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Abstract—The paper presents first experimental data on gold solubility in CO—CO, and C—O-S fluids with
a low H,O concentration under reduced conditions, a pressure of 200 MPa, and a temperature of 950°C.
Gold solubility in C—O—S fluid is approximately 27 ppm. The estimate of gold solubility in CO—CO, fluid
with 10—15 mol % CO is less accurate, and the solubility is no lower than 2—3 ppm but may reach 200—300 ppm.
The high gold solubility in reduced CO, fluid determined in the course of this research, and our earlier esti-
mates of high platinum solubility (Simakin et al., 2016), may explain the deposition of mineralization of these
noble metals in the Guli intrusion, polar Siberia, as a result of fluid extraction of these metals and their rede-
position at a temperature slightly below the solidus. The reduction of the largely oxidized CO, fluid, which
was determined using mineralogical sensors, was likely related to the subsolidus oxidation of olivine.
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INTRODUCTION

The transfer and accumulation of gold in fluid and
fluid—magmatic processes is currently thought to be
related mostly to the origin of complex compounds
with the ClI~ and HS™ negative charge anions. The sol-
ubility of gold at a high oxygen fugacity (near the MH,
magnetite—hematite, buffer) is about 100 ppm, with

gold dissolved in the form of Au(HS), complexes in
neutral aqueous fluid at 7= 400°C and P = 1 kbar
(Pokrovski et al., 2014), and decreases by roughly two
orders of magnitude as the oxygen fugacity decreases
to the QFM (quartz—fayalite—magnetite) buffer. It is
believed that carbon in the form of CO, suppresses the
solubility of gold and other metals (Van Hinsberg
et al., 2016) in aqueous fluid because, for example, of
its effect on the dielectric constant (Kolonin et al.,
1997; Pokrovski et al., 2014). Experimental data on
organometallic gold compounds at high P—7 parame-
ters are still absent.

At the same time, geological observations indicate
that carbon may play and important role in the mobili-
zation and concentration of gold. A shining example of
the association of PGE, gold, and carbon is offered by
graphitized greenschist- to granulite-facies metamor-
phic rocks of the Khanka terrane. These rocks contain

0.04—62 ppm Pt and 0.02—26 ppm Au (Khanchuk
et al., 2013). These authors believe that the rocks were
graphitized under the effect of deep fluid and describe
aggregates of graphite with Au and PGE. Intermetallic
compounds of Au and Al and of Au and REE were
found in nepheline syenites in central Siberia (Sazonov
et al., 2008). The maximum Au concentrations were
detected in graphitized rocks. High concentrations of
noble metals were described in chloroform extracts
from bitumoids from melilitites of the Krestovskaya
intrusion: 13.4 ppm Au and 35.4 ppm Pt. The noble-
metal mineralization was reportedly produced with the
involvement of organosulfur compounds.

Tests of various hypotheses that deposits of noble
metals are related to carbon require experimental data
on the properties of Au and PGE organometallic com-
pounds at high P—T parameters. Lately first experi-
mental data were acquired on Pt metallorganic com-
pounds at relatively low temperatures of 7" = 200—
400°C and P = 1 kbar, with these compounds formed
at reactions with asphaltenes (Plyusnina et al., 2015),
and at magmatic conditions 7= 950°C and P = 2 kbar
in CO—CO, fluid (Simakin et al., 2016). The solubility
of Au in crude oil at temperatures up to 200°C was
experimentally estimated at up to 0.05 ppm (Migdisov
et al., 2017). No types of Pt compounds with asphal-
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tene components have been identified, and Pt solubil-
ity in fluid of CO—CQO, fluid is caused by the origin of
carbonyl. Along with PGE, stable naturally occurring
carbonyl compounds are expected for siderophile
transition metals, as was demonstrated by thermody-
namic calculations for Ni (Simakin et al., 2016) and
suggested for Fe, Mn, Sc, W, Cr, Mo, and V. This
paper presents the first experimental data confirming
that Au can significantly be dissolved in reduced car-
bon-bearing fluid at temperatures close to magmatic
ones: T=950°C and P = 2 kbar.

EXPERIMENTAL

Methods. The experiments were carried out in an
apparatus of high gas pressure at the Institute of
Experiment Mineralogy, Russian Academy of Sci-
ences. The vessel of stainless steel had a free volume of
262 cm?, the working medium was Ar. The tempera-
ture was measured during the experimental run by a
Pt—Rh thermocouple, the gradient-free zone was 40—
50 mm. The pressure was measured with piezo sensors
accurate to 5%. The temperature and pressure were
maintained accurate to £2.5°C and +1%, respectively.
Quenching at a rate of 150°C/min was conducted by
cooling when the furnace was switched off.

The experimental products were analyzed by
microprobes: CamScan MV2300 and Tescan Vega
TS5130MM equipped with an INCA Energy 450
energy-dispersive spectrometer at the Institute of
Experiment Mineralogy. The Raman spectra of exper-
imental fluid inclusions were recorded by a LabRam
HR800 (Horiba, Jobin Yvon) spectrometer at Institute
of Geology, Komi Research Center, Ural Branch,
Russian Academy of Sciences, in Syktyvkar. The spec-
trometer is coupled with an Olympus BX41 optical
microscope with a 50X object lens. The source of the
excitation radiation was an Ar+ laser (488 nm,
100 mW). Water content in experimental glasses was
measured by the Karl—Fischer titration (KFT) on an
Aqua 40.00 system with a high-temperature HT 1300
unit. Glasses were locally analyzed for Au by LA-ICP-
MS on a Agilent 7900 quadrupole mass spectrometer
equipped with a CETAC (193 nm) excimer laser at the
Rochester University, United States. Bulk analysis of
the samples for Au was conducted at the Vernadsky
Institute by electrothermal atomic absorption spec-
trometry (ETAAS).

Experimental parameters. The fluid source in our
experiments was iron carbonate. The experiments
were conducted using a double-capsule method: an
open smaller capsule was mounted in a gold capsule of
larger diameter. The fluid source material was loaded
into the smaller capsule, and the larger one contained
a trap for fluid and quench phases produced at the end
of the experiment. The experimental technique is
described in detail in (Simakin et al., 2016). Iron car-
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bonate decomposes at a temperature of 600—700°C by
the reactions

FeCO, = FeO + CO,, (1)
3FeO + CO, = Fe,0,+ CO. )

Reaction (2) does not proceed completely, and
minor amounts of remaining wiistite (approximately
5% of the magnetite amount) were detected in earlier
experiments on determining platinum solubility
(Simakin et al., 2016). Had reactions (1) and (2) pro-
ceed completely, the initial CO concentration in the
fluid would be 33 mol %, but in fact, it is lower. The
maximum CO concentration is limited by the dispro-
portionation reaction (CCO buffer)

2CO = C + CO,. 3)

Thermodynamic calculations predict a maximum
CO content (about 21 mol %) in mixture with CO, at
P=200MPaand T=1000°C. The CO concentrations
(measured by micro-Raman spectrometry in experi-
mental siderite-hosted fluid inclusions) at these
parameters are somewhat lower: about 15 mol %
(Simakin et al., 2016). In the experiments with Pt, we
got fluid inclusions entrapped in albite glass (Simakin
etal., 2016). In the experiments with Au, we attempted
to use sodic silicate glass, whose melting temperature
is lower than that of albite glass. To dehydrate the
hydroscopic sodic silicate glass, we backed it at a tem-
perature of 250°C for 48 h. The residual water content
(KFT data) was 0.93 wt %. In the course of the exper-
imental runs, minor water amounts were transferred
from the glass to dry fluid. In one of the experiments,
we used a trap of quartz glass. The experimental con-
ditions are summarized in Table 1.

Two runs were carried out with sulfur-bearing fluid
at 7= 950°C and P = 200 MPa. The source of sulfur
was pyrite, which decomposes at a temperature of
400—450°C into pyrrhotite and gaseous sulfur. The
smaller capsule was loaded with 26 mg of pyrite, and
with 100 mg of sodic silicate glass was placed into the
larger capsule. The starting bulk composition of the
sulfur-bearing fluid was roughly estimated as follows
(in mol %): CO, 50.9, CO 25.5, S, 16.0, and H,O 7.6.
Because the fluid was very chemically reactive, the walls
of the gold capsules were eroded in all of the experi-
ments, and the capsules lost their hermeticity. The runs
with sodic silicate glasses lasted for 2, and those with
quartz glass lasted for 0.5 h. The starting oxygen fugacity

in the fluid log f,, was at the Wu—Mt buffer (near

QFM — 2), and that in the hot zone of the chamber was
estimated at close to the Ni—NiO (NNO + 2) buffer.

EXPERIMENTAL RESULTS

Fluid. The dominant sulfur species in the reduced
C—0O-S fluid are COS and S, at a subordinate con-
centration of SO,. When reacting with water, the dry
fluid is hydrated with the origin of H,S and thiols (as
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Table 1. Parameters of the experiments

SIMAKIN et al.

Sample | Time, min| 7,°C | Siderite, mg | Pyrite, mg | Glass, mg com(l})l(?ssistion I:::Iclilr}l/itclliael Au*, ppm

Ns6 30 950 60 26 100 Na,O LA-ICP-MS | 0.065—11.63
3Si0O,

Ns9 30 950 60 27 100 Na,O " 2.79-20.9
4Si0,

Ns10 30 950 60 — 105 Na,O " 0.2—-54
3Si0O,

Qz94 30 950 60 — 200 SiO, ETAAS 52.8

* Au concentration in the trap after the experiment, range of values.

exemplified by the reaction of methanthiol synthesis
below)

COS + H,0 = H,S + CO,, (4)
COS + 3CO +2H,0 = CH,SH + 3CO,.  (5)

Characteristic lines of these components, along
with those of CO,, CO, and N,, were identified in the
Raman spectra of fluid inclusions hosted in the trap of
sodic silicate glass. Nitrogen identified in the fluid
(Fig. 1a) was obviously brought from air when the cap-
sules were loaded. COS was identified based on a nar-
row band at 859.1 cm~! and a broad one at 2053 cm~!,
H,S was detected based on its line at 2608 cm~!, and
thiols were identified by their broat band with a maxi-
mum at 2577 cm~!. The peak of thiols has the greatest
area among the peaks of all sulfur species. We failed to
more accurately evaluate the concentrations because
the coefficients of relative Raman cross-sections for
COS and thiols are not known.

Gold dissolution. Early in the course of our experi-
mental runs, fluid that was generated by siderite
decomposition interacted with the walls of the cap-
sules and dissolved gold. Figure 2 shows the surface of
the gold capsule after one of our experiments. Obvi-
ously, the surface is strongly eroded, and gold is rede-
posited in the form of thin platelets. The fluid filled
the pore space of the glass-powder trap. The powder of
quartz glass was partly transformed into porous cake
but was mostly not caked. Particles of the low-melting
sodic silicate glass reacted with fluid and got com-
pletely fused, and quartz started to crystallize in them.
These processes produced aggregate of partly recrys-
tallized glass containing bubbles, with disseminated
gold brought by fluid. The solubility of gold in the
fluid can be evaluated by interpreting the glass powder
with fluid as a glass trap. An analogous method of dia-
mond trap was used to evaluate the solubility of silicate
components in aqueous fluid under a pressure of a few
GPa (Kessel et al., 2005). During the experiment,
fluid filled the pore space of the powder and was fro-
zen when the experimental runs were terminated. The
composition of the ice with quench phases was ana-
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lyzed by LA-ICP-MS. We applied an analogous
approach in evaluating platinum solubility in CO—
CO, fluid (Simakin et al., 2016) under the assumption
that the metal was completely transferred by fluid into
the trap in solution.

Optical images of the quartz particles after the
experiment show a thin semitransparent gold film that
reddens the surface. Gold particles about 5 um across
are concentrated at fracture corners. BSE images also
show gold accumulations in fractures 50 um long and
8—10 um thick. The gold particles are mostly a few
micrometers across, which is close to the resolution of
the images. The gold is unequally distributed and is
accumulated as visible clots at some particles of quartz
glass. The gold was thus transferred by fluid from the
walls of the gold capsule to the glass trap and the
porous cake of quartz glass. The concentration of Au
in the fluid can be evaluated proceeding from the
starting porosity of the powder and the densities of the
phases, with regard for the material balance, as is
described in much detail in (Simakin et al., 2016). To
do this, we analyzed three glass traps after the experi-
ment by LA-ICP-MS for gold, sulfur, and some other
elements. The analysis was conducted at the Roches-
ter University, United States. The results are presented
in Table 2.

CO-CO, fluid. In the run with reduced CO, fluid
and sodic silicate trap, the maximum Au concentra-
tions were detected in glass domains whose sulfur con-
centrations were lower than elsewhere. The starting
glass contained approximately 650 ppm sulfur, which
was extracted by the reduced carbon dioxide fluid
(Fig. 3). This phenomenon was described in our ear-
lier publication (Simakin et al., 2016) and may be
explained by the origin of sulfur and carbon volatile
compounds described above. The average gold con-
centration, with regard only for the lowest values, is
0.44 *+ 0.25 ppm, and the maximum concentrations
are 35 = 19 ppm. The maximum concentrations per-
tain to analytical spots where larger gold particles
occurred (see above). It is hard to unequivocally inter-
pret the analytical data. The minimum solubility esti-
Vol. 57
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Fig. 1. Raman spectra of fluid inclusions in glass traps in experiments with C—O—S fluid. (a) bands of N, at 2328 cm_l, CO at
2140 cm ™, H,S at 2607 cm~ !, and thiols at 2578 cm™!; (b) typical bands of COS: one narrow band at 859.1 cm~! and one broad

at 2053 cm™ L,

mate, which was made as in (Simakin et al., 2016), is
2—3 ppm (minimum average level). In the recalcula-
tions we used approximate values for the starting
porosity € = 0.4, fluid density p, = 0.54 g/cm?, and
glass density p,, = 2.3—-2.4 g/cm? for the sodic silicate
glasses and 2.2 g/cm? for the quartz glass, which cor-

GEOCHEMISTRY INTERNATIONAL Vol. 57 No. 4

responds to a ratio of concentrations in the fluid to
trap within the range of 6—7. If the large particles were
produced by condensation when the fluid reacted with
the glass but not by the chemical erosion of capsule
walls, then the solubility shall be higher. The maxi-
mum concentrations correspond to a solubility of
about 225 ppm.
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Fig. 2. BSE image of the inner surface of the wall of a gold
capsule after an experiment with a trap of quartz glass. Black
particles are quartz glass coated with redeposited gold.

In one of the runs, we used a dense cake of quartz
glass that could not mechanically accommodate parti-
cles from eroded capsule walls. It is important that the
cake remained permeable throughout the whole time
of the experiment, whereas the trap of sodic silicate
glass was eventually fused and sealed. The bulk gold
concentration in the cake (ETAAS data) was 42.8 ppm.
This value is close to the average value deduced from
the maximum values of 35 = 19 ppm in the run with
sodic silicate glass.

C—O0-S fluid. In runs with sulfur-bearing fluid,
data on gold concentrations are scattered not as
widely, and gold condensation with the origin of larger
particles is pronounced not as clearly. Upon rejecting
two high concentration values corresponding to anal-
yses that involved large gold particles, we obtained an
average value of 4.3 = 1.6 ppm (Fig. 3). This concen-
tration in the glass corresponds to a gold concentra-

Table 2. Sulfur and gold concentrations (ppm) in the sodic
silicate glass traps

Sample S Au Sample S Au

Ns6 625 0.065 || Ns10 636 0.88
620 0.103 675 0.562
781 6.32 601 0.362
881 2.45 643 0.347
962 11.63 640 0.2

Ns9 870 5.96 644 0.26
806 2.79 612 15.6
905 3.86 617 344
822 4.33 602 54
959 20.9
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tions in the fluid of about 27 ppm, with regard for the
recalculation procedure suggested in (Simakin et al.,
2016). The average for the whole dataset is 7.3 &
6.2 ppm, which corresponds to a solubility in fluid of
about 45 ppm. It should be mentioned that the con-
centrations of gold and sulfur are positively correlated.
The glass with highest gold concentration is enriched
in sulfur: approximately 350 ppm.

DISCUSSION OF EXPERIMENTAL RESULTS

The discovered high gold solubility in CO—-CO,
fluid is unexpected, because gold is not a transition
metal, which typically can form stable carbonyls.
However, the solubility of gold at P =2 kbar and 7=
950°C is no lower than 2—3 ppm and may be much
higher (up to 300 ppm) in certain circumstances.

The determined high gold solubility in sulfur-bear-
ing fluid is not surprising because, as has been found
out previously, complexes with hydrogen sulfide

Au(HS), """ with n up to 7 can be formed in aqueous
fluids (Pokrovski et al., 2014) and cause a high gold
solubility. Our preliminary results on gold solubility of
27—45 ppm are close the maximum values of about
100 ppm, which characterize gold solubility in the

form of Au(HS)_Z1 complexes (Pokrovski et al., 2014).
Our system contained, along with H,S, also orga-
nosulfur compounds of the thiol type of unknown
composition. Thiols were also found in low-tempera-
ture (T = 169—195°C) volcanic gases of Oldoinyo
Lengai sodic carbonate volcano in Tanzania (Teague
et al., 2011). The volcanic gases were determined to
contain, along with COS and CS,, a broad spectrum
of thiols: C,HS,, C,H(S;, C,H,S, and others [gas
chromatography—mass spectrometry (GCMS) data].
Thiols of the composition C,H,S and C,H,S, were
found (together with CS,) in fluid inclusions in xeno-
liths from Avacha volcano (GSMS data, mechanical
opening of inclusions) (Sharapov et al., 2017).

GEOLOGICAL IMPLICATIONS

As an implication of our experimental data, below
we discuss a possible mechanism of the origin of native
Au in the Guli ultramafic alkaline—carbonatite mas-
sif, to which a large Au and PGE placer deposit is
related. The primary native gold was first found (Kog-
arko and Senin, 2011) in the intergranular space in
dunite from the Guli Massif.

The primary meymechite magma likely contained
approximately 5.8 wt % CO, and 1.8 wt % H,0O
(Sobolev et al., 2009). During the derivation of this
magma at a depth of 200 km, the oxygen fugacity was
(according to an estimates on the basis of the V/Sc
ratio) close to the QFM buffer (Sobolev et al., 2009).

Thermodynamic analysis of mineral equilibria in
dunites of the Guli Massif made it possible to develop
Vol. 57
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Fig. 3. LA-ICP-MS analyses of the trap glasses. Lozenges correspond to the run with CO—CO, fluid, circles show the results of
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a new spinel—olivine—clinopyroxene oxybarometer
(Ryabchikov et al., 2010). Its application has shown
that the dunite was formed at fairly high oxygen fugac-
ity of 3—2.5 logarithmic units above the QFM buffer at
1200—1300°C. These data are in good agreement with
earlier estimates for the meymechites and high-Mg
rocks of the Guli Massif (Ryabchikov et al., 2012).

Our research has shown that gold in dunites of the
Guli Massif was produced during the late evolution
of the magmatic system, in close association with
sulfides, including pentlandite [whose composition var-
ies from (Fe, 73Niy 50Cuy 6)Sg to (Fey 33Niy 65Cu0 02)Ssl,
monosulfides solid solution (mss) of Fe and Ni sul-
fides [composition from (Fe;s;Nij4Cujg)S to
(Feg 33Nij ¢6Cug g07)S1, and heazlewoodite
[(NiygoFeg 15Cug 007)S,, (Niy 73Feq 190Cuyg o1)s2]. Oxygen
fugacity during the late evolution of the dunite com-
plex was estimated for equilibrium of sulfides, iron-
bearing gold, and magnetite. The calculated values
show that, when the Guli intrusion cooled, the oxygen
fugacity drastically dropped (Ryabchikov et al., 2016).
In CO,-dominated fluid, oxygen fugacity is limited by
the CCO buffer (reaction C + CO, = 2CO). The
Au gsFe, s + Mt equilibrium association corresponds
to the oxygen fugacity of the CCO buffer (P = 1—2 kbar)
at a temperature of about 900°C. The equilibrium
mss = Ni,S; + Mt is reached at oxygen fugacity of the
CCO buffer (P = 1-2 kbar) at a temperature close to
700°C. Hence, gold crystallized in the Guli intrusion
from fluid at relatively high temperatures, higher than
700—900°C. Native Au in the form of Au—Ag—Cu
alloy can also be formed at serpentinization of ultra-
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mafic rocks with the involvement of H,0—CO, fluid

at lower temperatures of 700—300°C (Palyanova et al.,
2018; Murzin et al., 2018).

Carbon dioxide fluid, which can be formed by
decarbonatization reactions and escapes from the melt,
is a strong oxidizer: at 7= 1000°C and P = 2 kbar, the
oxygen fugacity of pure CO, is on the level of NNO + 4
(Simakin et al., 2012). This seems to explain the high
oxygen fugacity at the crystallization of meymechite
magma in the Earth’s crust. The fluid is reduced at
subsolidus temperatures due to reactions between CO,
and olivine.

Olivine in the dunite contains Fe?*. When fluid
reacts with olivine, Fe2* in the mineral is oxidized and
gives rise to magnetite-enriched spinel, and CO, is
simultaneously reduced mostly to CO. Methane and
other hydrocarbons occur in subordinate amounts at
high temperatures. In the presence of sulfur, thiols can
be synthesized. Silica is removed with fluid, and its
solubility in the presence of alkalis seems to have been
relatively high

Fe,Si0, .+ CO,= Fe,0, .+ CO + Si0,,.  (6)

The pressure under which the Guli Massif crystal-
lized is unknown. The large size of this intrusion and
the high olivine content in its dunites, as is typical of
adcumulates, suggest that the intrusion crystallized
at depths of no less than 5—7 km. At 7= 900°C, P=
2 kbar, and oxygen fugacity close to QFM — 1.5, the
fluid contained approximately 20 mol % CO. The
generated CO is a good solvent for both PGE and Au.
As the temperature decreased, CO concentration in
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the fluid decreased because of disproportionation
reaction (3) and methane synthesis

CO + 3H,= CH,+H,0. (7)

Fluid oxidation at its interaction with the host
rocks could also be responsible for the decrease in the
CO concentration. Because of this, carbonyl com-
plexes of Au and PGE decomposed, and the released
metals could be concentrated in economic quantities.

CONCLUSIONS

The first ever data are acquired on a noticeable Au
and PGE solubility in carbon-bearing fluid. This may
explain the close association of these noble metals in
various geological settings. The evolution of the ultra-
mafic alkaline—carbonatite magma system of Polar
Siberia was associated with a decrease in the oxygen
fugacity, which triggered the transfer and redeposition
of Au and PGE during the late magmatic evolution.
The concentrations of the metals could then reach
economic values.
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