the charge of the ion, /" is a molarity to
molality conversion factor, and I is the ionic strength calculated using
Equation (4):

Lo
1= = 2
z;“z Q)

logy, = — +b,0I+T 3)

where c; is the molar concentration of ion i (mol/kg) and z; is the charge
of that ion. Parameter I represents the true ionic strength as all the
dissolved components were considered. The activity coefficients of
neutral species were assumed to be unity. The Haar-Gallagher-Kell and
Marshall and Franck models were used to determine the thermodynamic
properties and dissociation constant of HyO, respectively, for the
experimental conditions (Marshall and Franck, 1981; Kestin et al.,

1984).
3. Results
3.1. Identification of the dissolved gold species

The results of the experiments at 250 and 225 °C are reported in
Table 1. In order to determine whether or not gold solubility depends on
ammonia concentration, sets of experiments were conducted with so-
lutions having variable ammonia concentration. From Fig. 2, it is
evident that the concentration of gold increases linearly with log aNH3;
the slopes are 0.54 and 0.42 for 225 and 250 °C, respectively. As the
solutions used to evaluate the effect of NH3z on gold solubility also
contained NaCl, and pH was varied using NaOH, separate sets of ex-
periments were conducted in which the solutions had variable concen-
trations of NaCl and variable pH but no NH3. The results for a set of these
experiments at a constant pH (T) of ~5.6 show that the solubility of gold
is independent of the chloride concentration and one to two orders of
magnitude higher than the calculated solubility of the species AuCl;
(Akinfiev and Zotov, 2001), indicating that Au-Cl species did not
contribute to the solubility of gold in the NH3-bearing solutions (Fig. 3).
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In contrast, the experimental solubility of gold is almost equal to the
calculated solubility of AuOH® using the thermodynamic data from
Akinfiev and Zotov (2001) (Fig. 3a). Therefore, AuOH? is most likely the
dominant species in the NaCl solutions without NH3. We subtracted the
concentration of the species AuOH? from the gold concentration of each
experimental data point and show the resulting gold concentration (log
mAu*) versus log aNHJ in Fig. 4. The result is an increase in the slopes
from those shown in Fig. 2 to 0.74 and 0.60 for 225 and 250 °C,
respectively (Fig. 4), suggesting a species with a ligand number of unity,
i.e., having one NH3 molecule for each gold atom. It is noteworthy,
however, that although the log mAu* values also increase with pH(T)
(Fig. 5), they are independent of pH(T) once the Au* concentrations are
corrected for the effect of NHs (deducting the contribution of ammonia
with respect to the formation of a species with ammonia and gold atoms
in a ratio of 1:1) (Fig. 5).

Considering that the species reponsible for the solubility of gold in
our experiments is inferred to contain one NH3 molecule per gold atom,

this species could be Au(NH3)", as inferred from theoretical extrapola-
tions from ambient temperature (Wood et al., 1992) and ab initio cal-
culations (Mei et al., 2020). The problem with this interpretation,
however, is the lack of a correlation with pH. An alternative is the mixed
species, Au(NH3)(OH)°, proposed by Mei et al. (2020). This species is
interpreted to have formed via the pH-independent redox reaction:

A+ NHy o+ HyO = Au(NH;)(OH),, + 1/2 Hy 5

aq

Log K3 = logaAu(NH;)(OH)° — logaNH3 + 1/2 logfH,

In the absence of evidence to the contrary, we have assumed that our
data reflect dominance of the solubility of gold in our experiments by the
species Au(NH3)(OH)? and we have used them to calculate stability
constants for this species, which we compare to those reported by Mei
et al. (2020).
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Table 2
Gibbs free energies of formation (AGf) and stability constants (Log p) for the
gold species identified in this study and a previous study.

Au(NH3)0H0 250 °C 225 °C References
AGe —234.35 + 23.44 —219.89 + 21.99 This study
—215.73 —208.54 Mei et al., 2020
Log p 17.82 +1.78 17.54 + 1.75 This study
15.96 16.34 Mei et al., 2020
Table 3

Logarithms of equilibrium constants (Log K) and their associated uncertainty for
the Au dissolution reaction investigated in this study.

LogK 250 °C 225 °C
AU () + NHs (o) + Ho0 = Au(NH3)OH (o) + 1/2H,  —7.71 % -8.95 +
@ 0.85 0.84

3.2. Evaluation of the Gibbs free energy of formation (AGy’)

The standard Gibbs free energy for AU(NH3)(OH)0 was determined
from the molality of gold, NH4Cl, NaCl, and NaOH in each experiment
using the program OptimA in the HCh software package (Shvarov,
2015); the molality of NaOH was calculated from the starting NaCl
concentration and the pH and NH3 concentration measured after each
experiment. In addition to the species, AU(NH?,)(OH)O, the following
aqueous species were also considered in the calculations: O,, Hy, H,
OH-, Na*, CI', NHS, NHZ, NaOH?, NacCl®, HCI®, Au™, AuOH®, Au(OH)3,
AuCl®, AuCly, AuCl3, AuNH4, and Au(NH3)3. Thermodynamic data for
these species were obtained from Johnson et al. (1992), Shock et al.
(1997), Sverjensky et al. (1997), Akinfiev and Zotov (2001), Akinfiev
and Zotov (2010), and Mei et al. (2020), and values for the extended
parameter for NaCl were taken from Oelkers and Helgeson (1991).
Thermodynamic data for the gold and iron oxide solids (hematite and
magnetite) were taken from Robie and Hemingway (1995). Hydrogen
fugacity was calculated from Reaction (6).

2Fe;0, Oha HzO@) = 3Fe, 03 Ok H, (8 (6)

Log K4 = logfH, — logfH,O
The Gibbs free energy for the formation of Au(NHg)(OH)O:
Au"+ NHY+ OH = Au(NH;)OH° ™)

was calculated using the standard Gibbs free energy of Au(NHs)
(OH)° (see above) and the standard Gibbs free energy of the other spe-
cies involved in the reaction, namely Au*, NHY, and OH™ (Akinfiev and
Zotov, 2001; and Shock et al. 1997). The sources of these data are listed
in Appendix 1. The formation constant (log p) was calculated using the
relationship AG® = -RTInK; the standard Gibbs free energy, the forma-
tion constant, and the uncertainty associated with their determination,
were calculated using the OptimA program and are reported in Table 2.
Using this formation constant, we calculated the equilibrium constant
(log K) for the gold dissolution reaction reported in Table 3. Un-
certainties in the equilibrium constants were determined by calculating
the log K values for each data point using Reactions (5) and (7), and then
calculating the standard deviation of these values, for each temperature.

4. Discussion
4.1. Comparison to previous studies

As discussed earlier, several studies have evaluated the solubility of
gold in ammonia-bearing aqueous solutions. Based on extrapolations to
300 °C of potentiometric data collected at 25 °C, Wood et al. (1992)
concluded that Au(NH3)3 is the dominant ammonia-bearing gold spe-
cies in ore-forming hydrothermal fluids, a conclusion that was
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Fig. 6. A plot of log p versus temperature. The filled blue squares represent the
results of this study, the open circles are the results of ab initio molecular dy-
namics simulations (MD) from Mei et al. (2020) and the black line represents
the calculated log p values based on the parameters for the MBR model pre-
sented by Mei et al. (2020). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

reinforced by the EXAFS study of Nilsson et al. (2006). The results of our
experiments confirm that gold solubility increases strongly with
ammonia activity. However, they provide no evidence for a Au-NHgs
species with a ligand number of 2 and, instead, indicate that the ligand
number of ammonia in the dominant aqueous gold species is 1. More-
over, they suggest that this species is a mixed hydroxide ammonia spe-
cies with the stoichimometry AU(NHg)(OH)O. The same conclusion was
reached by Mei et al. (2020), based on the results of ab initio simula-
tions. The formation constants extracted from our data for this species
are 17.54 and 17.82 at 225 °C and 250 °C, respectively (Table 2). By
comparison, the simulations of Mei et al. (2020) yielded formation
constants (log f values) for the species of 16.3 and 16.0, which, although
somewhat lower than the values obtained from our experiments, are
indistinguishable from them within the uncertainty of the de-
terminations (Fig. 6).

4.2. Application to natural systems

As discussed in the introduction to this paper, some low-sulphidation
epithermal Au deposits are associated with the ammonium minerals,
buddingtonite and tobelite rather than adularia and illite/muscovite,
respectively (Canet et al., 2015; Harlap, 2008; Krohn et al., 1993;
Ridgway et al., 1990; Ridgway et al., 1991; Simpson and Christie, 2019;
Soechting et al., 2008). The fluids forming low sulfidation deposits have
low salinity <5 wt% NaCl, and relatively high H5S contents (10 s to 100
s ppm) at near-neutral and neutral pH and a temperature of 150-300 °C
(Simmons et al., 2005 and references therein). The results of stable
isotope studies (S, C, O, and H) suggest that the fluids mainly comprise
deeply circulated meteoric water that has interacted with organic mat-
ter, which typically has high contents of nitrogen-rich compounds
(Hayashi et al., 2001; John et al., 2003; Benavente et al., 2013). By
analogy with some geothermal fluids, these fluids may contain elevated
concentrations of NH3 (up to 0.1 m; Valentino et al., 1999; Holloway
et al., 2011; Pirajno, 2020). It is thus attractive to propose that, in some
cases, the species AU(NHg)(OH)O may play an important role in the
transport of gold in ore-forming low sulfidation epithermal systems.
Here, we make use of the thermodynamic data presented earlier and
data for other gold species to model gold transport in ammonia-rich
hydrothermal fluids at 250 °C.

In order to simulate an ammonia-rich epitherml system, we assumed
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Fig. 7. (a), (c), and (e) Plots showing the concentration of aqueous species and gold solubility as a function of increasing pH (T). The fluid in (a), (c), and (e)
contained 0.5 m NaCl and 0.25 m HCI, at 250 °C, and vapor-saturated water pressure. The initial pH of the fluid was 4. It was saturated with respect to gold. Fluid (a)
contained 0.001 m H,S and 0.004 m NH,4CI, (c) 0.001 m H,S and 0.1 m NH4Cl, and (e) 0.1 m H,S amd 0.1 m NH,4CI, respectively. The fluid was titrated with NaOH to
produce the pH increase. (b), (d), and (f) display the proportions of AuHS, Au(HS)>, AuOH, and AuNH3OH in the fluids corresponding to (a), (c), and (e), respectively,
as a function of pH. The sum of the concentration of the four gold species in (b), (d), and (f) represents up to ~95 % of the total gold concentration. Thermodynamic
data for the gold species were taken from this study, Sverjensky et al. (1997), Akinfiev and Zotov (2001), Akinfiev and Zotov (2010), and Mei et al., (2020).

that the ore-forming liquid is at the pressure of vapour saturation, that it
contains 0.5 m NaCl, that the pH was initially 4 and that the oxygen
fugacity was buffered by the mineral assemblage, magnetite-pyrite-
pyrrhotite (fO2 = -36.49 at 250 °C). The modeling was carried out for
three series of solution, containing (1) 0.001 m H»S and 0.004 m NH4Cl,
(2) 0.001 m HyS and 0.1 m NH4CI, and (3) 0.01 m H,S and 0.1 m NH4Cl,

to compare the relative contributione of the gold-ligand species Au-Cl,
Au-HS, Au-OH, and Au-NHj3 at variable HoS and NH4Cl concentration.
As the stability of these gold species varies depending on the pH of the
solutions, the pH of these solutions in each model was caused to increase
by titrating with NaOH. The sources of thermodynamic data for the
aqueous species used in the models are listed in Appendix 1.
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In the first solution series (Fig. 7a and b), the gold dissolved as the
species of AuHS? and Au(HS); at a level of 100 s of ppb for pH values
from 4 to 8, and its concentration decreased to a few ppb at higher pH
owing to the decomposition of AuHS? and Au(HS)3 and its dependence
on the less stable species AuOH? and Au(NHg)OHO. As the concentration
of NH3 was low (0.004 m), the dominant species in the solution at pH
values from 8 to 10 was AuOH? rather than Au(NH3)OH°. In the second
series, although the molality of NH4Cl was higher (0.1 m), the results
were similar to those of the first series. Thus, the gold concentration was
on the order of 100 s of ppb at a pH between a pH of 4 and 7, dominantly
as bisulfide species, and decreased to 10 s of ppb at a pH > 7 because of
the breakdown of the gold bisulfide species (Fig. 7c and 7d). Finally, in
the third series, for which the solution had the highest contents of HyS
(0.01 m) and NH4CI (0.1 m), the concentration of gold was an order of
magnitude higher (several ppm) than in series 1 and 2 for pH values of 4
to 8.5 due to the greater stability of Au(HS)>. At higher pH, the con-
centration decreased to 10 s of ppb due to the instability of Au(HS)>
(Fig. 7e and f).

In summary, the above models suggest that the Au-HS species are
more stable than Au-NH3 and Au-OH species, and are the dominant gold
complexes in these sulfur- and ammonium-bearing fluids (0.001 ~ 0.01
m HsS and 0.004 ~ 0.1 m NH3) at a pH of 4 ~ 7 and 250 °C. The species
of Au(HS); is most important at near-neutral and slightly alkaline pH
because of the high activity of HS™ relative to HyS°, wheras, the gold
ammonia species Au(NH3)OH? is important only in solutions with high
concentrations of NH3 (>0.004 m) and a pH > 7. Thus, the results of our
modelling indicate that gold is transported dominantly as bisulfide
species in fluids at the mildly acidic to mildly alkaline conditions (pH <
7) thought to prevail during the formation of low-sulphidation epi-
thermal Au deposits.

Inasmuch as boiling is considered to be the principal reason for the
formation of low sulphidation epithermal deposits, because of the
resulting loss of HyS to the vapor (Clark and Williams-Jones, 1990; John
et al., 2003; Simmons et al., 2005; Williams-Jones et al., 2009), we
propose that loss of NH3 to the vapor could also be the cause of alteration
of the host rocks by ammonium minerals. Specifically, we propose that
reaction of NH3 with hydrogen ions in the condensed acidic vapor would
produce NHj that, on mixing of the condensate with the residual liquid,
could alter the wall-rocks to buddingtonite and tobelite as analogues of
the adularia and sericite that characterize other low sulphidation epi-
thermal deposits (Erd et al., 1964; Browne, 1978; Krohn et al., 1993;
Hovis et al., 2004). Although our study shows that ammonia complexes
are not important in the transport of gold in low sulphidation epithermal
systems, it highlights the role that ammonia potentially plays in altering
the host rocks to ammonium minerals, which are easily detected by
portable SWIR analyzers, and can be important pathfinders for low-
sulphidation epithermal gold mineralization.

5. Conclusions

The results of this study show that gold dissolves as AU(NHg)OHO in
ammonia-bearing fluids at near-neutral to alkaline pH. However, gold is
more stable as bisulfide species in fluids at these same conditions, which
are also thought to be those that prevail during the formation of low-
sulfidation epithermal Au deposits. The association of gold mineraliza-
tion with hydrothermal alteration involving the formation of
ammonium-bearing minerals in the deposits is therefore probably not
related to the transport of gold as an Au-NH3 complex but simply reflects
the high concentration of ammonia in the ore-forming fluid and its
conversion to NHJ during wall-rock alteration. The main significance of
buddingtonite/tobelite alteration is that it is easily detected with SWIR
analyzers and is thus a potentially important pathfinder for low sulfi-
dation epithermal gold mineralization.
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Table A1l
Sources of data used in the thermodynamic calculations.

Species and solid phases Formation References

Aqueous species Au(NH3)OH® This study
Na® Johnson et al. (1992)
HY Shock et al. (1997)
OH™ Shock et al. (1997)
0, Johnson et al. (1992)
H, Johnson et al. (1992)
Cr Johnson et al. (1992)
Nacl® Sverjensky et al. (1997)
NaOH° Shock et al. (1997)
HCI° Tagirov et al. (1997)
Aut Akinfiev and Zotov. (2001)
Aucl® Akinfiev and Zotov. (2001)
AuCly Akinfiev and Zotov. (2001)
AuCl¥ Sverjensky et al. (1997)
AuOH° Akinfiev and Zotov. (2001)
Au(OH)> Akinfiev and Zotov. (2001)
AuNH{ Mei et al. (2020)
Au(NH3)3 Mei et al. (2020)
AuHS° Akinfiev and Zotov. (2010)
Au(HS)> Akinfiev and Zotov. (2010)

Gold Au Robie and Hemingway (1995)

Magnetite Fe304 Holland and Powell (2011)

Hematite Fe,03 Holland and Powell (2011)
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