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Abstract—The behavior of Pt was studied in the Pt—-Fe—S—CIl-H,0, Pt-Fe(Ni)-As—S—CIl-H,0, and Pt-Ni—As—
CI-H,O0 systems. Kinetic experiments showed that the addition of As and S to the system changes the character
of Pt complexing and results in a decrease in the bulk Pt content in the solutions. The intermediate complexes
that formed during this process disproportionated to produce cooperite and sperrylite. Under the experimental
P-T-y; conditions, the hydrothermal mobility of Pt was mainly provided by its hydrosulfide complexes with a
definite participation of chloride complexes. The presence of Ni in the system lowers the redox potential and Pt
solubility and prevents the formation of Pt phases, while Ni sulfides and arsenides crystallize copiously. The
behavior of Pt and Au in hydrothermal systems and mechanisms of hydrothermal formation of noble metal min-

erals were considered.
DOI: 10.1134/S0016702907110055

INTRODUCTION

The concepts on the diversity of migration condi-
tions of platinum group metals (PGE) in the magmatic,
fluid—postmagmatic, and hydrothermal ore-forming
systems have recently received considerable attention
[1]. The discovery of hydrothermal Pt deposits raised
the need to quantify its transport properties in complex
solutions and geochemical barriers promoting its pre-
cipitation. Up to now, the solubility of Pt under hydro-
thermal conditions has been studied in NaCl/H,SO,
solutions under vapor-saturated conditions in relatively
simple systems at T < 350°C [2-4]. This paper
addresses the behavior of Pt, including its complex-
ation, at 300-500°C and a pressure of 1 kbar in complex
Cl-S—As-bearing aqueous systems.

To better approach natural conditions, oxygen
fugacity and activities of sulfur and arsenic were buff-
ered by mineral assemblages. The model interaction of
ore-bearing chloride solutions with sulfide and sul-
foarsenide assemblages allowed us to estimate the role
of Cl, S, and As in Pt transport.

EXPERIMENTAL

The experiments were conducted using the
ampoule—autoclave technique. The walls of sealed Pt
ampoules (10 x 80 x 0.2 mm) served as a Pt source. A
buffer mixture (~200 mg) was loaded directly into the
solution, because the double capsule technique is ineffi-
cient below 500°C [5]. The experiments lasted from
10-15 days at 500-400°C to 30 days at 300°C. The
duration of kinetic experiments was 24-720 hours.

After solution quenching, Pt,, was extracted into alkyl-
aniline and analyzed by atomic absorption and atomic
emission spectroscopy at the analytical center of the
Far East Geological Institute, Far East Division of the
Russian Academy of Sciences. Depending on the method,
the analytical sensitivity varied within 0.1-0.2 ng, and the
total relative error was no higher than 10%. The experi-
mental solid phases were investigated by X-ray diffrac-
tion on a DRON-3 instrument, and the chemical compo-
sition of synthesized phases was analyzed on a Pt sub-
strate using a CamScan MV 2300 (VEGA TS 5130 MN)
microprobe at the Institute of Experimental Mineral-
ogy, Russian Academy of Sciences (Chernogolovka).

EXPERIMENTAL RESULTS
Pt—Fe—CI-S—0O-H System

The fugacities of sulfur and oxygen in experiments
with metallic Pt were buffered by the pyrite—pyrrho-
tite—magnetite (PPM) assemblage. Their in situ values
were calculated from the final composition of pyrrho-
tite using the method [6] based on the interplanar spac-
ing d oy of quenched pyrrhottie (Table 1). It is known
that the PPM assemblage monitors the pH of solutions
at weakly acid—near-neutral values [7]. The starting lig-
uids consisted of water and 1 mNaCl and 0.1 mHCI so-
lutions. After the completion of the experiment, black
coating was observed on the walls and small clippings
of Pt ampoules (substrate) which were used for the
X-ray analysis of newly formed minerals. We found
cooperite (Coop) containing 85.2 £ 0.5 wt % Pt, 14.7 £
0.3 wt % S, and up to 0.2 wt % Fe and corresponding to
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the formula Pt gsFe( (1S os- The rate of its crystalliza-

tion increases with increasing temperature. In particu-
lar, a discontinuous 3-nm-thick layer of cooperite was
formed at 300°C within three week, whereas a continu-
ous film up to 10-15 nm thick was observed in the
products of 10-12-day experiments at 500°C. In this
connection, a series of kinetic experiments was carried
out on the dissolution of metallic Pt in water at 300°C,
when the rate of Coop crystallization was minimal. The
solubility of Coop was measured in ampoules, which
were preliminarily lined with PtS at 500°C. As a result,
the kinetic dissolution curves of metallic Pt and PtS
were constructed (Fig. 1). The bulk Pt concentration in
the solution is controlled by the dissolution of metallic
Pt between the starting point and the maximum, disso-
lution of Pt and PtS after the appearance of Coop,
and cooperite solubility after the complete coating. The
maximum on the kinetic curve at this stage is related to

the formation of the hydroxide complex Pt( OH)g [8].

As the medium becomes saturated with respect to the
components of the PPM assemblage, the activity of
hydrosulfides increases and the bulk Pt concentration
decreases, thus defining the shape of the maximum on
the curve. In the chloride medium, Pt dissolution is also
controlled by the formation of chloride Pt complexes
(Table 2). Variations in bulk Pt concentrations under the
experimental condition are shown by the surface in the

logmPt—composition—temperature diagram (Fig. 2).

Complex compounds containing several ligands in
the coordination sphere can be produced by the interac-
tion between hydroxide, chloride, and hydrosulfide Pt
complexes [9]. Such mixed complexes are unstable and
disproportionate with time to precipitate PtS according
to the reaction

Pt(OH), + xH,S" + yHS™
— (PtS x xH,(Sx yHS"))" +H,0 +0.50,
—= xH,S + yHS + PtSJ.

The stoichiometry of the proposed multinuclear Pt
complexes is, of course, hypothetical. Such a mecha-
nism of Coop crystallization is indirectly supported by
the precipitation of CuS from copper hydrosulfide solu-
tions at 200°C [10]. This explains the type of kinetic
curves (Fig. 1) and the stepwise crystallization of Coop
from a solution.

The solubility of Coop illustrates the weak depen-
dence of bulk Pt concentration in solutions on their ini-
tial acidity (Table 2). In addition, the Pt content in
“pure” water slightly increases with temperature,
whereas the opposite behavior is observed in chloride
solutions.
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Table 1. Sulfur and oxygen fugacities calculated from pyr-
rhotite composition

T, °C d(]oz), A Mpges Apes 10gf52 logf02
300 2.065 0.940 0.53 | -10.73 | -32.16
400 2.060 0.035 0.50 -7.00 | -26.01
500 2.056 0.930 0.48 -4.17 | -20.63

Note: d is the interplanar spacing, and m and a are the mole frac-
tion and activity of troilite in pyrrhotite, respectively.

Pt—Fe—CI-S-As—O-H System

To estimate the effect of As on the behavior of Pt in
hydrothermal conditions, bulk Pt concentration was
studied in chloride—sulfide—arsenic solutions, using
0.1 mHCI as a starting solution and the arsenopyrite
(Apy)—pyrrhotite—magnetite (APyPM) buffer assem-
blage. About 5 mg of As,, was added to saturate the
system in As. The starting APy had the following compo-
sition (wt %): As 42.05, Fe 35.90, S 20.97, and Ni 0.59. It
was assumed that the APyPM assemblage maintained
sulfur and oxygen fugacity at the same level as was cal-
culated for the PPM buffer. This is justified by the phase

diagram of the As-S-O-H system in the logf, ~T

coordinates [11].

Light gray films of sperrylite (Sper-PtAs,) were
observed on the substrate and inner walls of platinum
ampoules in the products of 300, 400, and 500°C exper-
iments. Sperrylite was identified using an X-ray Gan-
dolfi camera and confirmed by microprobe analysis.
Euhedral prismatic APy with a Pt admixture was
formed together with Sper at 400°C. The microprobe
investigation showed the predominance of prismatic
cooperite crystals with an admixture of Fe and As in the
run products at the 500°C isotherm. The analysis of
films on the substrate showed that euhedral thin-pris-
matic crystals of newly formed pyrrhotite contain an
admixture of Pt and As (Table 3). Pyrite was formed at
the expense of arsenopyrite, as indicated by a sharp

log mPt
-5.6F

-5.8
-6.0

-6.2

Fig. 1. Kinetic curves for the dissolution of (/) Pt and (2) Pt
monosulfide and changes in the bulk content of Pt in the
system.
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Table 2. Bulk Pt concentration (logmPt) in quenched solutions (P, = 1 kbar)

Solution 300°C 400°C 500°C
Ptmet

H,0 ~5.90 £ 0.30(6) ~5.85+0.17(2) ~5.57£0.20(2)

1mNaCl -5.48 £0.27(2) ~5.07 £0.40(3) ~6.02 +0.30(2)

0.1mHCI -5.30 + 0.40(2) —4.94+0.30(2) -5.69 +0.30(2)
PtS

H,0 ~6.16 £ 0.25(6) ~5.87 £0.16(2) ~5.72 +0.30(4)

1mNaCl ~5.81+0.302) ~6.12 +0.40(3) ~6.54%0.15(3)

0.1mHC1 534 £0.15(3) ~5.47 £0.30(3) 559 +0.15(3)

Note: m is the molality (number of moles per 1 kg H,O), and the numbers in parentheses are the numbers of determinations.

decrease in the content of arsenopyrite in the run prod-
ucts.

Judging from the thickness of the newly formed lay-
ers, the rate of spontaneous crystallization significantly
increased with increasing temperature. In particular,
sperrylite analyses from the products of the 300 and
400°C experiments lasting less than three and two
weeks, respectively, showed more than 1 a.fu. P,
which is related to the contribution of the Pt substrate.
Stoichiometric sperrylite (Pt)goFeq 10AS; 605040) With
high sulfur content was obtained in 10-day experiments
at 500°C.

Similar to Coop, the maximum of Pt,, in 0.1 mHCl
solution buffered by the APyPM assemblage was
observed at the beginning of the kinetic curve, before
the crystallization of Pt arsenide and sulfide (Fig. 3).
Similar to the case with cooperite, the shape of the dis-
solution curve can be explained in terms of the theory
of an intermediate activated complex [12]. In a more
complex system, hydroxide and chloride Pt complexes
interact with sulfoarsenide ones. The rate of dissolution
of the APyPM assemblage appeared to be lower than
that of metallic Pt. The stoichiometry of mixed com-
plexes in the chloride—sulfide—arsenide solutions may
be fairly complicated; this problem requires special
study and is not discussed in this paper. The bulk Pt and

< ~5.00
S 550 -
&-6.00 =
0.1mHCI =
1mNaCI =
H,0 300

As contents measured in the quenched solutions is
given in Table 4. Owing to analytical difficulties, satis-
factory results for bulk As,, content were obtained only
at 400°C.

Pt—Fe-Ni—CIl-S-As—O-H System

The effect of accompanying metals on Pt transfer in
chloride—sulfide—arsenide solutions was estimated by
adding Ni to the system. It is known that Ni sulfides and
arsenides often accompany PGE mineralization [13]. In
this case, a mixture of Ni-NiO-APy—As, ., was used as
a starting mineral assemblage. X-ray phase analysis
revealed newly formed magnetite, Ni sulfides (heazle-
woodite, Ni;S,), and Ni arsenides (nickelarsenide,
NisAs,). Pt compounds were never found in the solid
experimental products. A continuous film of metallic
Ni with a Pt content below the detection limit was
formed on the ampoule walls and Pt substrate. Varia-
tions in bulk Pt concentrations under these conditions
are shown in Table 4.

The compositional changes of solid charges during
the experiments suggested the following buffer reac-
tion: 6FeAsS + 6NiO + 12Ni + O, = 2Fe;0, + Ni;S, +
3NisAs,. This reaction controls the activity of S and As,
while the oxygen fugacity is maintained at a lower level

Fig. 2. Surfaces of variations in the bulk concentration of Pt in the water—chloride medium buffered by PPM during the dissolution

of (a) Pt and (b) PtS at Py, = 1 kbar.
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compared with the experiments with APyPM mixture.
The latter is confirmed by the simultaneous decrease in
Pt,, content and increase in As,, reported by Pokrovskii
et al. [14]. The absence of new(lly formed cooperite and
sperrylite among the run products is probably caused
by the extremely low solubility of Pt under these condi-
tions and higher Ni affinity to S and As.

Pt-Ni-CIl-As—O-H System

To estimate more correctly the effect of As on Pt
behavior, sulfur was excluded from the system, and
0.1 mHCI solution interacted with the Ni-NiO-As,,
starting mixture. The experimental products contained
the Ni-NiO-NisAs, assemblage. Metallic Ni also pre-
cipitated on the ampoule walls in the absence of
Pt-bearing phases. The following reaction can be pro-
posed on the basis of experimental products: 4Ni +

NiO + 2As == NisAs, + 0.50, [15]. The log f(, value

in a 0.1 mHCI solution in the presence of metallic As at
300°C is calculated as —47.9 [16]. The solubility of Pt
in this medium is at the detection limit of the AA-6200
spectrophotometer (Table 4), which attests to the insig-
nificant influence of chloride and arsenide complexes
on Pt mass transfer under reducing conditions.

DISCUSSION AND CONCLUSIONS

The following conclusions can be drawn from the
position of the maximum Pt content as a function of solu-
tion composition and temperature (Fig. 2a, Table 2).
Based on the solubility surface, an increase in the max-
imum Pt content in the chloride solution as compared to
the “pure” water indicates that chloride Pt complexes
were formed since the beginning of Pt dissolution and
that the acid environment was most favorable. The isop-
leths of the dissolution surface indicate that the appear-
ance of hydrosulfides and an increase in their activity
shift the extreme maximum toward lower temperatures.
This is accompanied by a decrease in bulk Pt concen-
tration in the solutions mainly at the expense of a
decrease in the activity of chloride species. A similar
situation is typical of the subcritical field, where the
low chloride solubility of Pt (<1 ppb) was related to the
formation of ‘“aqueous sulfides” [2]. In our case, a
decrease in Pt solubility was related to the dissolution
of Py and Po of the PPM assemblage. The bulk Pt con-
centration reaches a maximum and then decreases to
the values controlled by PtS solubility. The evolution of
cooperite solubility is illustrated by its solubility sur-
face in the coordinates of experimental parameters
(Fig. 2b, Table 2).

The results of experiments at 200-350°C in the

H,SHS~/S Oi_ bearing solutions also demonstrated a
decrease in the bisulfide solubility of Pt with increasing

temperature, which was related to a possible increase in
the role of chloride complexes [4]. A different situation
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Table 3. Composition of newly formed phases at P, = 1 kbar

(wt %)
Mineral
(t. °C) Pt Fe S As 2

Sper (400) | 60.40 2.61 2.14 | 34.12 | 99.27
APy (400) 496 | 34.30 18.10 | 42.34 | 99.70
Sper (500) | 54.78 5.21 5.01 33.82 | 98.82
Coop (500)| 79.50 3.26 16.00 1.65 [100.41
Po (500) 220 | 57.82 | 37.59 236 | 99.97

was observed in the P-T-|, range studied. The bisulfide
solubility of Pt in a chloride-free medium increases dis-
tinctly with increasing temperature (Fig. 2b, Table 2).
The appearance of chlorides in the system at lower tem-
perature (300°C) confirms the suggestion of these
authors for the isobar studied by us. At the same time,
the bulk Pt solubility at other isotherms shows both
positive and negative changes and regularly increases
only in an acid environment, in spite of an order of
magnitude lower content of chlorides.

At the kinetic stage of dissolution in a complex
medium, the bulk Pt concentration decreases with the
appearance of hydrosulfides mainly at the expense of
chloride species. Thus, the participation of chlorides in
this process is beyond doubt. Their contribution is pos-
itive in an acid medium and is characterized by an alter-
nating sign in the near-neutral (1 mNaCl) region. A sig-
nificant increase in the chloride solubility of Pt with
increasing temperature (200 — 500°C) was noted

only in a sulfur-free medium at log f, >-20 [17].

The bulk Pt content is further decreased by the addi-
tion of As to the sulfide—chloride system. A chloride
medium in equilibrium with arsenopyrite is more
reducing as compared with the pyrite-bearing system,
at least at 300—400°C [14]. This explains the observed
decrease in the bulk Pt concentration in the quenched
solutions. This process is accompanied by the crystalli-
zation of sperrylite with arsenopyrite and, at a higher

logmPt
-6.0 -

=70

H

-8.0 I I 1 1
0 5 10 15 20

T, days

Fig. 3. Kinetic curve showing variations in the bulk concen-
tration of Pt in 0.1 mHCI solution in the presence of the
APyPM assemblage at 500°C and 1 kbar. The vertical bars
show uncertainty intervals.
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Table 4. Pt concentration in 0.1 mHCI solution as a function of temperature and the compositional evolution of the solid

charge during experiments

logmPt™ logmAs™ ~
osm OsmAs asigrlrrltl;?agge Newly formed phases
300°C 400°C 500°C 400C
-6.28£0.15 -6.40£0.20 -7.60 £0.10 -5.60 APyPM PtAs,, PtS
-6.78 £0.30 -6.80 £ 0.30 n.d. —4.82 NNO + APy + As | Fe;04, Ni3S,, NisAs,
—7.08 £ 0.30 —7.49+0.30 n.d. n.d. NNO + As NisAs,

temperature, cooperite with pyrrhotite (Tables 3, 4).
Only scanty data are available on As speciation in sul-
fide and chloride solutions. It is suggested that arse-
nopyrite dissolves incongruently in H,S-bearing
aqueous solutions to form orthoarsenous acid accord-
ing to the reaction 4FeAsS + 4H,S° + 50, + 2H,0 =

4FeS, + 4H;As 0(3) [11]. In addition, the speciation of As

depends on the pH, H,S° activity, and redox potential of
the system. An increase of a sulfur admixture in Sper
with increasing temperature and the new formation of
arsenopyrite indicate an increase in hydrosulfide activ-
ity and possible appearance of binuclear sulfide—ars-

enide complexes. There is an opinion that H,As, 32 is
the main species in neutral solutions, while HAs,S,

and ASZSi_ are predominant in acid and weakly acid

solutions [18]. The order of new mineral formation in
the Pt—-Fe—CI-S—As—O-H system, Sper (300°C) —
Sper + APy (400°C) — Coop + Sper + Po (500°C), and
the evolution of mineral compositions (Table 3) indicate
that the role of S increases with increasing temperature at
the expense of As. It should be noted that cooperite is
formed already at ~300°C in the As-free system [8].

The obtained results suggest that the hydrothermal
mobility of Pt and the formation of its own minerals are
controlled not only by the composition and evolution of
ligand-forming components but also by the presence of
other metals. This can be exemplified by nickel. As was
noted above, cooperite and sperrylite are not formed in
a Ni-bearing hydrothermal environment. The solubility
of Pt decreases sharply under such conditions, and Ni
sulfides and arsenides are actively formed. The incor-
poration of Pt in Ni sulfides and arsenides was sug-
gested by many researchers [19]. For example, these
minerals are main Pt hosts at the Pechenga deposits
[20]. We failed to analyze the compositions of newly
formed Ni sulfides and arsenides in view of their small
sizes. It should be noted that cooperite in association
with Ni sulfides typically occur in magmatic ores [13,
21]. At a temperature of about 300°C and lower, sper-
rylite associates with hydrothermal Cu sulfides (covel-
lite, digenite, and bornite) at the Salt Chuck deposit,
Alaska [22]. Similar to the experimentally studied
As-bearing system, cooperite does not occur in this
deposit, and the associated sulfides have extremely low
Ni contents.

GEOCHEMISTRY INTERNATIONAL

Although the number of Pt deposits of undoubtedly
hydrothermal genesis has increased in the past years
[23], it is significantly smaller than the number of
hydrothermal gold deposits. It is thought that this could
be related to the fact that the solubility of Au under
hydrothermal conditions is two orders of magnitude
higher than that of Pt [4]. Some researchers argued that
gold is transported mainly with hydrosulfide complexes
[24, 25]. There is an opinion that an increase in As con-
tent leads to an increase in Au solubility; therefore,
under reducing conditions, As together with S plays a
leading role in Au transport [18]. In chloride—sulfide
solutions buffered by the PPM assemblage, the bulk
concentration of Au increases with increasing tempera-
ture and chloride activity [26, 27]. In addition, compos-
ite chloride—bisulfide Au complexes are stable at tem-
peratures of higher than 400°C (in contrast to the same
Pt complexes) and could also contribute to this process
[28, 29].

High-temperature (1100-1350°C) experiments on
the partitioning of gold and platinum between fluid and
basaltic melt demonstrated that the solubility of Pt in
chloride fluids is higher than that of Au, and the extract-
ing ability of chloride fluids with respect to noble met-
als increases with decreasing temperature [30]. Thus,
chlorine plays the leading role in the mobilization and
transportation of Pt at high temperature. However, the
presence of sulfides and arsenides in natural hydrother-
mal environments affects this process. In particular, it
was shown above that the activity of chloride Pt com-
plexes is suppressed under reducing conditions
imposed by the corresponding mineral assemblages.
Since sulfide solubility of Pt is less than that of Au, Pt
is less mobile under hydrothermal conditions. This
underlies the differences in the geochemical behavior
of these noble metals.

As was shown above, the change in Pt complexation
with the appearance of S and As in the system leads to
the crystallization of cooperite and sperrylite even from
solutions with low Pt contents. The activities of S and
As are controlled in such a case by the dissolution of
sulfides and arsenides. Similar mechanisms, though
related to changes in redox potential, operate during the
crystallization of metallic Pt, which was established in
a sulfide-free system [29]. The precipitation of noble
metals under hydrothermal conditions was described
for the first time for Au by Gammons [31]. This author
Vol. 45
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related the crystallization of metallic gold with a
change from the complexes of monovalent Au to triva-
lent Au with decreasing temperature [32]. We believe
that this scheme of changes in the character of com-
plexing is applicable to Pt and may be universal. In par-
ticular, the appearance of S and As in the system leads
to the crystallization of Pt sulfides and arsenides; a
change in redox potential in chloride solutions causes
the precipitation of metallic Pt [29]; and a change from
monovalent to trivalent complexes of Au leads to the
crystallization of Au,,, [31]. This fact explains, in par-
ticular, the reasons for the hydrothermal formation of
minerals that were previously considered as magmatic.
In the general case, our results define geochemical bar-
riers and the conditions of their realization in the corre-
sponding natural settings.
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