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The study of the chemical behavior of highly sidero-
phile elements, including platinum group metals
(PGM), is of great theoretical and practical significance
for understanding the early differentiation of the Earth,
mantle and core formation, and the conditions of PGM
formation in mafic—ultramafic magmatic complexes.
The experimental study of PGM solubility in silicate
melts under different physicochemical conditions,
together with geochemical investigation, plays an
important role in the solution of this problem. Increas-
ingly greater attention has recently been focused on the
role of fluids in these processes. With a few exceptions
[1, 2], PGM solubility has mainly been studied in the
“dry” water-free silicate melts under atmospheric con-
ditions [3, 4]. Therefore, we studied Pt solubility in the
water-saturated haplobasaltic melt under high water
pressure within a wide oxygen fugacity range spanning
the whole interval of the natural magmatic process.

Pd solubility was studied in a melt of DissAnssAb,,
(DAA) composition close to diopside—plagioclase
eutectics, a magnesian analogue of basaltic magmas, at
1200°C, a fluid pressure of 2 kbar, and f from the

HM to WI buffer. The hydrogen mole fraction varied
from 0.05 t0 0.50, and log f,, varied from -2.6 to -11.8.

Experiments were conducted in a high gas pressure
apparatus using a hydrogen reactor at the Institute of
Experimental Mineralogy. The oxygen fugacity was
controlled by the double capsule buffer technique under
oxidizing conditions (HM-NNO buffers) and by an Ar—
H, gas mixture that was introduced into the hydrogen
reactor of the high-gas-pressure apparatus under reduc-

ing conditions (XHz > 0.05) [5]. Temperature was mea-
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sured by Pt;,Rh/Ptc,Rh thermocouples with an accuracy
of £7°C, and pressure was controlled using a Bourdon
gauge with an accuracy of = 50 bar. Samples were
quenched by switching off the power with a rate of
130°C/min at 1200-800°C.

Charges were prepared from SiO,, MgO, CaO,
AlL,O;, and NaAlO, of reagent and high purity grade.
The starting powdered glass was placed in a platinum
ampule, diluted with distilled water or 15% H,O, under
oxidizing conditions (HM buffer), sealed, and placed
into the ultrahigh-gas-pressure apparatus.

After the experiment, glasses (quenched melts)
were represented by transparent cylinders 6 mm across
and 5-6 mm high. To prevent glass pollution by Pt from
the ampule, the outer layers (0.1-0.5 mm) were
removed by means of polishing with diamond powder
and then boiled for 1 h in concentrated HCI.

Samples were analyzed by the INAA method at Tor-
onto University, Canada, with an accuracy of 5 rel %
using the technique described in [6]. The composition
of the fluid was calculated assuming that fluids under
the experimental temperature and pressure (1200°C
and 2 kbar) behave as ideal gas mixtures.

Experiments of different durations performed to
determine the time required for equilibrium showed
that the Pt content remained constant in experiments
longer than 32 h. Our experiments lasted for 72 h.
Duplicate experiments were performed to control the
result agreement. One sample was analyzed, while a
second sample was used as the starting sample in the
experiment at the same conditions.

The fugacities of fluid components and Pt solubility
in the silicate melt are listed in Tables 1 and 2. Varia-
tions in Pt solubility versus the fugacity of oxygen,
water, and hydrogen are shown in Figs. 1 and 2. The
aforementioned data indicate that Pt solubility reached
10n ppm and varied depending on hydrogen mole frac-
tion and the fugacity of oxygen and water in fluid.

The dependence of the logarithm of solubility Cp,
on log f and other components shows an extremal
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Table 1. Conditions and results of experiments on Pt solubility in the water-saturated haplobasaltic melt at 7 = 1200°C and

P =2 kbar
Sample no. Buffer Xy, -1g fo, S0, bar Pt, ppm
Pt-83* HM 2.12-107 2.58 2039 76.200
Pt-84* HM 2.12-107 2.58 2039 74.988
Pt-110 MnMnO 0.002 6.53 2036 30.720
Pt-142 NNO 0.007 7.67 2025 26.690
Pt-118 - 0.05 9.30 1938 20.610
Pt-153 - 0.05 9.30 1938 21.950
Pt-73 - 0.1 10.02 1836 24.617
Pt-151 - 0.1 10.02 1836 23.400
Pt-72/1* - 0.2 10.72 1632 30.792
Pt-72/2* - 0.2 10.72 1632 30.067
Pt-80 - 0.35 11.39 1325 48.610
Pt-74 - 0.50 11.86 1019 54.781

* Duplicate experiments.

Table 2. Pt solubility in the water-saturated DAA melts at T = 1200°C and P = 2 kbar.
Parameters of the equation of linear regression y = kX + A of the dependence of logCp, on log fo,» log fyy o and log T,

for different thermodynamic models (Egs. (1)—(3)) of Pt solubility

Thermodynamic equation kts A R m
1. Pt (metal) + %1 0, = PtO,,, (Melt)
ox ~0.086 +£0.033 2.09 0.99 1/3
red 0.172 £ 0.047 ~0.32 0.92 2/3
m m
2. Pt (metal) + 7 O, + 7 H,0 = PU(OH), > (Melt)
ox ~0.172 £0.034 1.52 0.99 173
red 0.285 + 0.041 0.90 0.94 2/3
3. Pt (metal) + %’ H, = PtH,,, (Melt)
ox 0.164 +0.033 1.65 0.99 13
red ~0.364 +0.074 0.53 0.81 2/3

Note: (m) Effective valence, (R) correlation coefficient, (ox, red) oxidizing and reducing conditions, respectively. In the linear regression

. 1
equation: y = logCp;, X = —logfo2 (for Eq. (1)), X = _[§ logf02 + longzo] (for Eq. (2)), X = —logfHz (for Eq. (3)).

character. In the “oxidizing” range (log f, from HM

to MW buffers), Pt solubility shows a positive correla-
tion with fq . In the logCp—log f, diagram, the sol-

ubility curve shows inflection at logf, < -9.3 and
hydrogen mole fraction Xy < 0.1 (wustite stability

field) and then a negative correlation with f at fq,

from MW to WI buffers.

DOKLADY EARTH SCIENCES Vol. 406 No.1 2006

As follows from the equilibrium constant,

log C (M) melt = (m/4) - log fo, + const.

As follows from the solubility equation of PGM as
oxides in silicate melts,

M(metal) + (m/4)0, = MO, ,(melt).

ey

2

Under high water pressure, PGM can dissolve as
hydroxides according to the reaction
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Fig. 1. Dependence of Pt solubility in the water-saturated DAA melts at 1200°C and 2 kbar on the fugacity of major fluid compo-
nents (oxygen, water, and hydrogen). The Pt solubility and fugacities are shown in logarithmic scale. Dependence of Cp, on hydro-
gen fugacity is given only for reducing conditions.

T M(metal) + (m/4)O, + (m/2)H,0
\ it I = M(OH),,,(melt). (3)

AN As seen from Eq. (3), PGM solubility depends not
N I only on f ,butalsoon fy .

T T T TTTI
’

Equation (3) can be presented as follows:
M(metal) + (m/2)[1/20, + H,0]
= M(OH),,/;(melt),
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(hereinafter, m is the effective valence of PGM in a sil-

Fig. 2. Dependence of Pt solubility in the Fe-free haploba- icate melt). Equations (2) and (5) demonstrate a linear

saltic melts on f 0, (1) Our data, water-saturated melt, T = dependence between log Cp, in the melt and the loga-
1200°C, P = 2 kbar; (2) data after [4], T = 1400°C, P = 1 atm; rithm of the fugacities of O, and H,O. The slope coef-
(3) data after [2], T'= 1250°C, P = 2 kbar; (4) data after [4], ficient k is the tangent of slope of the linear dependence

T =1400°C, P = 1 atm; (I) Field related to the micronugget

offect. log Cp —log f o, (coefficient of log f, in the logCp—
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log f, dependence) and must be equal to m/4. Hence,
the effective Pt valence in a melt is 4m. For the log Cp, —
[12logfo, +logfy,ol relationship involving the

influence of oxygen and water fugacity on the Pt solu-
bility, the angle coefficient is k = m/2 and the effective
valence is 2m.

According to our data, the Pt dependence on fq,
and fy o in the oxidizing range is described by the
equations

log CPt(ppm) = 2.093 + 0.087log f (6)
log CPt(ppm) = 1.522 + 0.172[1/21og f o,
+10g f,0]. (7

The angle coefficient & is 0.087 and 0.172, respec-
tively, which corresponds to an effective Pt valence of
1/3. Thus, regardless of the form in which the reaction
of Pt solubility is written (in oxide or hydroxide forms),
the effective valence of Pt is similar.

The dependence of Pt solubility on fy ¢ is shown in

Fig. 1. Under oxidizing conditions (f,, from HM to

NNO), water fugacity decreases insignificantly (from 2039
t0 2035), whereas f, decreases from —2.58 to —7.67, and
Pt solubility decreases from 52 to 23 ppm. Thus,

assuming Pt solubility in oxide and hydroxide forms,
the decrease in Pt solubility is mainly caused by
changes of fo .

However, this conclusion cannot be considered as
final. At high water pressure, the observed PGM solu-
bility reflects the total influence of the fugacities of all

fluid components (oxygen, water, and hydrogen),
which are related by the water dissociation equation:

H,0 =H, + 1/20, with equilibrium constant K = f; -
(fo,)"*/fu,0. The proposed formal thermodynamic

models of PGM solubility in silicate melts (Eqgs. (1) and
(3)) do not account for variations in the contents of free
(molecular) and ionic species of water in silicate melts

in the case of a simultaneous decrease in f, and
increase in fy . Since ionic water in the haplobasaltic

melt is primarily bound with Na, PGMs interact with
free molecular water during dissolution in hydroxide
form. If the content of molecular water in the melt var-

ies with a decrease in f and increase in fy , even

insignificant variations in water fugacity will affect
PGM solubility.

Under reducing conditions, Pt solubility shows an
inverse correlation with f and fy o:

log Cp (ppm) = 0.315 - 0.1721og f , (8)
log Cp, (ppm) = 0.902 — 0.285 [1/2log f, +
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log fu,01, )

where the angle coefficients k = 0.172 and 0.285,
respectively, correspond to an effective valence of Pt
ranging from 2/3 to 3/5.

Of special interest are the following two main
results: (1) the higher Pt solubility in the water-satu-
rated haplobasaltic melt as compared to that in “dry”
melts at a high (2 kbar) pressure of water—hydrogen

fluid; (2) the inversion of Pt solubility versus fq

dependence from a positive to negative relationship
under reducing conditions ( fo2 < MW) (Figs. 1, 2).

The comparison of Pt solubility in the water-saturated
haplobasaltic melt at 2 kbar and in the “dry” melt at
1 atm showed that Pt solubility in the hydrous melts is
higher (10n ppm) than in the “dry” melts (<1 ppm).
These differences can be explained by the influence of
both f and fy o on solubility, as follows from Eq. (3).

Since fo, > 1000 at a water—hydrogen fluid pressure of

2 kbar within the entire fy o interval, the Pt solubility
in the water-bearing melt must be higher than that in the

“dry” water-free melts by %ilog f,0- The same reason

explains the slower decrease of Pt solubility in the
water-bearing melt relative to “dry” melts with decreas-

ing fo,. Correspondingly, the angle coefficient (slope
of the log Cp —log f, curve) is also lower.

Data on Pt solubility in the water-bearing haploba-
saltic melt at 1250°C and 2 kbar and f, from -3.5 to

—6 logarithmic units are presented in the recent work
[2]. It was found that the Pt solubility has a positive cor-

relation with f, . However, unlike our experimental

data, Pt solubility in [2] was comparable (10n ppm)
with that in “dry” melts (Fig. 2). According to [2], the
increase in Pt solubility with increasing water content

in the melt is related to the f, increase, and water fluid
does not affect the Pt solubility in the silicate melt.

We believe that such a disagreement is caused by a
difference in experimental conditions. In our experi-
ments, the melt was permanently affected by the water
fluid pressure, and volatiles of its components were
determined by the mole fraction of introduced hydro-
gen. This provided constant concentrations and propor-
tions between molecular and dissociated waters in the
melt in each experiment. As is known, water in silicate
melts dissolves in the molecular and dissociated forms.
The dissociated (bound) water forms steady com-
pounds with alkali and alkali earth elements. The
molecular (unbound) water can form hydrate com-
plexes with metals in the melt and can easily exsolve
from the melt in an undersaturated environment. In the
autoclave experiments [2], silicate sample with a small
amount of water (insufficient to saturate the melt at
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Fig. 3. EPR spectra (/1—4) of the water-bearing glass from experiments on Pt solubility in the water-saturated DAA melts at 1200°C
and 2 kbar at different fo2 values (in 1g units): (1) logf07 =-2.58 (HM); (2) -7.67 (NNO); (3)-9.3 (tz =0.05); (4)-11.39 (xH2 =
0.35); (5) EPR spectrum of the control sample of silicate glass with microinclusions of metallic Pt. No EPR signal is observed in

spectra /-3. Spectrum 4 demonstrates a weak EPR signal with three signals (a, b, ¢) in the EPR spectrum. Spectrum 5 exhibits two
distinct EPR signals (a, b), which do not coincide with those in spectrum 4.

given T and P) was placed in the Pt ampule. The low
starting water content in the system and its decomposi-
tion owing to continuous H, loss from the Pt ampule
must lead to the steady oversaturation of the melt and to
the consequent exsolution and removal of molecular
water from the melt. Owing to the loss of molecular
water in the experiments [2], melts (and quenched
glasses) contained only bound water, which showed no
effect on the Pt solubility.

Let us consider the contamination by microscopic
inclusions of metals (i.e., the “nuggets” problem). The
nature and formation mechanisms of the microinclu-
sions are still unclear. According to [4, 7, 8], metallic
inclusions form at a low oxygen fugacity. In the

logCp—log fo, diagrams, logCp shows a linear
dependence on log f, with decreasing f_ , beginning
from atmospheric oxidizing conditions. At lower fq_

values (fo, <NNO), the linear dependence is disturbed
and one can see a chaotic distribution of experimental
points above the log Cp, — log f(, trend (nuggets effect,

Fig. 3). The replacement of the linear dependence by
chaotic distribution can serve as evidence for glass con-
tamination by microinclusions of metallic Pt (if the

observed nuggets effect is actually related to the forma-
tion of metallic microinclusions). In our experiments,

the positive linear correlation logCp—logfo —was

observed within a significantly wider f, interval

(from MH to IW buffers). In addition, experimental
glasses were analyzed by the electron paramagnetic
resonance (EPR) method to determine the modes of Pt
occurrence.

The latter is a sensitive method for the investigation
of modes of metal occurrence in glasses, beginning
from a sensitivity of paramagnetic ion of 10'! spin/QOe,
which corresponds to PGM contents of 1-100 ppm.
The EPR spectra of experimental samples were com-
pared to that of the control sample with microinclusions
of metallic Pt (Fig. 3). The control sample was synthe-
sized by melting powdered Pt 5-10 wm in size (black
Pt) and haplobasaltic glass at 1300°C for 10 min. No
EPR signal was recorded from glasses obtained at a
temperature of 7 = 1200°C, water fluid pressure of

2 kbar, and logf,, from -2.6 (MH buffer) to — 9.3
(XH, = 0.05) (curves /-3). A weak EPR signal (curve 4)
was observed at logf, = -11.4 (XH, = 0.35). The

EPR signal of the control sample (spectrum 5) con-
tained two lines, which differed from those in the spec-

DOKLADY EARTH SCIENCES Vol. 406 No.1 2006



PLATINUM SOLUBILITY IN WATER-BEARING MAGNESIAN BASALTIC MELTS 127

trum of the experimental sample obtained under reduc-
ing conditions (spectrum 4). The absence of paramag-
netic ion in silicate glasses (spectra /—4) indicates the
absence of the contamination of the melt by micropar-
ticles of the metallic phase. Hence, the high Pt solubil-
ity in our experiments is not related to the contamina-
tion by metallic Pt from ampule.

The second main result is the inversion of depen-
dence of Pt solubility on f, from positive to negative

under reducing conditions (5, < MW buffer). Owing
to the microinclusion problems“, the Pt solubility versus
fo, relationship showed no inversion in some experi-
mental works in the water-free silicate melts at 1 atm.
The opposite dependence of Pt solubility on f, within

log f, from —4 to —7 was observed in [3], while a sim-

ilar inversion in the Pt solubility depending on f, was

observed in [7]. The cause of this inversion is not
exactly clear. Some authors suggest its relation with the
presence of zero-valent Pt in the melt with the simulta-
neous passivation of metal and the formation of oxide
film on its surface according to the reaction Pt (melt) +
0O, = PtO, (metal surface) [9]. Others [4, 8] assume that
Pt interacts with silica acid or microimpurities of the
melt to form the low-temperature eutectics. In the case
of convection, silicate melt is “polluted” by microinclu-
sions of eutectic PGM melt.

An interesting idea was proposed in [9]. It assumes
that the increase of Pt solubility with f, decrease

under reducing conditions is related to the presence of
the negatively-charged Pt in the melt. In this case, the
Pt solubility can be expressed by the equation

Pt(metal) + ’gHz = PtH, (melt), (10)

the equilibrium constant of which shows that log Cp, =

klog fy, + constant, where k = %1 ,m="2k.

Figure 1 demonstrates the dependence of Pt solubil-
ity on fy, for reducing conditions, which is described

by the equation
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log Cp, = 0.528 +0.364log fy. . (11)

This equation shows that the negative effective valence
of Pt is 0.72. It is interesting that, regardless of the
thermodynamic model of dissolution, the effective
valence of Pt under reducing conditions, as calculated

from experimental data on log Cp—log fq , logCp—

IOgElogfo2 + longzo} , and logcpt—long2 rela-

tionships, have a similar effective valence. However,
two former relationships deduced from the solubility of
Pt as positively charged oxides or hydroxides (Egs. (1)
and (3)) require a positive dependence of solubility on

fo, and fy o, which is inconsistent with experimental

data. The thermodynamic model of Pt solubility in the
negatively charged form, as hydride according to Eq. (10),
agrees with experimental data. Hence, the assumption of
Pt solubility in a negatively charged form under reducing
conditions seems to be a realistic one.
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