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Abstract

Interactions between several silicate and metallic phases are studied by applying a selfconsistent
thermodynamic approach and using the recent relevant thermodynamic data. We compute propor-
tions and compositions of oxidized silicates and of reduced metallic phase in equilibrium at various
temperatures and oxygen fugacities. The empirically observed activity-composition relationships for
ternary metallic alloys are used and their applications to a general thermodynamic expression for a
non-regular ternary system is explicitly discussed. We show that the stability limits of olivines and py-
roxenes with respect to precipitation of metallic phases under reducing conditions are directly related
to the presence of nickel impurities. We precisely evaluate the modifications of the stability limits as a
function of nickel content. For typical mantle olivines (Fe/(Fe+Mg)=0.1) the stability limits are given
for values of xn;=Ni/(Ni+Fe+Mg) ranging from 10 ppm to 1% by: In fo, = —39.83 + 7.86 Inz n;,

In fo, = —14.68 + 6.21 Inz x4, at 900 K and 1600 K, respectively.



Introduction

Olivine is the major mineral of the Earth’s upper mantle; a precise knowledge of its stability
field is therefore important, especially for understanding laboratory measurements performed on this
mineral. This stability domain not only depends on pressure and temperature but also on oxygen
fugacity, fo,, e.g. Nitsan (1974). At low enough oxygen fugacities, metallic iron is extracted from
forsterite-fayalite solid-solutions as predicted (Nitsan 1974) and experimentally observed (Boland and
Duba 1981; Boland and Duba 1986; Lemelle et al. 1999). In addition to its potential importance
for core formation in the Earth, this phenomenon might explain some characteristics of olivine-metal
interactions in meteorites (e.g. dusty olivines). The observation of Elligham diagrams suggests that
the presence of minor components can significantly modify the olivine stability field with respect to
oxygen fugacity. The purpose of this paper is to present a precise computation method for calculating
the stability limit of natural olivines with respect to oxygen fugacity, taking into account the presence
of minor components. We compute the stability limit under reducing conditions of mantle olivines
modeled as a solid solution of forsterite (MgsSiO4) and fayalite (FeoSiO4) containing nickel as a major
impurity. Similar calculations were performed by Arculus et al. (1990); in this study, we extend
their approach using a free-energy minimization procedure with updated thermodynamic data. In
particular, this method allows us to take into account non-ideal activity-composition relationships for
minor elements such as silicon in the metallic phase. The solubility of silicon in metal can become
important at very low oxygen fugacities and this phenomenon can have important implications to

enstatite chondrites and possibly to early Earth.



Calculation procedure

All the computations are performed within the temperature range 700K-2100K at 1 bar total
pressure. Under these temperature and pressure conditions, precise thermodynamic data can be used.
The involved phases are olivine (MgsSiO4, FesSiOy4, NipSiO4 endmembers), orthopyroxene (MgSiOs,
FeSiO3, NiSiO3), quartz «, 8 and cristobalite (SiO3), metal (Fe, Ni, Si) with bce and fce structures and
oxygen (O2). As discussed below, some results at the highest temperatures are indeed obtained in the
stability field of molten silicates or metal, and the corresponding calculations are therefore metastable
extrapolations. Thermodynamic data for the endmembers are summarized in Tables 1a and 1b. The
values of enthalpy of formation AHj has been modified for three components: fayalite (+0.5 kJ/mol),
ferrosilite (-0.5 kJ/mol), and cristobalite (+1 kJ/mol). This modification was needed to reconcile both
thermodynamic simulations and experimental observations (Bowen and Schairer 1935; Smith 1971;
Wood and Strens 1971) of equilibrium between ferrosilite and fayalite + SiO2-phases. We note that all
these corrections are smaller than uncertainties on measured values of enthalpy. To our knowledge,
no thermodynamic data are available for the NiSiO; orthopyroxene endmember. We
therefore estimated its thermodynamic properties using the approach developped by
Helgeson et al. (1978) and Sverjensky (1984). Estimated values of enthalpy of formation
AH, and of entropy S; are listed in Table 1a. The heat capacity of NiSiO3 equals the
sum of heat capacities of NiO and SiO, (Helgeson et al. 1978). The uncertainties introduced
by these assumptions are discussed later. The solid solutions are modeled by standard methods. The

chemical potential u; of each endmember ¢ of a solid solution is given by

pi = 4 (T, P) + RTna; (1)



where the activity-composition relations are given by:
RTIna; = sRT Inz; + sRT In~y; , (2)

where s is the crystallographic site multiplicity (Spear 1993) and z; is t he molar fraction. For
olivine endmembers, s=2; for orthopyroxene, oxide, and metal endmembers, s=1. The complexity
comes from the activity coefficients 7;. These coefficients are functions of temperature, pressure and
concentrations in the solid solution. They are determined from experiments and then, for practical
use, fitted with simple functions. However, the Gibbs-Duhem condition implies a relation between the

activities of the endmembers in a given solid solution:

indlnai =0. (3)
7

In this paper we deal at most with ternary solutions. In these cases, a general expression for the
activity coefficients is given by a non-regular ternary Margules expansion (Helffrich and Wood 1989;
Spear 1993),

RT In~vy; = 2Wjzizi(1 — z;) + WZ](:I:§ - 2:1:111:?) + 2Wiizizy (1 — x;)
+Wik(zh — 23im}) — 2Wijzimy — 2Wkzjmy + Wo(zjzr — 2zimjm) (4a)
where the end members have indices i,j and k, and where
1
Wy = §(WZ] + Wi + Wi + Wi + Wi + ij) — Cijk . (4b)

This expression is consistent with the Gibbs-Duhem condition for any set of interaction energies or
Margules parameters, W, and any possible ternary excess term Cjjy.
In olivine and orthopyroxene the reference states are the pure endmembers (MgaSiO4, FeaSiOy,

NipSiOy4), (MgSiO3, FeSiOg, NiSiOj3), respectively. When our computations are restricted to binary



solutions (in the absence of Ni), the expression of the activity coefficient (4a) is drastically simplified

and becomes:
RTln’yi = Wij(l - :I,‘i)2 , (5)

assuming a regular symmetric mixing model (W;; = Wj;). This approximation is justified by the
quantity and precision of available activity-composition measurements in this system. We also adopted
a regular symmetric mixing model in Mg-Fe-Ni ternary olivines and orthopyroxenes. In this case

expression (4a) reduces to:
RT Invy; = VVW.%? + Wikwi + (Wij + Wi, — ij):cja:k . (6)

As W;; = Wj; for each 4 and j, only 3 interaction energies are required, and are given in Table 2a.
For oxides, we assumed an ideal solution and we did not search for more precise activities as it is
experimentally known that no oxides should be formed under the conditions of our computations.
The problem of activity-composition relations is more complicated in the case of
metallic alloys, in particular because of the highly non-ideal behavior of silicon in metallic
iron. There only available expertise comes from metallurgy, e.g. Rist et al. (1974);
Schwerdtfeger and Engell (1964); Chart (1970); The Japan Society for the Promotion
of Science (1981). Metallurgy literature (McCoy et al. (1967); Gaskell (1981); Nash
and Nash (1991); Raghavan (1989)) adopts a solution formalism, considering iron as the
solvent (reference state pure Fe), and silicon Si and/or nickel as solutes (reference states
Ni and Si at infinite dilution in Fe). The activity-composition relations are written (Rist et al.

1974);

RTInal® = AGF(T) + RT'In f]°p; (7)



where AGF¢(T) is the enthalpy of dissolution of the solute i (e.g. Ni or Si) in Fe (Table 2b). Instead
of molar fractions, weight percentages (wt%) of the solute ¢ in the alloy, p; are used in metallurgy.
In (7), fZF € is an appropriate activity coefficient. The requirement that fZF € is 1 at infinite dilution

implies a first order expansion of the activity coefficient fZF ¢ in the following form:

Inff= 3" ejp;. (8)

j=solute

Some coefficients of interaction ef/ j (for example, the coefficient e%*l? /N which characterizes the inter-
action of Ni with itself when diluted in Fe) are experimentally determined (Rist et al. 1974). The
enthalpy of dissolution, AGY!(T), of Si in Ni considered as the solvent is also available as well as
two coefficients of interaction e]SVZ.i/SZ. and e’ JFe (Witzke and Gatellier 1996). Due to the paucity of
solution data in solid iron, we use the ef/ ; barameters in liquid iron at 1 bar and 1873 K (Table 2c).
It should be noted that expression (8) only holds when the molar fractions of Si and Ni in the alloy
do not exceed z;=0.25. If the concentration of nickel or silicon is close to 1, both chemical activity a;
and activity coefficient ; must be equal to 1. This necessary condition is not fulfilled by (7-8) which is
not surprising as these equations have been established for metallurgy assuming very large dilutions.
For our purpose, we would like to have activity-composition relations also valid for higher Si and Ni
concentrations. Another problem in applying the metallurgical approach to geophysics is that we can-
not use the equations (7-8) and assume at the same time that the iron behaves ideally; this would not
satisfy the Gibbs-Duhem condition (3). Furthermore, it can be mathematically shown that no activity
can be found for iron satisfying exactly the condition (3) when the two solute activities are given by
(7-8). What has been done was to identify the Taylor expansion of the theoretical expression (4a)
with that of the empirical model (7-8) (see Appendix). This allows us to deduce the 7 corresponding
Margules coefficients W;;. Because of RT term and the temperature dependent enthalpies

of dissolution (see equations (A5)-(A7)) the coefficients W;; turn out temperature de-



pendent. The appropriate values are listed in Table 2d for three different temperatures
T=1273, 1573, and 1873 K. One can notice that they vary almost linearly and, thus, we
also listed their temperature derivatives. Our approach allows us to compute activities valid
for any composition of the ternary system verifying the Gibbs-Duhem condition and agreeing with
available experimental results. However, we do not consider any ordered phases, such as FeSi, Fe,Si,
or FeNisz , see e.g., Raghavan (1989). This approximation is justified by the fact that we only deal
with ternary alloys containing small amount of silicon and compute the equilibrium composition at
high temperatures outside of the stability domain of FeNis. The activities predicted in a hypothetical
ternary Fe-Ni-Si alloy are depicted in Fig 1. For each endmember, Si, Ni, and Fe, the activity is
shown using a triangular representation. Activities are 1 (the darkest shading) for a pure solvent
and are 0 for an infinitely diluted solute. If the ternary system were ideal, the isoactivity lines of
Si, Ni and Fe would be equidistant and parallel to the side opposite to the corner labeled with their
names. These diagrams indicate that 1) the Fe-Si-Ni alloy is an asymmetric solution and
that Si is highly non-ideal. Due to the nonideal mixing (the Margules’s parameters are
not zero) the chemical potential of metallic silicon becomes more negative and, thus, its

solubility in a Fe-Ni significantly increases. The Fe-Ni behavior is more ideal, unless Si is present.

Results

Having defined the activity-composition relationships we can now apply our numerical code to
compute silicate-metal equilibrium as a function of temperature. In this paper we concentrate on
1 bar metal-silicate equilibrium and mainly discuss experimental implications. A high-pressure ex-

tension having important implications for the early Earth evolution will be treated in a forthcoming



paper. Moreover, this extension needs good quality high-pressure data which are not available for

some phases, especially for Ni-bearing silicates.
Stability limits of binary Fe-Mg olivine and orthopyroxene solid solutions

We start with simple mineralogical solutions and compute the stability limits of FesSiOy4 fayalite
(Fa) and FeSiOj ferrosilite (Fs) with respect to reduction, in order to compare our results with those
of Nitsan (1974). In this case, an analytical solution can be found. The chemical reactions to be

studied are:

Fe,Si0Op = aFe + SiOs + (g —1)0q, (9)

where o and 8 are appropriate stoichiometric coefficients. At equilibrium, the previous equation

implies that the oxygen fugacity fo, is given by

p p
(5 —1)RT In fo, = pRe—silicate — tFe — Mgﬂica - (5 - 1)ngygen . (10)

In the simplest case where only iron is present in metal and no magnesium is present in
silicate, the chemical potentials y; are simply the standard potentials ,u?. The reaction is
univariant and the only equilibrium line corresponds to a relation between temperature and oxygen
fugacity.

In more realistic cases where both silicate and metal are solid state solutions, their chemical
potentials are given by equation (1). Let us consider first, the possible dissolution of silicon in the

metallic phase. The reaction

S1()2 = Simetal + 02 (1 1)



must therefore be considered together with (9). The equilibrium remains univariant as one species
(Simetal) and one independent chemical relation (11) have been added to the system. In this case, by
combining (9) and (11) one finds that the concentration of silicon in the metallic phase is fixed at a

given temperature, and given by

a g B
RT In( ﬁ/};e_l) = N%‘e—silicate + (5 - 1)N(S)i - a:u’%e - Eugﬂica : (12)
Gsi

Solving (12) using (2) and (4) allows us to compute the iron activity in metal and then the potential
UFe- As the chemical potential of silicates remains standard, we readily obtain the oxygen fugacity
fo, using (10). Following the notations used in Nitsan (1974), we call OSI the stability limit of pure
fayalite under reducing conditions in the system olivine-silica-iron (a=2, f=4). Similarly the PSI
curve stands for the equilibrium in the system pyroxene-silica-iron (a=1, §=3).

Fig. 2a and 2b depict the OST and PSI stability curves in the (1/7, fo,) space with their associated
uncertainties (shaded areas) obtained, here and in the following curves, by varying the thermodynamic
parameters within the error bars associated to the relevant measurement. For comparison the curves
given by Nitsan (1974) are also shown as dashed lines. The results are generally in good agreement,
although significant discrepancies are observed below 900 K. These discrepancies are due to differences
in the endmember thermodynamic data, and not to details of the activity model; very small amounts
of silicon dissolve in iron resulting in iron activity remaining close to 1. The amount of silicon dissolved
in the metallic phase in equilibrium with fayalite or ferrosilite depends on temperature, varying from
less than 10—9 wt% below 1000 K, to 10~ wt% at the melting point of the silicates.

Depending on the temperature range, we used thermodynamic data for the stable phases of metal
(bce or fee) and silica (a-quartz, S-quartz or cristobalite). The stability domains are indicated in Fig.
2. The free-energy difference between quartz and cristobalite yields shifts of the stability curve by less

than 0.1 fo, log-units, which is within the errors due to combined uncertainties on thermodynamic

10



parameters. Differences between « and -quartz and cristobalite and tridymite (not considered) are
even more negligible. Pure Fe metal changes from a bcc to fcc structure at 1185 K and transforms
back to a bcc structure above 1667 K. The free energy difference between the two forms of Fe has
been computed by Guillermet and Gustafson (1985), and has a negligible effect on the stability limit.
Above 1490, 1413, 1811 K for fayalite, ferrosilite and metal, respectively, the phases are molten;
the calculations above these temperatures are simply metastable extensions; in these domains, the
real stability limit might be quite different from that computed here, although it can be safely in-
ferred that they will remain close to the metastable extensions up to 100 K above melting point.
The OSI and PSI stability limits with respect to reduction are shown in Fig. 3a and 3b for three
different olivine compositions (Fal00-pure fayalite, Fal0-(Mgp.9Fep.1)25104, Fal-(Mgp.g9Fep.01)25104)
and three different ortho-pyroxene compositions (Fs100-pure ferrosilite, Fs10-Mgg 9Feg.1SiO3 and Fsl1-
Mgg.99Fe.01Si03). The effect of the iron dilution by magnesium in olivine and orthopyroxene is to
expand the stability fields toward more reducing conditions. If we neglect non-ideal mixing in olivine
and orthopyroxene and assume yr.=1, the PSI and OSI stability boundaries shift towards even more
reducing conditions (dashed lines). The difference between non-ideal and ideal mixing models is larger
than thermodynamic uncertainties (shaded areas) in the case of OSI. The destabilization reaction of
a fayalite-forsterite solid solution under reducing conditions does not necessarily yield olivine-silica-
iron assemblages (OSI). If the OSI boundary curve occurs at more oxidizing conditions than PSI, an

olivine-orthopyroxene-iron (OPI) assemblage is formed, according to:
. . 1
FesSiO4 = Fe + FeSiO3 + 502 . (13)

In the case where Mg is absent it is easy to write equivalents of equations (10) and (12) and compute
the OPI stability curve. When Mg is present, both activities of fayalite and ferrosilite

become related to the ratios Mg/Fe in olivine and pyroxene. The latter are unknown

11



variables in equations equivalent to (10) and (12) and to solve such problem analytically
would be cumbersome. Therefore, we developed a numerical code, minimizing the Gibbs free
energy of a chemical system subject to element abundance constrains. The numerical method uses a
stoichiometric formulation of the minimization problem adapted from Smith and Missen (1991). The
results are the molar abundances of the different endmembers in each coexisting phase, as a function
of pressure and temperature, assuming thermodynamic equilibrium. The input parameters are (1) the
bulk chemical composition of the system, (2) a list of all possible phases and components involved in
the system, (3) the standard chemical potentials of the endmembers at all investigated P and T and
4) the activity-composition models for each solid solution. For each free-energy minimization,
oxygen fugacity is calculated by using one or several chemical equilibria involving oxygen,
a posteriori. When the total amount of oxygen ngp in the system equals the quantity of

oxygen n¢, needed to obtain fully oxidized system,
nZ‘) = NMg + NFe + NNi + 2ng;,

no metallic phase is present. The oxygen fugacity is, however, defined by an chemical
equilibrium between an oxidized and reduced phase, i.e. when np — ng. Thus, to obtain
the stability limit of a given silicate we lower the quantity of oxygen corresponding to
its stoichiometry by an infinitesimal amount and compute the corresponding oxygen
fugacity.

Starting from olivine, our program automatically chooses the appropriate equilibrium (OPI or
OSI) that leads to the minimum free energy. The OPI curve is found to be very close to OSI, and we
plot the difference between these two curves as a function of temperature in Fig. 4. Assuming that
the silicon concentration in the metallic phase is small, these differences can also be understood in

terms of an equivalent silica activity (Inagio,=In fgfl —1In f(())QPI)_ For magnesium-rich compositions,

12



the OPI rather than OSI reaction occurs, at least at low temperatures. This indicates that the olivine
destabilization at reducing condition leads to pyroxene-metal assemblages. For iron-rich compositions,
uncertainties in endmember thermodynamic parameters cause large uncertainties on silica activity and
prevent a precise determination of whether olivines destabilize according to OPI or to OSI. The only
constrains come from experimental observations on stability of iron-rich orthopyroxene by Bowen and
Schairer (1935, Smith (1971, Wood and Strens (1971). The latter indicate that ferrosilite (FeSiO3)
decomposes into fayalite + silica at room pressure and all temperatures which is in agreement with
our predictions.

The iron dilution by magnesium in olivine or orthopyroxene causes an increase of the still small
amount of silicon present in the metallic phase at OPI and PSI equilibria (Fig. 5). At a temperature
of about 1800 K and for a silicate with a Fe/(Fe4+Mg) molar ratio of 10%, the concentration of Si in
the alloy is 4x10~3 wt%. We note that possible point defects in silicates are not considered
here. Nakamura and Schmalried (1983) have shown that cation vacancies in fayalite can
yield an exsolution of FeO and SiO; phases. They concluded, however, that the non
stoichiometry of olivine drops almost exponentially with the fraction of Mg in solid solu-
tion. They have also shown that the concentration of cation vacancies decreases at very
low oxygen fugacities. It is obvious that for a precise modeling of silicon concentration
in metallic alloy one should include effect of nonstoichiometry. Due to the absence of
thermodynamic parameters of such compounds we are, however, unable to include this

phenomenon into our model.

Stability field of mantle olivine and composition of metal and silicate phases in thermo-

dynamic equilibrium

13



The main difference between a mantle olivine and a fayalite-forsterite solid solution is the presence
of nickel as a major impurity. Other impurities are present (e.g. Ca, Mn, Cr), but they are less
important, as far as metal precipitation is concerned, and they will be neglected here. San Carlos
olivine containing about 3000 wtppm of NiySiO4 (O’Neill 1991) is used as a model for the mantle
olivine and is approximated by (Mg,Fe,Ni,)2SiO4 where x=.900 y=0.098 and z=0.002. As shown
in Fig. 6, its stability limit is shifted to higher fo,’s, by about 1 to 3 log fo, units in comparison
with a fayalite-forsterite solid solution of equivalent composition. It is a consequence of the combined
precipitation of Ni and Fe in the metallic phase. This fact should be recognized when performing
experiments on natural olivines under controlled oxygen fugacity. The San Carlos olivine stability
line is barely controlled by the stability of NisSiO4. As Ni is present in very small quantities, it has
a quasi-ideal behavior and the stability line is independent of the non-ideal mixing coefficients. The
main sources of uncertainties in the stability limit of San Carlos olivine under reducing conditions
come from the endmember thermodynamic parameters. The effect of Ni on the stability limit of Fal0

olivine is given at two representative temperatures by:

In fo, = —39.83 + 7.86Inzy; at T = 900K (14a)

In fo, = —14.68 + 6.21Inzy; at T = 1600K (14b)

The composition of metal in equilibrium with San Carlos olivine strongly depends on temperature, as
shown in Fig. 7. It shifts from almost pure nickel at low temperature to more iron-rich compositions
at higher temperatures. This explains why the difference in oxygen fugacity between Ni-bearing and
Ni-free olivine decreases as temperature increases (see Fig. 6). The silicon content in the metallic

phase remains negligible over the whole temperature range.
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As oxygen fugacity is decreased away from the stability curve, at constant temperature (T=1700 K
in Fig. 8), a Ni-rich metal precipitates. As fo, further decreases, this metal becomes enriched in iron,
and then in silicon at very low oxygen fugacity (shaded areas of Fig. 8a). The compositions of the
olivine and pyroxene phases in equilibrium with the metal are given in Fig. 8b and 8c. As expected,
at very low oxygen fugacity, the silicate compositions are close to pure forsterite and enstatite. The
calculated composition of the metallic phase is very sensitive to the activity coefficient of Si in metal.
In the past works, e.g. Guyot et al. (1997), the metallic alloy has been considered as
an ideal Fe-Ni-Si solid solution and the chemical potential of metallic silicon has been
corrected by using a constant activity coefficient vg;. The latter was obtained by setting
Zpe to 1, zy; to 0 and zg; to 0 in equation (4a), i.e. RTInvyg; = Wgipe. As shown in
Figure. 8a (dotted lines) this approximation leads to a much more Si-enriched metal at
low fo, than what is predicted by using a precise formalism. Future experiments could
be used to determine the actual activity-composition relations for silicon in solid metal
by measuring metal compositions equilibrated at low oxygen fugacities in this system.

It should be also noted that a real metallic alloy is molten at high temperatures and
low oxygen fugacities (high Si concentrations). Considering the experimental results
by Jones and Drake (1986) and Ehlers et al. (1992) we think that our solid solution
model can be viewed as an limiting case. Since the partition coefficients between silicate
melts and metal should be comparable or slightly lower than those predicted by solid
state chemical equilibrium computations. This means, for instance, that the solubility

of nickel in silicates will not increase when molten phases are present.

Stability field of a simplified model of peridotite
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For computing the reducing stability limits of an upper mantle assemblage at 1 bar,
we consider a simplified model of mantle bulk composition LOSIMAG inferred by Hart
and Zindler (1986). In this particular model, we take the Fe/Mg and Ni/Mg ratios of
0.1120 and 0.0032, respectively, and neglect the aluminium and calcium contents. The
total amount of silica is chosen in order to obtain 60 wt% of olivine and 40 wt% of
pyroxene. Therefore, the following peridotite of bulk composition Mg=1.435, Fe=0.161,
Ni=0.0046, Si=1, 0=3.6006 (molar proportions) is considered. When the Ni content is
neglected, the computed stability limit of this simplified peridotite (Fig. 9) is almost identical to
that of Fal0. This is not surprising since this peridotite is indeed an assemblage of olivine Fal0 and
orthopyroxene Fs10 that have very close stability limits. As shown in Fig. 9, the computed stability
limit of Ni-bearing peridotite is slightly shifted to more oxidizing conditions than those of San Carlos
olivine. This comes from the fact that Ni content in the upper mantle olivines (calculated from bulk
composition of Hart and Zindler (1986)), appears to be on average slightly higher than in mantle

olivine.

Conclusions

In this study we have presented a thermodynamic approach which can be used for computing sta-
bility domains in olivine-pyroxene-metal systems. Using the free-energy minimization we computed
equilibrium compositions of various phases as a function of temperature and oxygen fugacity. Particu-
larly, the composition of ternary Fe-Ni-Si metallic alloy was studied using metallurgical measurements

of activity-composition relationships. Usually the presence of silicon in metallic phase is neglected.
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Our approach allowed us to evaluate precisely conditions needed for an introduction of silicon into the
metallic phase. As the empirical activity-composition models found in literature are not consistent
with thermodynamics we have developed an improved activity-compositions model compatible with
general thermodynamics relations. The results obtained for the Mg-Fe-Si system are in agreement
with previous observations, e.g., Nitsan (1974). The only discrepancies are found at low tempera-
tures. Here, more experimental works are needed in order to compare computed equilibrium stability
limits and those observed experimentally and possibly affected by kinetic processes.

For systems containing nickel we performed a detailed computations in order to precisely evaluate
its influence to the stability limits. We found that for a mantle olivine containing nickel as a major
impurity (typically about 3000 wtppm) the stability limits can be shifted by about 2 log fo, units to
more oxidizing conditions. A similar trends was found for the simplified model of mantle peridotite.
This fact has important implications for mantle properties, such as electrical conductivity, and should

be taken into account when performing laboratory experiments.
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Appendix

To illustrate how we derived the Margules energies from the metallurgical parameters, we can
take the example of an alloy where Fe is the solvent. In this case, the general expression (4) can be
expanded as a Taylor series of the quantities zy; and zg;. Remembering that zp, = 1 — zn; — x g5,

one gets for the activity of Si
RTInvEf ~ Wsipe + (—4Wsire + 2Wresi)tsi + (—2Wsire — 2Whire + Wo)zni- (A1)

However the metallurgic approach (equations (7-8)) implies that

RTInyE¢ = AGES + RT'In Z—? + RT (e 5:psi + €55 niPNi)s (A2)
where
Mgizsi Mnyizn;
.= 100 : . =100 : A3
bsi Msizsi + MNizNi + MpeTpe b Msizsi + MNizNi + MpeTpe (43)
and M; is the molar mass of element ¢. This last equation has the Taylor expansion
Msg;
RT InvEe ~ AGE? + RTln(lOOM )+
Fe (A4)
Mg; Mg; — Mp, My oF Mpy; — Mp
RT (1007~ “e5ssi — ’MT):ESZ + RT(100 F“ esiINi — fMiFee)xm
By identification of (A1) and (A4), we derive that
M
Wsire = AGES + RT In(100--21), (A5)
Fe
Mg; — M
~AWsipe + 2Wres; = RT(1007 Ms: efts: — —e %), (A6)
F Fe
M M i M e
—2Wgsire — 2Wnipe + Wy = RT(lOO MNZ gf/Nz %) (A7)
Fe Fe

Similarly, other relationships between W;; and eki/j are found by identifying the expressions for

fyﬁf and fyé\;-i deduced from the Margules expansion with those used in metallurgy. The empirical
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models, for Ni and Si diluted in Fe (Rist et al.

1974), and for Fe and Si diluted in Ni (Witzke

and Gatellier 1996), include 9 parameters: 3 dissolution enthalpies (Table 2b) and 6 interaction

coefficients (Table 2c). However, only 7 independent parameters are required in the expression (4).

This indicates that the empirical parameters are not independent and that 2 ’observations’ could

have been theoretically predicted. Indeed we can show the following relations between the interaction

coefficients and dissolution enthalpies :

JFe e Mni  Myi— Ms;
Ni/Si Si/Ni Mg, 100 Mg; ’
My;i(1 —100 ek )
AGY; = RT( : o, Ni/Ni
Fe

— In(100

(A8)

(A9)

MNi) . Mpe(1—100 efig ) 1
Mp. Mpy; 2/

The fact that the observations data closely verify these two equations is a striking confirmation of the

validity of Margules’ approach.
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Table 1a. Thermodynamic parameters used for endmembers

Enthalpy AHy Entropy Sy Ref.
kJ/mol J/K/mol

MgoSiOy -2174.320 94.110 1
FeySiOy -1478.670* 151.000 1
NigSiO4 -1396.500 128.100 2
MgSiO3 -1546.290 66.270 3
FeSiO3 -1194.700* 94.560 1
NiSiOg3 -1157.525 76.541 P
MgO -601.490 26.940 1
FeO -267.270 57.590 1
NiO -240.110 37.991 4
Fe (bcc) see ref. see ref. 7
Fe (fcc) see ref. see ref. 7
Ni 0 29.873 4
Si 0 18.810 6
SiO9 () -910.700 41.460 3
Si0, (B) -910.497 41.700 3
Si0y (cristobalite) -908.864* 43.363 5
02 0 205.150 6

* corrected values, see discussion in the text

! Fei et al. (1991) 2 Robie et al. (1984)
3 Saxena et al. (1993) * Holmes et al. (1986)
5 Navrotsky (1994) 6 Robie et al. (1979)

7 Guillermet and Gustafson (1985)
P estimations based on the approach developed by
Helgeson et al. (1978) and Sverjensky (1984)
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Table 1b. Heat capacities of endmembers
Cp=a+bT+cT 24+dT%2+eT 3+fT %54+gT ! in J/K/mol for T in K

a b (1073) c (10%) d (1073) e (10%) f(10%) g (10°) T-range
1 MgsSiOy 166.9983 15.6360 -11.1490 0.0 17.6538 0.0 1.92
1 FeySi04 167.0023 27.1180 -1.3124 0.0 -2.5649 0.0 -5.56
2 NipSiOy4 34.8605 15.8753 10.0776 0.0 0.0 88.81 -164.98
3 MgSiOg3 144.4500 18.8200 -1.3500 0.0 4.6120 0.0 19.38
1FeSiO4 131.8945 0.0620 -4.9472 0.0 0.1422 0.0 23191
1 MgO 49.6558 3.8410 -1.3899 0.0 1.2721 0.0 -0.7917
1 FeO 68.4368 1.1940 1.6971 0.0 1.3479 0.0 -11.88
4 NiO -27.5520 169.0400 1.9083 0.0 0.0 0.0 0.0 298-525
-37.7150 175.7300 0.0 0.0 0.0 0.0 0.0 525-565
58.4170 -7.1210 0.0 0.0 0.0 0.0 0.0 565-800
35.1090 15.1063 3.9426 0.0 0.0 0.0 0.0 800-1200
41.5180 12.0380 0.0 0.0 0.0 0.0 0.0 1200-2000
4 Ni 11.1100 37.8720 0.3228 0.0 0.0 0.0 0.0 298-600
-2254.1560  2535.0300 276.4775 0.0 0.0 0.0 0.0 600-631
-70.7540 90.9240 18.5720 0.0 0.0 0.0 0.0 631-700
20.6880 9.9716 1.5223 0.0 0.0 0.0 0.0 700-1728
5 Si 31.7780 0.5388 -0.1465 0.0 0.0 -1.79 0.0 298-1685
3 Gi04 81.1447 0.1828 -0.1810 5405.80 0.0 -6.98 0.0 298-848
(alpha) 75.8210 1.2050 1.7310 0.0 1.2020 0.0 -12.13 848-
3 §i0, 81.1447 0.1828 -0.1810 5405.80 0.0 -6.98 0.0 298-848
(beta) 78.8120 1.2050 1.7310 0.0 1.2020 0.0 -12.13 848-
3 G8i0, -1399.8908  5715.8000 26.2880 -6.2446 0.0 0.0 0.0 298-373
(crist) 2178.3561 -6987.2000 -58.2010 6.4573 0.0 0.0 0.0 373-453
7860.2125 -23634.000 -255.0100 20.1910 0.0 0.0 0.0 453-543
77.5875 -6.0805 -4.4542 2778.70 0.0 0.0 0.0 543-3300
5 0y 48.3130 -0.6913 0.4992 0.0 0.0 -4.21 0.0

1 Fei et al. (1991)
4 Holmes et al. (1986)

2 Robie et al. (1984)
5 Robie et al. (1979)

3 Saxena et al. (1993)
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Table 2a. Margules parameters

in olivine and pyroxene (kJ/mol)

ol
WM gFe
W

FeNt
wii

MgN4

pT
WM gFe

pT
WFeNi

DT
WMgNi

7.12+1.8

0.35+1.0

0.35£1.0

3.4242.1

0.0+

0.0+

1

! Koch-Muller et al. (1992)

2 Siefert and O’Neill (1987)

3 O'Neill (1991)

Table 2b. Enthalpies of dissolution

in metal (kJ/mol) at T=1873 K

AGKe=—76.077
AGEe=—157.932

AGRE=—215.135

26



Table 2c. Coefficients of interaction ef/ j in metal

ebe,  0.2533 1
egty;  0.0115 1
ehés; 0.0131 1
ehéy; 0.0021 1
eNis;  0.2533 2
ent e 0.0299 2

! Rist et al. (1974)

2 Witzke and Gatellier (1996)

27



Table 2d. Margules parameters in metal at different temperatures in (kJ/mol) and their temperature

derivatives (J/mol/K)

T=1873K T=1573K T=12713K 2
Wsipe ~ -98.425  -103.683  -108.941 17.53
Wire -8.267 -7.090 -5.913  -3.92

Wsini -159.634 -155.088 -150.542 -15.16
Wreni -15.375 -13.030 -10.684  -7.82
Wresi -93.799 -120.821 -147.842  90.07
Whisi -220.862 -227.532 -234.201  22.24

Wo -195.352 -206.402 -217.452  36.83
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Figure 1: Activities of Fe (a), Ni (b), and Si (c) in the ternary alloy Fe-Ni-Si. In each triangle,
the Fe, Si and Ni contents are 100% in the bottom left, top and bottom right corners, respectively.
The curvature of the isoactivity lines is the expression of the strong non-ideality of the solution. The

isolines correspond to values of activities between 0.1 and 0.9.

Figure 2: Stability curves of the OSI (a) and PSI (b) equilibria. The horizontal axis depicts the
temperature in 10*/K units (bottom) or K units (top), the vertical axis corresponds to the oxygen
fugacity in bars. The thickness of the stability curves (shaded areas) are due to uncertainties in the
thermodynamic data. The dashed lines were obtained by Nitsan (1974). The stable phases of silica,

silicon, iron and silicates are indicated as a function of temperature.

Figure 3: Stability curves of olivines (a) and pyroxene (b) in the (T-fo,) space for three Mg/(Mg+Fe)
ratios (99% for Fal and Fs1, 90% for Fal(0 and Fs10, and 0% for Fal00 and Fs100). The widths of the
shaded areas are due to the thermodynamic uncertainties. Neglecting the non-ideality of the mixing
would shift the stability fields towards more reducing conditions for the olivines, dashed lines in (a).

The effects of non-ideality are negligible in pyroxenes.

Figure 4: Difference between the stability curves of OPI and OSI as a function of temperature. A
negative fo, (left axis) or a silica activity less than 1 (right axis) indicates that olivine is reduced
to pyroxene and metal (e.g. FalO). Although uncertainties are large, our model suggests that pure

fayalite reduces to silica+iron whereas magnesium rich fayalite reduces to pyroxene+metal.

Figure 5: Molar fraction of silicon in the metallic phase in equilibrium with silicates for three
Mg/(Mg+Fe) ratios (99% for Fal and Fsl, 90% for Fal0 and Fs10, and 0% for Fal00 and Fs100).

The silicon content in the alloy increases when the Fe/(Fe+Mg) ratio in olivine (a) and in pyroxene
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(b) decreases. The widths of shaded areas are related to the thermodynamic uncertainties.

Figure 6: Stability limit of San-Carlos olivine with respect to metal precipitation. The presence
of 3000 wtppm of NisSiO4 shifts the stability limit to less reducing conditions than for pure Mg-Fe

olivine (Fal0).

Figure 7: Nickel molar fraction in the metallic phase in equilibrium with mantle olivine (3000 ppm

of NigSiQy4). The nickel fraction decreases at high temperature.

Figure 8: Compositions of metallic phase (a), olivine (b) and pyroxene (c) as a function of oxygen
fugacity for a temperature of 1700 K. Ni, Fe and Si are successively exsolved from the silicate phases
as the conditions become more reducing. In (a) the dotted lines are obtained when simplified activity-

composition relationships are used.

Figure 9: Stability limit of simplified peridotite (dark shading) compared to those of mantle olivine

and FalO (light shading).
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