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Abstract

THERMOCHEMICAL-THERMOPHYSICAL DATA
ON PHASES IN THE Mg-Fe-Si-O SYSTEM:
A SYNTHESIS OF THEORY AND EXPERIMENTAL DATA
AND COMPUTATION OF PHASE EQUILIBRIUM

by
Yingwei Fei
Adviser: Professor Surendra K. Saxena

Thermochemical and thermophysical data for phases in the Mg-Fe-Si-O system are
critically evaluated by considering the available experimental phase equilibrium data, the

calorimetric measurements, and measured thermophysical properties of solids. An

internally consistent data base is thus established. A new equation of heat capacity (Cp)

for solids is proposed for the extrapolation of Cp to high temperatures. The

Birch-Murnaghan equation of state with temperature dependence of the bulk modulus is
used to calculate the effect of pressure on the Gibbs free energy change of a reaction.

Phases included in the data base are polymorphs of Fe (bcc-Fe, fcc-Fe and hep-Fe),
Fe;0, (magnetite and high-pressure magnetite), Fe,O3 (hematite and high-pressure
hematite), SiO, (quartz, coesite and stishovite), Mg,SiO, (forsterite, B-phase, spinel and
melt), Fe,SiO, (fayalite, B-phase, spinel and melt), MgSiO; (pyroxene, ilmenite, garnet,
perovskite and melt) and FeSiO; (pyroxene and perovskite), and MgO (periclase). Solid
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sclutions considered are MgO-FeO-FeQ, 5 (magnesiowustite), (Mg, Fe),SiC, (olivine,

B-phase and spinel) and (Mg, Fe)SiO; (pyroxene and perovskite). The solid solutions are
experimentally studied by determining the Mg and Fe partitioning between coexisting
phases, magnesiowustite and olivine, magnesiowustite and B-phase, magnesiowustite
and spinel, and magnesiowustite and perovskite, under various pressure and temperature
conditions. The experiments are performed with the piston-cylinder apparatus, the
multi-anvil device and the diamond-anvil cell technique at pressures between 2 and 28
GP2 and temperatures between 1200 °C and 1500 °C. The solid solution parameiers are
obtained by fitting the experimental data simultaneocusly using the Margules formulation.

They are consistent with solution calorimetry and phase equilibrinm data.

The internally consistent data base can be used to reproduce the experimentally
determined phase relations in the system at pressures up to 30 GPa and to melting
temperatures. It is uvseful in generating phase diagrams for various different
compositions for the purpose of planning new experiments and understanding the

mineralogy and ciiemical composition of the Earth’s mantle.

-3y -
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CHAPTER1

Introduction

The goal of this research is to obtain systematic thermochemical and thermophysical
data with which we may describe the physical and chemical conditions of the Earth's
mantle quantitatively through modeling of thermodynamic phase equilibria. Physical
conditions imply the variation of pressure, temperature and density in the Earth's
mantle. Seismic data provide critical physical constraints for the Earth's interior (e.g.
for the density profile of the Earth). Chemical conditions imply the nature of the mineral
assemblage and chemical composition of coexisting minerals. Information on chemical
composition of the Earth may be derived either from meteorite data (e.g. chondritic
Earth model) or from geological materials of supposedly mantle origin (e.g., peridotite
nodules and xenoliths in kimberiites) intruded into the crust. The development of high
pressure and high temperature techniques allows us to simulate mantle physical
conditions in the laboratory. Experimental studies of phase equilibrium relations in
systems which simulate planetary rocks at high pressure and high temperature provide
important information on mineralogy and chemical composition of the mantle.
Characterizing the physical properties of those "mantle” materials (e.g. determining the
equation of state) by various techniques and comparing them with the observations
from seismological studies form another approach to understanding the Earth's mantle,
Thermodynamic modeling has the advantage that all the available information is taken

into account in assessing possible physicochemical states of the mantle.
The calculations of this study are based on the principles of equilibrium

thermodynamics as described in Chapter 2 and a thermochemical and thermophysical
data set of proven internal consistency in the system discussed in Chapter 4. This work
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includes (1) extrapolation of thermochemical and thermophysical properties to high
pressure and high temperature by considering theoretical constraints, (2)
systematization of existing thermochemical and thermophysical data on minerals in the
Mg-Fe-Si-O system by checking the consistency among calorimetric measurements,
phase equilibrium data and measured physical properties of minerals, (3) experimental
determination of element partitioning in the Mg-Fe-Si-O system, and (4) calculation of
phase equilibrium relations in the system at high pressure and high temperature and

their impiications for mantie constitution.

A thermochemical and thermophysical data set forms the basis of the model. It is
essential in characterizing physical and compositional features of a system in
equilibrium. Therefore, the emphasis of this work is to critically evaluate the available
data to obtain an internally consistent set of thermochemical and thermophysical data.
An internally consisient data set is one which permits the computation of phase
equilibrium relations as established through experimental studies and is at the same time
compatible with calorimetric and other measurements of thermophysical properties of
the phases. Generating such a data base is complicated by the large uncertainties
associated with the high pressure phase equilibrium relations, both because of the
errors in pressure and temperature calibration and because the experiments generally
represent unreversed reactions. In spite of these problems, it is important to review the
present status of the existing thermochemical data set and its relation to the experimental
phase studies. If a thermochemical data set produces calculated results which are
reasonably consistent with experimental work, it can be used for computing possible
phase equilibrium relations over a wide range of pressure, temperature and composition
conditions. Such predictions are useful in planning future phase equilibrium
experiments,which may then better constrain the preliminary data base. Conversely, if

the attempt to create a data base exposes major inconsistencies, experiments to resolve
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these discrepancies would be important. A complete thermodynamic analysis of the
experimental phase diagrams in the system Mg-Fe-Si-O under mantle pressure and
temperature conditions is presented in this work.

Ideally one should choose a system with all possible elements likely to appear in the
Earth's mantle. Such a task is not possible at present because of a lack of experimental
data. A simplified system, the Mg-Fe-Si-O system, is chosen in this study both because
it has been most extensively swdied at high pressure and high temperature and
répresents the major chemical composition of the Earth's mantle and because all the
mineral structures proposed as likely in the mantle are included in the system. Phase
equilibrium relations and element partitioning between coexisting minerals should
provide essential information on mineralogy and chemical composition variations
through out the mantle. A comparison of the calculated physical property profiies {e.g.
the density profile) of the equilibrium assemblage simulating in the system of the mantle
with the seismological observation may aid in understanding the chemistry of the

mantle.
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CHAPTER 2

Thermodynamics of Reactions at High Pressure and High Temperature

2.1 Temperature and Pressure Dependence of the Gibbs Free Energy

The change in Gibbs free energy (AG) as a function of temperature (T) and pressure (P)

can be obtained from the relations:

(a;‘%f - C;q) @.1)
and

&5y = ve.n @2)

where Cp(T) is heat capacity at constant P and at a temperature T and V(P,T) is the molar

volume at a temperature T and a pressure P. The free energy of a reaction is given by

P
AGP'T=AH.‘;-TAS¥+“’AV(P,'I')dP @3
1

where AHO and ASOt are the standard enthalpy and entropy of a reaction, respectively,
at temperature T and 1 atm. They are given by

T
Aty = Aty + [ AT @9
298
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T
AS)=ASY, +J'—T—d'1‘ @.5)
298

where AH%9g and AS059g are the standard enthalpy and entropy of reaction at 298.15 K,

ACp is the heat capacity difference between products and reactants, and AV(P,T) is the

volume change for the reaction.

The extrapolation of temperature and pressure dependence of the Gibbs free energy of a
solid or a liquid phase to high temperature and pressure is complicated by the nature of
the heat capacity, Cp, and the behavior of molar volume, V(P,T). In order to obtain a
suitable form of the Gibbs free energy for solids at high pressure and high temperature, it

is necessary to discuss the heat capacity at high temperature, and the equation of state in
detail.

Heat Capacity at High Temperature
The form of the heat capacity (Cp) for high temperature extrapolation has been discussed
by Haas and Fisher (1976), Lane and Ganguly (1980), Holland (1981), Berman and

Brown (1985) and Fei and Saxena (1987).

In general, Cp for a solid can be expressed as

Co=C;+ aZVKTT +Cp (2.6)
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where Cy is the heat capacity of a crystal at constant volume. @ is ihe coefficient of

thermal expansion, V is the molar volume, and K7 is the isothermal bulk modulus, all at
temperature T. Cp is the contribution from cation disordering and anharmonicity (other

than those corporated in the a2VKT term).

Einstein (1907) and Debye (1912) derived equations for the temperature dependence of
Cy, the heat capacity at constant volume, based on the assumption that atoms behave as
harmonic oscillators in a crystal lattice. A reasonable expression for Cy can be derived by
assuming that a crystal is composed of a system of atoms which vibrate as harmonic

oscillators all with the same frequency, v. In such a solid Cy is expressed by

[ 2 1

C,=3Ral £ @
L€

where x=0p/T. O is the Einstein temperature given by Oz=hv/k. R, h, k and n are the
gas constant, Planck constant, Boltzmann constant and the number of atoms in the
chemical formula, respectively. A precise expression for Cy may be given by assuming
that the crystal has a whole spectrum of frequencies from v; to vy,, where vy, represents
some maximum frequency for a particular crystal,

Xr 4ex .l

X

_%Ra
C"_—xT;,PL (e"-l)zjl dx 2.8)

where x=hv_ /(kT). Equation (2.7) is difficult to use in fitting experimental data at
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intermediate temperatures because of the assumption of a single oscillator frequency.
Equation (2.8) is even more difficuit to apply to thermodynamic calculations not only
because of the complexity of the expression but also because of the difficulty in
determining the frequency distribution. Kieffer's (1979a) review on the applicability of
the Debye theory of lattice vibrations show that heat capacities of silicates show large
deviations from the behavior expected from the theory.

For the purpose of fitting experimental data, a polynomial expression for Cy; may be used

Cy=3Ra(l +k, T + K17 +k,T7) 29

where k;, ky and k3 are coefficients determined by fitting experimental data. Note that in
equation (2.9) the terms in square bracket of equation (2.7) have been replaced with a
polynomial expression in T. There are three coefficients in equation (2.9) as compared to
one fixed Einstein temperature in equadon(2.7). According to above considerations, a

new Cp expression is given by
G=3Rn(l +k,T" +k,T>+kT) +(A+BT)+C, 2.10)

where Cp' represents the departures from the 3Rn limit for some substances due to cation

disordering, anharmonicity (other than those in corporated in the a2VK+T term) and
electronic contributions. A and B are empirical coefficients derived by considering the

anharmonicity contribution of «2VK7T to Cp.

The thermal expansion coefficient a may be expressed as
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a=o,+o T+ czzT'2 (2.11)

0

where ag, o1, @, are coefficients determined by least squares analysis of volume

expansion data. The molar volume at temperature, T, can be calculated by

T
VILT)= Vo1 + [ ol @.12)
298

where V0,93 is the molar volume at 298 K and 1 atmosphere. The isothermal bulk

modulus K1 may be expressed as

Ky
Kp=Krg + (570p(T - 298) @2.13)

where Kt and (JK1/0T)p are the isothermal bulk modulus at 298 K and its temperature

derivative at constant pressure, respectively.

Eiyuation (2.10), unlike those proposed by Maier and Kelley (1932) and Haas and Fisher
(1976), and recently by Holland (1981) and Berman and Brown (1985), has been found

to comply with the requirement that the high temperature Cy would approach the 3Rn

limit. It is formulated by taking into account the important role of the a2VKyT term and,
therefore, links the measured heat capacity with the measured physical properties of
solids at high temperature. This provides additional constraint for evaluating an internally
consistent thermochemical and thermophysical data set based on data from the

calorimeiric measurements, from the experimental phase equilibria and from the
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measurcments of solid physical propertes. Figure

temperature dependence of the heat capacity of clinoenstatite calculated from different Cp
equations. Several minerals for which the physical properties have been well studied
were chosen to demonstrate the use of the proposed equation (see Fei and Saxena, 1986
for more detailed discussions).

150
140

130

Cp J/molK
s

or MgSiO3 (Cpx)

L e

l’L” 2300

l;.'
TK

1199

Figure 2.1 Comparison of Cp for clinoenstatite (MgSiO3) calculated from three
different Cp equations. The F-S equation is equation (2.10) proposed by Fei and Saxena
(1987). The B-B equation is from Berman and Brown (1985) and the triangles are from
Robie et al. (1978). The fitted temperature ranges are from 298 to 800 K for both F-S
and B-B equaticus.
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10
Molar Volume at High Pressure and High Temperature

The contribution of [VdP to Gibbs free energy becomes significant at high pressure.
Therefore, the use of a suitable equation of state for the solids at high pressure and
temperature is necessary for the phase equilibrium calculation. Experimental data on
molar volumes are available either at high pressure and room temperature or at high
temperature and 1 atm. The temperature dependence of molar volume can be represented
by equation (2.12). The Murnaghan equation of state, which is based on the assumption
that the bulk modulus changes linearly with pressure, and the Birch-Murnaghan equation
of state, which is based on the finite-strain theory, are often used to represent
experimental data on molar volume at high pressure. The Murnaghan equation of state is
given by

PM=—’| s -1| (2.14)

and the Birch-Murmnaghan equation of state is

Y8 (¥ B3
PB_M=%KT'OK%J [%l Hl-%@-x'm)[{%l -1]+...} @2.15)

where and Kt and Kt ,¢'(= [0KT /0P]t) are the isothermal bulk modulus and its

pressure derivative at 298 K, respectively. As discussed by Jeanloz and Knittle (1986),
the Birch-Murnaghan equation of state may be considered as a better expression than the

Murnaghan equation of state for the pressure-volume relation at very high pressures.
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11

The method of extrapolation of the existing data to high P-T space is still controversial.
Arderson and Zou (1989) and Heinz and Jeanloz (1984) have expounded on the
relationships among the various thermochemical and thermophysical variables. In

Anderson and Zov's model, the simultaneous effect of pressure and temperature on

volume is taken care of by the thermal pressure (Py,), i.e.

P=P,, +P, @.16
where Py, is calculated by
T
P, = [okyar @.17)
298

Equation (2.17) has been simplified by assuming the product of @ and K is constant.

In this study, fVdP is calculated by adopting the third order Birch-Murnaghan equation of
state [equation (2.15)] where the temperature dependence of the isothermal bulk modulus
is included and V%V is replaced by V(1,T)/V(P,T). For computational convenience fPdV
may be calculated from equation (2.15), instead of from JVdP. The relation between [PdV
and fVdP is given by

p WD
deP=IPdV+V(P- 1) 2.18)
1 @D

where
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Figure 2.2 Comparison of P-V-T relations for MgO calculated by various models. The
lower solid curve labeled as 300 K is calculated by Birch-Murnaghan (B-M) equation of
state at 300 K. The upper solid curve is calculated at 2000 K using equation (2.15) where
the temperature dependence of the bulk modulus is considered; and the dashed curve
represents the result without considering the temperature dependence of the bulk
modulus. Dotted curve is calculated from the thermal pressure model (Anderson and Zou,
1989).
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The temperature dependence of the bulk modulus accounts for part of the simultaneous
effect of pressure and temperature on volume. The calculated results for MgO are close to
that calculated by Anderson and Zou's thermal pressure model (Fig. 2.2). However, the
traditional method, in which the temperature dependence of the isothermal bulk modulus
is not included, results in a significant overestimation of volume at high pressure and
high temperature (Fig. 2.2). This modification does not significantly affect the phase
equilibrium calculation where the phases in the reaction have similar thermal expansion
and compression because only the volume change is concerned in the calculation, but it
may play an important role in the reaction where the phases involved have very different
thermophysical behavior.

2.2 Solid Solution Models

. Various solid solution models were discussed by Fei et al. (1986). There are two

different groups of solution models. The first group of models have their origir in the
Flory-Huggins model (Flory, 1953), in which solutions are considered as athermal with
zero excess enthalpy of mixing. The later refined versions, which are the Wilson model
(Wilson, 1964), the quasi-chemicai (Guggenheim, 1952) and the non-random
two-liquids (NRTL) model (Renon and Prausnitz, 1968), do involve enthalpy of mixing
and have been recently reviewed by Acree (1984). The second group of models simply
express functions as power series in mole fraction. The Redlich-Kister and the

two-constant Margules model fall in this category.
The Margules model for binary solution has been popularly used in geochemistry

because of its simplicity of formulation, and is used in this study as well. For

determining the properties of solid solutions from experimental data on compositions of
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coexisting phases, the distribution of a component between two coexisting solid solutions
e.g. (1,2)-M and (1,2)-N, where 1 and 2 are exchangeable components, may be

considered as an ion-exchange reaction:

IM+2N=2-M+1-N 2.21)

At equilibrinm, we have

AN A

RmK=RTmKD+R11n'$J -Rnn'\-,—;}l Q.2)
where
N
K, = (xlIXZ)M 2.23)
X,/X,)

and ¥'s are activity coefficients. We have used an asymmetric non-ideal solution model
for binary solid solutions, for which the excess free energy of mixing (Margules

formulation, see Thompson,1969) is defined as:
eX
AG™ =X X, (W, X, +W, X)) 2.29)

For the asymmetric model the activity coefficient of a component in a binary solution is

given by

RThy, = Xi[WIZ +2X, (W, - W)l 2.25)
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Note that the W, parameters represent adjustable constants. They are functions of both

pressure and temperature. According to Thompson (1969) for Wij;» we may write:

W.=Wo-TW +PW. 2.26)
ij 1j

ij= ij

where WH;;, WS;; and WV;; represent the excess entropy and excess volume contributions

to wic interzciion energy Wij. The Kohler model (see Bertrand et al. 1983) is used for

ternary and multicomponent solutions. According to the model of Bertrand et al. (1983),

an excess property of a multicomponent solution is given by

My =, D 0%+ X)E +EXAZY' @.27)

N
=1j>i

in which (AZija)* is the molar excess property ( enthalpy, entropy, volume, free energy
etc.) of the binary system with components at the same molar ratio as the multicomponent

system and f; and f; are weighted mole fractions using weighting factors based on the

excess properties of the binary systems. X; is used as the mole fraction in the

multicomponent system.

For activity coefficient of a component i, we have

T, = Y, (% +X)6 +HOG)
i
; 21:‘ (X, + X)(E + £, XAG)"

¥
+ Y+ HRThL)" (%K) 2.28)
;
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where the binary functions are denoted by an asterisk. As discussed by Fei et al. (1986),
the Kohler method of predicting the ternary solution properties is as good as the Wohl's
formulation (see Saxena, 1973, Ganguly and Saxena, 1984) with the additional
advantage of simplicity in extension to multicomponent solutions. In equation (2.22)

RTHK =- AG, 2.29)

We may substitute appropriately for the activity coefficients from the binary or

multicomponent models noted above and depending on the nature of the observational
data, equation (2.22) may be used to determine the unknowns, which may be AGp 1 or
W;; or a combination of these. Details of such calculations are discussed amply in the

literature (e.g. Saxena,1973, Ganguly and Saxena,1984).
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CHAPTER 3
Methods of Computation
3.1 Data Evaluation by Optimization Technique (MINUIT)

The problem of minimizing the difference (e.g. chi-square) between predictions from a
theoretical form of an expression and the experimental data has been commonly solved
in the geochemical literature through regression analyses which use the mid points of
the error bars. Recently, however, the linear and non-linear programming techniques
have been used to perform optimization procedure to obtain thermodynamic consistency
of the optimized parameters with all valid experimental data (e.g. Halbach and
Chatterjee, 1982 and Berman et al., 1986).

Today many optimization or minimization routines are available (e.g. in Numerical
Recipes). The method adopted here is based on the minimizing subroutines (MINUIT)
as discussed by James and Roos (1975). The first of these is the Monte Carlo search
routine, in which all of the variable parameter values are chosen randomly according to
uniform distributions centered at the best previous values with widths equal to the
starting parameter errors. The routine is extremely useful for system with little
information on parameters, The second is based on the SIMPLEX method which is one
of the most successful stepping method to approach the minimum. The third MIGRAD
is based on Fletcher's (1970) method which has the advantage of producing a full
covariance matrix, whereas the SIMPLEX only gives estimates of the diagonal
elements. Therefore, the MIGRAD minimizer can perform the error analysis and give
both the individual and global correlation coefficients. The three methods successively
lead to closer approach to the minimum. Combined use of these methods always gives
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the best performance in function minimization.

The minimization may take the form of minimizing a chi-square function built from

several different types of data. For example, we may define a function for AG® of a
heterogeneous reaction in which there are sub-functions corresponding to
thermochemical and thermophysical properties of individual phases of the reaction, as
discussed in Chapter 2. A typical problem may consist of minimizing the AG? of a
reaction with experimentally determined brackets for equilibrium pressures and
temperatures and with some known and unknown thermodynamic properties of the
reacting phases. Mainly two types of optimization procedure have been performed in
this study, (1) optimizing thermodynamic properties of individual phase in the
multi-reaction environment and (2) optimizing solution properties in the binary system.

To demonstrate the working of the method, following examples have been chosen:

EXAMPLE 1. To evaluate thermodynamic properties of Mg,SiO,4 (B-phase) and

Si0, (stishovite) from reactions:
Mg, SiOy (olivine) = Mg,SiO, (B-phase)

2MgSiO; (pyroxene) = MgySiOy (B-phase) + SiO; (stishovite)

SiO;, (coesite) = SiO, (stishovite)

Suppose that the thermochemical and thermophysical data for olivine, pyroxene and
coesite have been well established from other evaluations; the thermophysical properties
of B-phase and stishovite have been determined; the calorimetric measurements for

B-phase and stishovite have been reported with some uncertainties; and the equilibrium
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pressures and temperatures of three reactions above have been experimentally
determined within certain brakets. If enthalpies and entropies of B-phase and stishovite
are chosen tc be optimizing parameters, the reported uncertainties of calorimetric data
may be used as lower and upper limits of the parameters. The uncertainties in
equilibrium pressure may be treated in similar way. The best values of enthalpies and
entropies for both phases can be obtained through optimization procedure if there is no
major inconsistency among the experimental data. On the other hand, in the case of
multi-reaction optimization, any inconsistency may be easily detected by high
chi-square values. When many parameters need to be optimized through a limited
number of reactions, it is important to give lower and upper limits for the parameters,
because several solutions may result with equally good fit to the experimental data.

EXAMPLE 2. To obtain solution parameters from equilibrium distribution data
between coexisting phases, such as magnisiowustite (Mw) and olivine, Mw and

B-phase, Mw and spinel, and Mw and perovskite.

Thermodynamic data of endmembers of all the solid solutions are assumed to be well
evaluated. The distribution of Mg or Fe between two coexisting solid solution is
considered as ion-exchange reaction, as discussed in Chapter 2. The equilibrium
distribution data determined at various pressure and temperature conditions between
various pairs of coexisting solutions may be simnltaneously fitted with Margules
formulation. If many ion-exchange reactions with one or more common solid solutions
are taken into consideration, the optimized solution parameters should be well
constrained. In addition, solution calorimetric data should also be used in the

optimization.

It is also possible to optimize solution parameters and certain properties of endmembers
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at the same time, but the optimized results should be carefully evaluated. In such a case
the endmember data and the interaction parameters become mutually dependent.

3.2 Phase Equilibrium Calculation by SOLGASMIX

The multi-component and multi-reaction equilibrium calculations are best done by
adopting the method of minimizing the total Gibbs free energy of a chosen system. The
linear algebraic techniques were discussed by Eriksson (1975) and Smith and Missen
(1982). They forms the basis of the computer program SOLGASMIX (Eriksson, 1975)
which is used for all chemical equilibrium calculations in this study.

The total Gibbs free energy of a chemical system can be expressed as

G=) ua, 3.0

where t is chemical potential. Chemical potential and activity are interrelated by the
expression

=1 + RTina (3.2)

where u0 denotes the standard state potential. For an ideal gas phase species, a species

in a non-ideal solution phase and a stoichiometric phase, respectively, we find

i, = +RTioP + RThx, (3.3)

i =p? +RThy, + RTinx, (3.4
=10

=1 G-
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In these equations x is mole fraction and yis activity coefficient.

The minimization of G in equation (3.1) at constant pressure and temperature is

achieved with the constraints imposed by the mass balance relationships represented as

Y an=b (=12 ...0 (3.6
where aj; is the number of atoms of the jth element in a moiecuie of the ith species, 1 is
the total number of elements and b; is the total amount of the jth element. This is a

simple form of constrained optimization problem which may be solved by the Lagrange
method of undetermined multipliers. For this, we define a function,

F=G +ilj(bj-ZaiJn. 3.7
1

where XJ denotes the Lagrangian multipliers, for which the necessary conditions, at an

extremum of F, are

oF _ _
(5;3“ pr b H- aiill =0 (3.8
9y b - Van-o
(axj)k.i-n b, L 20, =0 (3.9
n20 (3.10)

Combination of equations (3.3) to (3.5) with equation (3.8) gives

u? +RTIP +RTinx, - ¥ 2.3, =0 (3.1)
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W +RTimy +RThx, - 3 2k =0 G.12)

8- ape0 o

Equation (3.11) is valid for gas phase species while equations (3.12) and (3.13) hold
for components of solution phases and stoichiometric phases respectively.

The system consisting of equations (3.6) and (3.11) to (3.13) with the unknowns n;

and A, is non-linear because of the logarithmic term in equations (3.11) and (3.12). The
next step is therefore a linearization of these equations by expansion in a Taylor series
around an estimated equilibrium composition up to and including the term of the first
order. This is equivalent to making a quadratic approximation to the free-energy
surface, and we can obtain an expression which relates n; linearly to Aj and the
estimated equilibrium amounts. Incorporation of this expression into equation (3.6)
gives then the final linear system of equations. The number of unknowns is reduced to
the sum of elements and phases assumed to be present at equilibrium.

Parametrized activity-coefficient expressions to be inserted into equation (3.12) are
suppiied by the user. In order to avoid the need of aiso specifying derivatives, InA is

treated as constant when calculating the partial derivative with respect to n; in the Taylor

expansion. The partial derivative is therefore approximate as long as the estimated

equilibrium composition does not correspond to a free-energy minimum.

The approximation to the free-energy surface implies an iterative algorithm and, if

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

positive, the calculated n; values are used as improved estimates in the subsequent

iteration cycle. If some n; values are negative, these are set to zero before being used as

the starting-point for a new Taylor expansion. The iterative procedure ends when the

calculated values coincide with the starting estimates.

The condensed phases included in the initial estimate are constrained by the Gibbs
phase rule but need not necessarily be the correct ones of the final equilibrium state.
Another phase combination might vield a lower free energy, and condensed phases
need to be withdrawn from or added to the previous combination until the set of
equilibrium phases is found. This set has the characteristic feature that the activity for
an omitted stoichiometric phase must be less than one, as must the sum of mole

fractions for an omitted solution phase.

For a more detailed description of the equations used in SOLGASMIX, see Eriksson
and Rosén (1973).
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CHAPTER 4

Experimental Determination of Element Partitioning
in the Mg-Fe-Si-O System

Solid solutions in the Mg-Fe-Si-O system include (Mg, Fe)O (magnesiowustite),
(Mg,Fe)SiO; (pyroxene and perovskite), and (Mg,Fe),SiO,4 (olivine, B-phase and
spinel). They form four pairs of coexisting phases with magnesiowustite,
magnesiowustite-olivine, magnesiowustite-B, magnesiowustite-spinel and
magnesiowustite-perovskite (see Figure 4.1a,b). As discussed in Chapters 2 and 5, the
solid solution properties may be derived from the element distribution data by
considering the distribution of an element between two coexisting solid solution as
exchangeable reaction. The purpose of this study is to determine the distribution of Mg
and Fe between coexisting solid solutions mentioned above at various pressure and
temperature conditions and to model the solid solutions by fitting the experimental data
with the Margules formulation.

4.1 Techniques Used in the Experiments

The high pressure techniques used here are the piston-cylinder apparatus (up to
pressure of 5 GPa), the multi-anvil device (up to pressure of 30 GPa) and the
diamond-anvil cell technique. Chemical and structural analytical techniques such as
X-ray diffraction, microprobe or SEM and Raman spectroscopy are used to characterize

the structure and chemical composition of the samples.

A conventional 1/2-inch piston-cylinder apparatus was used for experiments at
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pressures below 5 GPa. Details of the apparatus were described by Boyd and Engiand
(1960, 1963). Gold, platinum, molybdenum and graphite capsules were used
depending on the nature of the experiments (see details below).

Sio,

FeSiOg

Mg2Si0, FegSiO,

MgO FeO

Figure 4.1a Schematic subsolidus isothermal section in the system MgO-FeO-SiO,,
showing the various phase assemblages present. The phase assemblages change
accordingly when olivine transforms to B-phase and then to spinel, and quartz to coesite
and then to stishovite with increasing pressure. ‘
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Figure 4.1b Schematic subsolidus isothermal section in the system MgO-FeO-Si0,
at high pressure, showing only magnesiowustite, perovskite and stishovite stable.
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The large-volume multi-anvil high-ressure device used here is a 2000-ton Uniaxial
Split-Sphere Apparatus (USSA-2000) at SUNY Stony Brook. The detailed description
of the apparatus is given by Liebermann et al. (1986) and Remsberg et al. (1988). The
10 mm octahedron cell-assembly which is capable of generating maximum pressure of
20 GPa was used in the experiments. A modification of the sample chamber, which
was normally a cylinder of 1.7 mm diameter by 3 mm long, was made (Mao et al.,
1988). Six counterbores of 0.5 mm diameter and 1.2 mm deep were drilled into a solid
molybdenum cylinder. Each hole holds a seperate sample sealed by a cap. Therefore,
six different samples can be run in one experiment at the same experimental condition.
The modification has greatly improved the efficiency of using the multi-anvil apparatus
for experimental petrologic studies at very high pressures.

The diamond-anvil cell technique used in this experiment was discussed by Mao and
Bell (1978). The high temperature was achieved by the YAG laser heater. Pressure was
calibrated with the ruby fluorescence technique.

4.2 Experimental Procedure

Synthetic olivines and magnesiowustites with different iron contents were used as
starting materials in the distribution experiments. Magnesiowustite solid solutions were
synthesized by Rosenhauer et al. {1976). Detailed chemical analyses of the samples are
available (Rosenhauer et al., 1976). Olivine solid solutions were synthesized in the
piston-cylinder apparatus, with oxide mixtures as starting material. The mixtures were
prepared by weighing the heat-treated oxides, MgCG, Fe,O53 and SiO,, in olivine
composition with different iron contents, followed by grinding under acetone in an

agate mortar. The oxide mixtures were then placed in a CO,-CO gas mixing furnace at
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(fO2) was controlled at about -10.50 between the IW (-11.91) and WM (-9.10) buffers
at 1200 °C (Ulmer, 1971). The treated mixtures were reground and sealed in gold

capsules with about 5% water. The capsules were then run in the piston-cylinder
apparatus for 48 hours at 1000 °C and 15 kbar. The synthetic olivines were examined
optically and with X-ray diffraction; no oxide remainder was present. The

compositions were checked by electron microprobe.

To study the distribution of Mg and Fe between magnesiowustite and olivine,
magnesiowustite and olivine of suitable compositions were mixed in appropriate
proportions (e.g. 2 magnesiowustite to 3 olivine in most cases). The mixtures were
ground to a grain size of less than 3 pm and well homogenized. Two different types of
capsules, platinum capsule sealed inside with graphite capsule and molybdenum
capsule, were used to test if there was iron loss in the runs. The equilibrium in Mg-Fe
partitioning was checked by two methods. One method was to determine the

distrubution coefficients as function of time. Figure 4.2 shows the distribution
coefficients (Kgy_m) determined from the samples run for 1, 2 and 10 hours at the

same condition with starting material as mixture of forsterite and (Mg ¢;Fe 39)O
magnesiowustite. The results indicate that equilibrium was achieved within 2 hours.
Some samples were run for 24, 48 and 96 hours and they produced similar results (see
Table 4.1). The other method was to mix magnesiowustite and olivine such that if two
samples, mixture of olivine A and magnesiowustite D with bulk composition G and
mixture of olivine B and magnesiowustite E with bulk composition G in Figure 4.1a,
are run at the same time, both sample should have olivine C and magnesiowustite F at
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0.5
T = 1450 °C
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Figure 4.2 The relationship between Koy mw [= Kpe/Xmg)%Y Xrpe/Xmp)M™1 and
time at temperature of 1450 °C and pressure of 20 kbar. The starting material is mixture
of forsterite and (Mg 61Feq 35)O magnesiowustite (Xro/Xng)?Y Kpe/XygM™ = 0.

All experiments at pressures below 5 GPa were performed in the piston-cylinder
apparatus. The multi-anvil device was used for determining distribution coefficients
between magnesiowustite and olivine at 9 GPa and 1450 °C, between magnesiowustite
and B-phase and between magnesiowustite and spinel at 15 GPa and 1500 °C. The
multi-cell sample chambers described above were used in the experiments. Run
products were examined optically. B-phase and spinel were identified by Raman
spectroscopy (Figure 4.3). The compositions of coexisting phases were determined
with electron microprobe and SEM.
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Figure 4.3 Raman spectrium of B-Mg,Si0, and ¥-Mg,SiO,.

To determine the distribution of Mg and Fe between magnesiowustite and perovskite,
olivines (Fo85, Fo80 and Fo73) were used as starting materials. The powder olivine
with small ruby grains was imbeded in a 250 um hole drilled in a gasket. The sample
was pressurized in the diamond-anvil cell and heated by YAG laser beam. Pressure in
the ruby grains were measured with the fluorescence technique. The products were
examined optically and by X-ray diffraction. The composition of each phase in the
assemblage was determined both by X-ray diffraction (the relation between volume and
composition) and by electron microprobe. The lattice parameters of each phase were
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determined by X-ray diffraction, with gold as internal stendard for calibration. The
relation between volume and compostion for perovskite by Yagi et al. (1979) and that
for magnesiowustite by Rosenhauer et al. (1976) were used for determining the
compositions of perovskite and magnesiowustite. The results are consistent with those
determined with electron microprobe. The grain size of each phase in the run products
generally is small (less than 3 pm). It is not possible to determine the composition of
each phase directly with electron microprobe. However, there is a correlation between
the Fe/(Fe+Mg) and Si/(Fe+Mg) ratios. The composition of a pure phase was then

obtained by extrapolation (Figure 4.4).

0.5
(Mg.sz'Fe.as) 0 (Mg.uFe.os)Sios
04}

0.3

Fe/Fe+Mg

0 | I i | .
0.0 0.2 0.4 0.6 0.8 1.0

Si/Fe+Mg :

Figure 4.4 Compositions of coexisting phases of perovskite and magnesiowustite
determined with microprobe plotted in the Fe/(Fe + Mg) - Si/(Fe + Mg) diagram. The
compositions of perovskite and magnesiowustite were obtained by extrapolation.
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4.3 Experimental Results

The experimental results are summarized in Tables 4.1 and 4.2 and plotted in Figures
5.7 10 5.10 (see Chapter S below).

Table 4.1 Experimental resuits on the Mg-Fe partitioning between
magnesiowustite and olivine, magnesiowustite and B-phase, and
magnesiowustite and spinel in the Mg-Fe-Si-Q system

Run Starting P T Time  Capsule Coexisting Device XFein A Xpe in B
No. materials (kbar) (oC) (hrs) types  phases A+B

1. Fo90+Mw20 20 1200 48 Pt+C  Mw+Ol PCA 016 077
2. Fo70+Mw40 20 1200 48 Pt+C Mw+Ol PCA 020 082
3a.Fo78+Mw20 20 1200 96 Pt+C  Mw+Ol PCA 021 085
3bFo78+Mw20 20 1200 48 Pt+C Mw+Ol PCA 021 085
3c.Fo78+Mw20 20 1200 24 Pt+C Mw+Ol PCA 021 083
4. Fol0O+Mw61l 20 1200 48 P+C Mw+0l PCA 006 023
5. FoS7+Mw20 20 1200 48 Pt+C Mw+Ol PCA 041 093
6. Fo7l8+Mw61 20 1200 48 Pt+C Mw+Ol PCA 014 068
7a.Fol00+Mw61 20 1450 10 Pt+C  Mw+Oi PCA 006 0.9
ToFol00+Mw61T 20 1450 10 Pt+C Mw+Ol PCA 006 020
7c.Fol00+Mw6l 20 1450 2 Pt+C  Mw+0l PCA 006 021
7d.Fol00+Mw61 20 1450 1 P+C Mw+Ol PCA 005 0.16
8. Fo83+Mw20 20 1450 48 Pt+C  Mw+Ol PCA 019 074
9. Fo83+Mw20 20 1450 2 Mo Mw+Ol PCA 021 073
10Fo83+Mw61 20 1450 2 Mo Mw+0l PCA 014 0.60
11 Fo83+Mw61 40 1450 2 Pt+C Mw+Ol PCA 014 062
12Fo83+Mw20 40 1450 2 Mo Mw+O1 PCA 021 076
13Fo83+Mw20 40 1450 11 Mo Mw+O1 PCA 020 071
14 FoS7+Mw20 40 1450 11 Mo Mw+0l PCA 046 090
15Fol100+Mw61 40 1450 11 Mo Mw+Ol PCA 006 022
16 Fo83+Mw20 20 1350 48 Pt+C  Mw+Ol PCA 020 079
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17Fo57+Mw20
18 Fo83+Mw20
19 Fo83+Mw20
20Fo57+Mw20
21 Fo83+Mw6l1
22 Fo83+Mw61
23 Fo83+Mw61
24 Fol00+Mw61
25Fo83+Mw44
26 Fo83+Mw44
27Fo57+Mw44
28 Fo35+Mw20
29.Fo100+Mw61
30.Fo100+Mw61
31.Fo83+Mw44
32Fo035+Mw20
33.Fo35+Mw0

1200
1450
1450
1450
1450
1450
1450
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500

IR I I O I S O I L S S VI S SRR OO -

Pt+C  Mw+Ol PCA

Mo Mw+Ol MAD
Mo Mw+0l MAD
Mo Mw+O1 MAD
Mo Mw+O1 MAD
Mo Mw+O1 MAD
Mo Mw+01 MAD
Mo Mw+B MAD
Mo Mw+8+Sp MAD
Mo Mw+B+Sp MAD
Mo Mw+Sp MAD
Mo Mw+Sp MAD
Mo Mw+f MAD
Mo Mw+§ MAD
Mo Mw+Sp MAD
Mo Mw+Sp MAD
Mo Mw+Sp MAD

042
0.20
0.22
048
0.15
0.14
0.14
0.12
0.26
0.27
0.51
0.70
0.10
0.14
0.37
0.73
0.84

33

0.92
0.78
0.83
0.94
0.67
0.65
0.66
032
045
0.52
0.75
0.90
0.25
031
0.59
092
0.95

Note: PCA = piston-cylinder apparatus; MAD = multi-anvil device; Mw = magnesiowustite; Ol =
olivine; B = B-phase; Sp = spinel; Mo = molybdenum; Pt = platinum; C = graphite.

Table 4.2 Experimental results on the Mg-Fe partitioning between
magnesiowustite and perovskite in the Mg-Fe-Si-O system at 260 kbar
and about 1400 °C by diamond-anvil cell technique

Run  Starting X-ay diffraction Microprobe analysis
No. materials magnesiowustite perovskite

ad)  Xg V@A) Xre XreinMw XFeinbv
19 Fo85 4250 0.30 163.020 0.05 0.27 0.05
21 Fo80 4260 0.39 163.144 0.08 0.38 0.07
23  Fo73 4270 050 163.336 0.12 0.48 0.11
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The distribution of Mg and Fe in the Mg-Fe-Si-O system has been systematically
studied in this work. Temperature and pressure dependences of the Mg-Fe distribution
coefficients between magnesiowustite and olivine have been determined. The
experimental results show systematic variations of the distribution data with
temperature and pressure (Figure 5.7). Various capsules were used in the experiments.
There is no indication of iron loss during the run. Small amount of water (about 5%)
when added to the sample showed no effect on the compositions of the coexisting

phases (Table 4.1).

The distribution of Mg and Fe between magnesiowustite and B-phase or spinel were

studied by using the multi-anvil device. The Mg-Fe distribution coefficients between
magnesiowustite and spinel (Ks ) determined in this study are systematically higher
than those by Ito (1984) and Yagi et al. (1979). The differences may be partly due to
the different pressure and temperature conditions. The results on the Mg-Fe partitioning
between magnesiowustite and perovskite are consistent with those obtained by Ito

(1984) and Yagi et al. (1979).

The combined use of the high pressure techniques, the piston-cylinder apparatus, the
multi-anvil device and the diamond-anvil cell technique, allows us to study the system
over broad ranges of pressure and temperature of interesi. The resulis obiained in this
study, combined with those by Ito (1984). and Yagi et al. (1979), provide rather
complete information on the Mg-Fe partitioning between coexisting phases in the
system. The experimental data are used to obtain solution properties of the solid

solutions in the system (see Chapter 5 below).
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CHAPTER §

Thermodynamic Data Systematics

There are four major sources of data available for establishing an internally consistent

data set: calorimetric measurements, phase equilibrium data, measured thermophysical
properties of a phase, and heat capacities and entropies estimated from lattice vibrational

models, see, for example, Akaogi et al. (1984). Ideally, we should be able to calculate
the phase equilibrium relations from independently determined thermochemical and
thermophysical data, and compare them with the results of high pressure experiments.
The results are, in general, inconclusive because of uncertainties in calorimetric
measurements, of problems in P, T calibrations, and because of the lack of reversals in
experimental phase equilibrium studies. Therefore, it is necessary to evaluate and
systematize the calorimetric data with the constraints provided by phase studies and
vibrational calculations. The data base presented in this study is evaluated by considering
all the available information in the system. The procedure of selection and evaluation of

thermochemical and thermophysical data is discussed below.

5.1 System Fe-O:
Important minerals in this system are: iron poiymorphs (bcc-Fe, fcc-Fe and hep-Fe),

waustite (variable Fe:O), magnetite polymorphs (Fe;O, and high-pressure-Fe30,4) and
hematite polymorphs (Fe,O; and high-pressure-Fe,03).
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Polymorphism of Fe

Phase relations of Fe at high pressure and high temperature have been extensively
studied (e.g. Bundy, 1965; Strong et al., 1973; Fukizawa, 1982; Manghnani et al.,
1985; Mao et al., 1987; Akimoto et al., 1987; Manghnani et al., 1987; and Huang et al.,
1987). Guillermet and Gustafson (1985) critically evaluated the thermochemical and
thermophysical data for iron. Their data are adopted in this study to construct the phase
digram of iron.

Waustite

Several phase equilibrium studies are available for this system (e.g. Goel et al., 1980,
Bjorkman, 1984) and Kubaschewski (1982) has summarized the phase relations. Hazen
and Jeanloz (1984) have discussed the crystal chemistry of wustite. As described by
these authors, the structure of wustite is complex and difficult to determine. The
variables which may affect the thermodynamic properties of wustite are a) degree of
nonstoichiome'try, b) the ratio of octahedral vacancies to tetrahedral ferric iron, and ¢) the
size and shape of defect clusters, their periodicity and the extent of magnetite or iron
exsolution. Each wustite sample may have its own structural peculiarities depending on
the conditions of synthesis and thermal history; this makes measurements of
thermochemical and physical properties a very difficult task. From the numerous phase
equilibrium studies in the system Fe-O cited in Kubachewski (1982), it appears that
certain phase boundary relationships are commonly accepted. However, details on
various allotropic modifications of wustite are not well known (see Hazen and Jeanloz,
1984). Such modifications are the reflections of discontinuities in the thermochemical

properties of the wustite solid solution.
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Figure 5.1 Equilibrium relations in the system Fe-O at a pressure of 1 bar. The dashed
lines are from the review of Kubaschewski (1982). The solid lines represent the
calculated curve using the data in Tables 5.2 to 5.5 and the wustite solution model as
described in the text. The experimental data match the calculated data exactly where only

one solid line appears.

Figure 5.1 shows part of the phase diagram for the Fe-O system at 1 bar. Wustite has a

temperature-composition field within which its composition varies mainly between
Feg 9470 and Feg gsO. The system may be modeled by considering wustite as a solid

solution of two fictive, isostructural components FeO and FeO, 5. Through such

modeling one can hope to treat the thermodynamics of the hetereogeneous reactions (i.c.
wustite reacting with other phases) generally within the errors in the thermochemical data

s
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of the reacting phases. A precise model for the wustite solid solution particularly for
modeling the crystal chemical behavior must include the effect of additional components

(other than FeO and FeO, 5) and other parameters discussed by Hazen and Jeanloz

(1984). The reaction within the field of wustite soliiion is

{FeO} +0.250, = {FeO, 5}

and in the field towards magnetite, the reaction may be conceived as

{SFCO} +02= {ZFCOIS} +F0304

where the brackets denote the components in the wustite solution. The computed Wj;
values for wustite are (FeO = 1, FeO; 5 =2):

Wy, =-7229, Wy, = -2142 (J/mol)

which are the same as in Bjorkman (1984). However, note that the thermochemical data
on fictive endmember components used here are different. The enthalpy and entropy data
on the two fictive end member components are determined simultaneously through these
calculations and are listed in Table 5.2. The coefficients of Cp for fictive FeO and FeO, 5
are the same as for the stoichiometric FeO and hematite respectively. Figure 5.1 shows
the calculated phase boundaries using the data presented above and in Tables 5.2 t0 5.5.
The fit of the computed phase boundaries can be improved by using a ternary solution
model for the wustite (Fe - FeO - FeO, 5) as done by Goel et al. (1980) and Bjorkman

(1984). However, in view of the uncertainties introduced at high pressures (discussed

later) we have refrained from using the ternary model at present. The phase diagram of
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the Fe-O system used here is based on several experimental results reviewed by
Kubaschewski (1982), Goel et al. (1980) and Bjorkman (1984). References to the
literature may be found in the above mentioned articles.

The errors in the W;, and W,; and in the AHO¢ and AS©; are related and cannot be
independently evaluated. However, for fixed value of Wj;, a change of a few hundred

Jjoules in AH®; is enough to make the results on phase boundaries change beyond the
quoted experimental uncertainty.

For calculations at high pressure, we need data on volume of mixing and on
compressibility of the solid solution components FeO and FeO, 5. Volume of mixing is
assumed to be ideal with volume of the solution given by:

VEex0 = XFe0 VFeO t+ XFe01.5VRe015 = (3 - 2/X)VEe0 + (2/X - 2)VEeo

Using the molar volume data of FeO as 12.25 cm3 (extrapolated value from Rosenhauer

et al., 1976) and the Vg, data from Simons (1980) and Hentschel (1970), the molar
volume of the fictive FeO, s is determined to be 15.97 cm3. For estimating the bulk

modulus of Fe,O (change in bulk modulus as a function of composition of wustite),

there are two sets of data available (see review, Jeanloz and Hazen, 1983). The data
from dynamic measurements indicate a Kt of 180 GPa for FeO and a similar value for
FeO, 5. The static measurements of K lead to values of 155 GPa and 137 GPa for

FeO and FeO, 5 respectively. Both data with their indicated limits have been used in the
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phase equilibrium calculations.

Magnetite and Hematite

Magnetite transforms to its high-pressure polymorph at pressure of about 25 GPa at
room temperature (Mao et al., 1974). The magnetite and high-pressure magnetite
boundary was determined to have a negative slope (dT/dP = -45 K/GPa, Huang and
Bassett, 1986). Shock-wave data indicate that hematite transforms to its high-pressure
polymorph below pressure of 60 GPa. The transition also was not observed in the
diamond-anvil cell below 30 GPa (Mao and Bell, 1977). Some physical properties of
these phases are available (e.g. Mao et al., 1974; Ahrens et al., 1969; Finger et al.,
1986; Wilburn et al., 1978; Sato and Akimoto, 1979; and Finger and Hazen, 1980).
Thermochemical data for magnetite and hematite are from Haas (see Fei and Saxena,
1986).

There are several buffer reactions, wustite-iron (WI), magnetite-iron (MI),
magnetite-wustite (MW) and hematite-magnetite (HM) buffers, in the system Fe-O. The
phase equilibria in the system were experimentally determined by Eugster and Wones
(1962). The computed phase equilibria, based on evaluated data for phases in the
system, are in good agreement with the experimental data (Figure 5.2). The calculated
QFM buffer, based on the evaluated data on quartz and fayalite (see below), is also
shown in Figure 5.2.

5.2 System MgO-SiO,

Phases in the MgO-SiO, system include all the mineral structures proposed as likely in
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the mantle. These minerals are MgO (rocksalt), the polymorphs of SiO, (quartz, coesite

and stishovite), Mg,SiO, (olivine, B-phase and spinel) and MgSiO; (the pyroxene
polymorphs, ilmenite, garnet and perovskite). The thermochemical and thermophysical
data for periclase are well known (Robie et al., 1978; Suzuki, 1975; Jackson and
Niesler, 1982; and Anderson and Zou, 1989). Data sclections on other phases are

discussed below. The results on the MgO-SiO, system included here are from Fei et al.

(1989).

asllL il ¥ L ]
200 400 €00 800 1000 1200

T,°C

Figure 52 Computed phase equilibria in the system Fe-O at a pressure of 1 bar. The
solid lines represent calculated results; the dashed lines experimental data of Eugster and
Wones (1962). The missing part of the dashed lines match the calculated lines. I = iron;
W = wustite; H = hematite; M = magnetite; Q = quartz; F = fayalite.
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Polymorphism of SiO,

The polymorphism of SiO, is quite complicated. Here we only focus on three high
pressure polymorphs (quartz, coesite and stishovite). Weaver et al. (1979) and recently
Kuskov and Fabrichnaya (1987) compared the thermochemical-thermophysical data with
phase equilibrium data for the quartz-coesite-stishovite transformations. Akaogi and
Navrotsky (1984), using new calorimetric data, calculated phase relations in the three
polymorphs. Fei and Saxena (1986) started with the thermochemical data on quartz from
Robie et al. (1978), and evaluated the thermochemical data on coesite and stishovite;
these data were then combined with the phase equilibrium data for the quartz-coesite
transformation (Bohlen and Boettcher, 1982), for the coesite-stishovite transformation
(Yagi and Akimoto, 1976) and with the calorimetric data from Akaogi and Navrotsky
(1984). There are several high pressure reactions involving stishovite (e.g. pyroxene =
B-phase + stishovite in the Mg-Si-O system, pyroxene = spinel + stishovite and spinel =
wustite + stishovite in the Fe-Si-O system, and perovskite = magnesiowustite +
stishovite in the Mg-Fe-Si-O system). The physical properties of stishovite play an
important role in those phase equilibrium relations. The thermal expansion of stishovite
was determined by Ito et al. (1974) in a temperature range of 291 - 873 K. The
compression of stishoviie has been exiensively studied by various methods, namely, ihie
static compression, the ultrasonic, the shock wave, the brillouin scattering and
theoretical calculation. The reported values of bulk modulus for stishovite range from
250 GPa (Liebermann et al., 1976) to 343 GPa (Akimoto, 1975) The choice of bulk
modulus of 316 GPa for stishovite (Weidner et al., 1982) in this study is supported by a
global optimization in which all high pressure reactions involving stishovite are

included. The data on stishovite were evaluated by simultaneously fitting several phase
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boundaries involving stishovite (Fei and Saxena, 1986).

Polymorphism of Mg,SiO,

The phase relations for the three Mg,SiO, polymorphs (olivine, B-phase and spinel)
have been experimentally investigated by Ringwood and Major (1970), Suito (1972),
Kawada (1977), Suito (1977), Ohtani (1979), Fukizawa (1982), Sawamoto (1986b),
Katsura and Ito (1989), and Ito and Takahashi (1989). For pressure calibration at high
temperatures, Suito (1977) used the data of Yagi and Akimoto (1976) who determined
the coesite-stishovite boundary by the in-situ X-ray diffraction method. The pressures
for the o-B transition determined by Suito (1977) were higher than that determined by
Ringwood and Major (1970), Suito (1972) and Kawada (1977). Suito argued that the
discrepancies were due to different starting materials, pressure media, apparatus and
pressure scale (Suito, 1977). Fukizawa (1982) determined the a-B transition pressure
using the in-situ X-ray diffraction method based on a gold internal pressure standard.
The preliminary result (dashed line labeled as F(82) in Figure 5.3) is about 1 GPa lower
in pressure than that determined by Suito (1977) (dashed line labeled as SU(77) in
Figure 5.3) Very recently, Katsura and Ito (1989) have precisely determined the a-B
transition pressures at 1473 and 1873 K to be 14 and 15 GPa, respectively. Their result
is close to Suito's at 1273 K and to Fukizawa's at 1873 K. On the other hand, the
calorimetric data for the a- transition obtained by Akaogi et al. (1984) are consistent
with Suito's results when the entropy change value of -10.5 J/mol.K for the a-B
transition is used. The calorimetric data are also consistent with Katsura and Ito's results
if the entropy change of -7.7 J/mol.K is chosen (Akaogi et al., 1989). The optimized

data in this study favor Katsura and Ito's results (see discussion below).
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Figure 5.3 Comparison of calculated phase boundaries in Mg,SiO, with experimental
phase equilibrium data. Solid lines are calculated results based on Tables 5.2 to 5.5.
Experimental data: Katsura and Ito (1989) ( m Ol, a B, a SP); Ito and Takahashi
(1989) ( a SP, O PV+PER); F(82) = Fukizawa (1982); SU(77) = Suito (1977); O(79)
= Ohtani (1979); SA(86) = Sawamoto (1986); and I-Y(82) = Ito and Yamada (1982).
OL = olivine, p = B-phase, SP = spinel, L = liquid, PER = periclase and PV =
perovskite.
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Figure 5.3 shows that pressures for the B-y transition determined by Ohtani (1979)
(dot-dashed line labeled as O(79) in Figure 5.3) are about 0.8 GPa lower than those
determined by Suito {1977) (dot-dashed line labeled as SU(79) in Figure 5.3). The
disagreement could be totally due to the pressure calibration. Ohtani determined the
phase boundary of pyroxene-ilmenite transition in ZnSiO3 as P(GPa) = 8.0(10.5) +
0.0018T(K) and used it for comparing the pressure calibration. Such pressures are about
0.6 GPa lower than those determined with the in-situ X-ray diffraction experiments
{P(GPa) = 8.6 + 0.002T(K), Akimoto et ai., 1977]. When the pressures for the B-y
transition determined by Ohtani {(1579) are calibrated using the experimental resuits of
Akimoto et al. (1977), they agree with Suito's data. Recently, additional data on the 8-y
transition at high temperatures were reported by Sawamoto (1986b) (dot-dashed line
labeled as SA(86) in Figure 5.3). The data provided an important constraint on the slope
of the B-y transition boundary. Precise determination of the B-y transition boundary has
been made by Katsura and Ito (1989). Their results are generally consistent with that of
Suito (1977) and Sawamoto (1986b). The pressures for decomposition of spinel into
perovskite and periclase were determined by Ito and Yamada (1982) (double dot-dashed
line labeled as I-Y(82) in Figure 5.3). The pressure calibration at high temperature is
based on the pyroxene-ilmenite transition in ZnSiO; (Akimoto et al., 1977) and

decomposition of MgAl,0, (Liu, 1980) and ¥-Ni,SiO4 (Navrotsky et al., 1979) into the
constituent oxide mixtures. Recently, Ito and Takahashi (1989) reported a new result on

the spinel = perovskite + periclase transformation [P(GPa) = 28.4 - 0.0028T(K)].

After examining the experimental equilibrium data in the system Mg,SiO,, the following
data were selected for evaluating an internally consistent data set: the -B transition by

Katsura and Ito (1989) and -y transition by Katsura and Ito (1989) (1473 - 1873 K) and
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by Sawamoto (1986b) (1873 - 2373 K) and, the decomposition of spinei into perovskite
and periclase by Ito and Takahashi (1989). This choice of phase equilibrium data in the
system Mg,SiO, is also supported by the calorimetric data and the phase equilibrium

data in the system MgSiO; (see discussion below).
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Figure 5.4 Melting curve of Mg,SiO,4. Solid line is calculated result and symbols
represent experimental data. @ (melt) and A (solid) are from Davis and England (1964)
and Ohtani and Kumazawa (1981).
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Sumino et al. (1977), Sawamoto et al. (1984) and Weidner et al. (1984) studied the

physical properties of the three Mg,SiO, polymorphs. The heat capacity and the

thermophysical data of the three Mg,SiO, polymorphs are listed in Tables 5.2 to 5.6.
The enthalpy and entropy of olivine are from Saxena and Chatterjee (1986) and Robie et
al. (1982). The enthalpies and entropies of B-phase and spinel have been evaluated by
accepting the phase transition boundaries in the Mg,SiC, system as determined by
Katsura and Ito (1989) and Sawamoto (1986b). The calculated transition parameters
(AH®°, AS° and AV) at 1000 K are found to be consistent with the calorimetric data

reported by Akaogi et al. (1984), and by a recent refinement of the enthalpy of the B-y
transition (Akaogi et al., 1989). A systematic comparison of the parameters is shown in
Table 5.7. The thermochemical and thermophysical data for periclase are well known
(Robie et al., 1978; Suzuki, 1975; Jackson and Niesler, 1982; and Anderson and Zou,
1989). The thermochemical data for perovskite are evaluated from transformation data
on decomposition of spinel into perovskite and periclase and on the ilmenite-perovskite
transition as determined by Ito and Takahashi (1989). They are consistent with the data

set for the MgSi0O; system, see below.

The melting curve of Mg,Si0, was determined by Davis and England (1964) (to

pressure of 5 GPa) and recently by Ohtani and Kumazawa (1981) (to pressure of 15
GPa). The entropy of fusion is from Navrotsky et al. {1988) and the initial slope of the

fusion curve [(OP/0T)p—p=0.0192 GPa/K] from Davis and England (1964) The molar

volume of the melt at zero pressure is calculated by the Clausius-Clapeyron equation,

dP/dT,, = AS,/AV,,, where AV, and AS,, are the volume and entropy changes on
melting. The bulk modulus of the melt and its pressure derivative were calculated to be
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43.8 GPa and 6.5 at melting temperature. respectively, from the melting curve (Figure
5.4). Ghiorso and Carmichael (1980)'s enthalpy of fusion (170.2 kJ/mol) is considered
to be too high as compared to the value of 114 kJ/mol reported by Navrotsky et al.
(1989). K the value of 170.2 kJ/mol were used for the enthaipy of fusion, the calculated
bulk modulus would be 54.9 GPa at melting temperature. It is also noted that the change
in slope of the melting curve with pressure depends strongly on the pressure derivative
of the bulk modulus, especially at very high pressure.

Polymorphism of MgSiO;

The phase relations in MgSiO; are quite complex. There are six MgSiO; polymorphs
(protoenstatite, orthoenstatite, clinoenstatite, non-cubic garnet, ilmenite and perovskite)
and possibly a seventh (cubic garnet). Two-phase regions separate the phase fields of
pyroxene and ilmenite in polymorphic transitions. The phase relations among ortho,
clino, and protoenstatite are still the subject of considerable controversy. These
transitions are difficult to study because the enthalpy, entropy, and volume changes are
extremely small and the transitions tend to be sluggish and susceptible to the influence of
impurities and shear stresses. From the point of view of high pressure transitions to
non-pyroxene phases, the differences among the thermodynamic properties of the
pyroxene polymorphs exert only a minimal influence. Accordingly, Fei et al. (1989)
have generated a thermodynamic description of a pyroxene based on orthoenstétite as
evaluated in the system CaO-MgO-Al,053-SiO, by Saxena and Chatterjee (1986). The
bulk modulus of orthoenstatite is from Weidner et al. (1978). Heat capacities are from
Krupka et al. (1985a,b}, supported also by DSC measurements by Ashida et al. (1988).

At 173 to 1073 K the difference in heat capacity between ortho and clino-enstatite is
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small (Krupka et al., 1985a,b; Haselton, 1979; Watanabe, 1982; Ashida et al., 1988).

-

30
MgSi0
o8 |- go1V5
|
26 <._".P(@ PV

24

22

<0

18

PRESSURE (GPa)

073 1273 1873 2273 2673 3073
TEMPERATURE (K)

Figure 5.5 Phase relations in MgSiOs in the pressure range between 10 and 30 GPa: a
comparison detween the calculated and the experimental results. Solid iines are
calculated phase boundaries. Dotted lines represent the calculated results when the
optimized data on garnet are based on phase equilibriun data for the B+ST = GT
transformation (see text). Experimental data: Akaogi and Akimoto (1977) ( R PX,
A B+ST); Sawamoto (1987) ( R PX, @ GT, A B+ST, O IL); Ito and Navrotsky
(1985) ( A SP+ST, O IL); Ito and Takahashi (1989) (O IL, X PV); I-N(85) = Ito and
Navrotsky {1985); S(87) = Sawamoto (1987); and I-Y(82) = Ito and Yamada (1982).
PX = pyroxene, B = B-phase, SP = spinel, ST = stishovite, IL = ilmenite, PV =
perovskite, GT = garnet and L = liquid.
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Figure 5.6 Melting curve of MgSiO;. Solid line is calculated result and symbols
represent experimental data. @ (melt) and A (solid) are from Boyd et al. (1964).
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The data for pyroxene evaluated above and the data for B-phase and stishovite, which are
consistent with the values derived from Mg,SiO, and SiO,, were used in calculating the

transformation boundary for decomposition of pyroxene into B-phase and stishovite. The
result agrees with the experimentally determined transformation boundary by Akaogi and
Akimoto (1977), Ito and Navrotsky (1985) and Sawamoto (1987) (dashed line labeled
as I-N(85) and S(87) in Figure 5.5). Once again, for the present discussion it is
unimportant whether the pyroxene is ortho (as suggested by Ito, based on
orthopyroxene starting materiai and a few reversais) or ciino, as wouid be consistent
with other high pressure data (Akimoto, 1977; Kato and Kumazawa, 1985 and Kato and

Kumazawa, 1986).

The data for garnet are more fragmentary. Recently, Kato and Kumazawa (1985, 1986)
reported that garnet phase of MgSiO; is stable at very high temperature. It is tetragonal,
presumably because of ordering of Mg and Si on octahedral sites, but a cubic form may
also exist and cubic (majorite) garnet solid solution between Mg4Si,O,, (4MgSiOs) and
Mg;Al,Si;0;, (pyrope) are reasonably well documented (Ringwood, 1967; Akaogi and
Akimoto, 1977; Liu, 1977; Akaogi et al, 1987). Akaogi et al. (1987) estimated the
enthalpy of the pyroxene-cubic gamnet transition as 36.5 kJ (per mole MgSiQO3) and the
bulk modulus of cubic gamet as 154 GPa (assuming K = 4.0) from enthalpies of

solution and volume compression along the Mg4Si,0,,-Mg;Al,S8i;0,, join. Their

extrapolated molar volume for cubic garnet is 28.50 cm3/mole (MgSiO5), slightly larger

than volumes near 28.1 to 28.2 cm3/mole for tetragonal garnet (Kato and Kumazawa,
1985, 1986). Because the enthalpy of the cubic-tetragonal transition are unknown, we
shall use data for the cubic phase in subsequent calculations. Lacking thermal expansion
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data, we assume « the same as for pyrope (Leitner et al., 1980). Heat capacities for

MgSiO; gamnet are unavailable. One can either use values estimated from vibrational
calculations (see below) or those for pyrope; they are similar. Using the former gives the
values for coefficients given in Table 5.3. Kato and Kumazawa (1985) and Sawamoto
(1986a) found that at temperatures above 1973 K at approximately 17 GPa, pyroxene
transforms directly to garnet. From these data and their enthalpy, Akaogi et al. (1987)
calculated AS° (pyroxene = garnet) of -3.6530.73 J/K mol. This entropy change is a
little more negative than our value (AS;gg0 = -2.13 J/K.mol) but their calculated phase

boundaries are not very different from ours. The unavailability of thermochemical data

for tetragonal garnet adds an unknown (but presumably small) uncertainty to these
calculations. Some data are available for MgSiO; ilmenite. The bulk modulus and
elasticity have been reported by Weidner and Ito (1985) and heat capacity at 300 - 600 K
has been measured by Watanabe (1982). Recently Ashida et al. (1988) have measured
heat capacity over a somewhat wider range (160 - 550 K) and the thermal expansion at
295 - 875 K. McMillan and Ross (1987) calculated the entropy and heat capacity at 0 -

1800 X using vibrational models. All these estimates of Cp are in close agreement. We
evaluated the enthalpy and entropy of ilmenite from phase equilibrium data for the
reaction, spinel + stishovite = ilmenite (Ito and Navrotsky, 1985) and for the
ilmenite-perovskite transition by Ito and Takahashi (1989), P(GPa) = 27.5 - 0.0025
T(K), a slightly lower curve than previously determined (Ito and Yamada, 1982). Since
the data for ilmenite have to be consistent with both transformations, very little
adjustment can be done to the ilmenite data. The calculated enthalpy of the
pyroxene-ilmenite transition at 298 K (59.9 kJ/mol) is in good agreement with the new
calorimetric value of 59.03%4.26 kJ/mol (Ashida et al., 1988) which revises ihe earlier
prilimenary calorimetric value of 71.8 kJ/mol (Ito and Navrotsky, 1985). Indeed the
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calculations identified this discrepancy between earlier calorimetric and phase
equilibrium data at the same time as further calorimetric studies independently revised the

value of AHP° so as to remove the discrepancy.

Data for MgSiO; perovskite include estimates of compression by X-ray diffraction (Yagi
et al., 1982; Kudoh et al., 1987) and from elasticity (Yeganeh-Haeri et al., 1989) and of
thermal expansion (Knittle et al., 1986). The reactions ilmenite = perovskite and spinel =
perovskite + periclase have been studied by Ito and Yamada (1982) and recently by Ito
and Takahashi (1989). Both these transitions appear to have negative P-T slopes. No
heat capacity measurements have been reported but see below for an estimate of Cp from
vibrational models. Recently Ito, Akaogi and Navrotsky (Navrotsky, pers. comm.)
attempted to measure the enthalpy of the perovskite by drop solution calorimetry. They
obtained a value of AHP° (ilmenite = perovskite) in the range 40 - 60 kJ/mol; the large
uncertainty reflecting the presence of significant amounts of other phases in the sample.
Vibrational calculations (see Fei et al., 1989) support that the entropy of the
ilmenite-perovskite transition is positive, implying a negative dP/dT, but they suggest
that AS° may depend quite strongly on temperature. The parameters shown in Tables
5.2 and 5.3 generally satisfy all the above observations.

The melting relations of MgSiO; at one atmosphere are complicated by incongruent
melting. The incongruency disappears with increasing pressure (within the first GPa)
(Chen and Presnall, 1975). The enthalpy of fusion has not been measured but an

estimate is available (Ghiorso and Carmichael, 1980). The Cp of the liquid has also been

estimated (Carmichael et al., 1977). The bulk modulus of the MgSiO; melt and its

pressure derivative are evaluated from the melting curve determined by Boyd et al.
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(1964). Although the data evaluated here are only based on melting up to 5 GPa, the
calculated melting curve at high pressure also agrees well with experiments up to 9 GPa
(Kato and Kumazawa, 1983) (see Figure 5.6).

5.3 System FeO-SiO,:

Stable iron silcates in this system include fayalite, spinel and orthoferrosillite. 8-phase
and perovskite are not stable and will be discussed as fictive components in solid

soiutions.

Polymorphism of Fe,SiO,

Fe,S10,, unlike Mg,SiO,, directly transforms from olivine (c) to spinel (y) at high
pressure. The transformation has been experimentally studied using the quench
technique (Akimoto et al., 1965, 1967) and using the in-situ X-ray diffraction method
(Inoue, 1975; Sung and Burns, 1976; and Furnish and Bassett, 1983). Very recently,
Yagi et al. (1987) accurately determined the equilibrium phase boundary between 1073
and 1473 K using a cubic anvil type of high-pressure and high temperature X-ray
diffraction apparatus combined with synchrotron radiation. The transition pressure
P(GPa) = 3.43 + 0.0025T(K). The in-situ observation also provides information on
thermal expansion at high pressure. The thermophysical properties, such as molar
volume, thermal expansion and bulk modulus, for a-Fe,SiO, and y-Fe,SiO4 have been
studied by many geophysicists (e.g. Akimoto et al., 1976; Suzuki et al., 1979, 1981;
Sumino, 1979; Marumo et al., 1977; and Sato, 1977). Those data have been used to

calculate the volumes at high pressure and high temperature using the equation of state
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discussed in Chapter 2. The calculated results are in good agreement with that observed
in in-situ X-ray diffraction experiments (Yagi et al., 1987). The thermochemical data,

such as enthalpy, entropy and heat capacity, for a-Fe,SiO,4 are from Robie et al. (1982).
Heat capacity for y-Fe,Si04 was determined by Watanabe (1982). The enthalpy and
entropy for y-Fe,Si0, are evaluated from the phase equilibrium data (Yagi et al., 1987),

constrained by the calorimetric data on AH?;gg9 and AS°;p00 Of the a-y transition as

obtained by Akaogi et al. (1989). The calculated boundary is shown in Figure 5.7. The
evaluated data on y-Fe,Si0, along with the data on FeC (waustite) and stishovite are
consistent with the experimental data on reaction, y-Fe,SiO4 = FeO (wustite) + SiO,

(stishovite), determined by Yagi et al. (1979) and Ohtani (1979). 8-Fe,SiO, is treated as
a fictive component in the ststem. Its thermochemical and thermophysical properties are
either extrapolated from limited solution data or estimated by using analogy (Fei and

Saxena, 1986). The calorimetric data on AH®;g99 and AS®;g0p of the - transition as

estimated by Akaogi et al. (1989) are used as additional constraints in the calculations.

The melting curve of Fe,SiO, was determined by Akimoto et al. (1967) (to pressure of 8

GPa) and by Ohtani (1979) (to pressure of 20 GPa). The entropy of fusion and Cp of
liquid are from Ghiorso and Carmichael (1980).The bulk modulus and its pressure
derivative of Fe,Si0, melt are derived from the melting curve.

Polymorphism of FeSiO;

Perovskite, gamet (cubic and non-cubic) and ilmenite in FeSiO; are not stable and can
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be treated as fictive components. Garnet and ilmenite in FeSiO; are not considered in
this study because of the small iron solubility in both garnet and ilmenite solutions and
because of lack of thermochemical and thermophysical data on these fictive components.
The data on Fe-perovskite are estimated from limited solution data and from analog with
other related phases (Fei and Saxena, 1986).

i2
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Figure 5.7 Phase relations in Fe,SiO,4. Solid lines are calculated phase boundaries.
Experimental data on the olivine - spinel transition are from Yagi ctal. (1987) (  olivine
and spinel). The equilibrium data on meliing are from Akimoto et al. (1967) and
Ohtani (1979)(  olivine, spineland  melt).
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For ferrosillite (FeSiO3), the data are based on the data of orthoferrosillite (Bohlen and
Boettcher,1981; Syono et al., 1971; and Akimoto, 1972). These data alongy with the

data on spinel (Fe,SiO,) and stishovite evaluated from the systems Fe,SiO, and SiO,
are consistent with the experimental data on reaction, 2FeSiO; (ferrosillite) = Fe,SiO,

(spinel) + SiO, (stishovite), determined by Akimoto and Syno (1970).

5.4 System MgO-FeG-SiC,

There are seven possible solid solutions, (Mg,Fe)O (magnesiowustite), (Mg,Fe),SiO,
(olivine, B-phase, spinel) and (Mg,Fe)SiO; (pyroxene, ilmenite, perovskite), in the
system. For the magnesiowustite solid solution, MgO (periclase) may be chosen to mix
as a third component with FeO and FeO, 5. However, both experiments (Simons, 1980)
and thermodynamic calculation (Fei and Saxena, 1986) indicate that the stoichiometric
FeO composition is approached closely above 5 GPa. Therefore, the magnesiowustite

solid solution is simply treated as a binary solution with endmembers, MgO and
stoichiometric FeQ, in all high pressure equilibrium calculations.

The solution properties may be derived from three types of experimental data: (1) direct
measurements of mixing properties, such as mixing volume and mixing enthalpy, (2)

clement distribution between coexisting phases, and (3) phase equilibrium data.

As discussed in Chapter 2, the solution properties may be represented by interaction
energy parameters, Wy, in Margules model. The Wj; parameters are considered tobe 2

function of pressure and temperature (Equation 2.26). WH;; represents the excess
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enthalpy contribution to the interaction energy W;; and may be directly determined by
solution calorimetry. Wood and Kleppa (1981) measured the enthalpies of solution of
Mg,Si04-Fe,SiO, olivine solid solutions in Pb,B,O5 melt at 970 K. The data were
fitted with the Margules formulation with WHyy, g, and WHE, , of 8.4 and 4.2 kJ/mol
respectively. Recently, Akaogi et al. (1989) measured the enthalpies of solution of
Mg,Si04-Fe,Si0O, spinel solid solutions. The spinel solid solution showed a positive

deviation from ideal mixing and can be fitted with a symmetric model with WHof 39

kJ/mol.

The excess volume contribution (WVj) to the interaction energy W;; may be

independently derived from measurements of mixing volumes of the solution. However,
the excess volume in solid solutions generally is very small and may not be detected in
most cases because it is less than the uncertainties in experiments. An altemative way to
determine such contribution is to determine activity-composition relationships over a
wide pressure range and to fit the excess free energy as a function of pressure (see

discussion below).

The excess entropy cannot be directly measured by experiments, but may be derived
either from the difference between the measured excess enthalpy and the excess free
energy obtained from activity-composition determinations or from the excess free

energies obtained from activity-composition relationships at various temperatures.

To establish the temperature and pressure dependences of the W;; parameters of the solid

solutions, one has to know activity-composition relations at various temperature and

pressure conditions. The activity-composition relations may be established from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

determination of ¢'ement distribution between coexisting minerals, as discussed in
Chapter 2. Nafziger and Muan (1967) determined the Mg-Fe distribution between
coexisting magnesiowustite and olivine at 1473 K and 1 bar. In this study the Mg-Fe
distributions have been determined over a temperature range of 1473 - 1723 K and
pressure up to 9 GPa (Chapter 4). The Mg-Fe distribution between coexisting
magnesiowustite and silicate spinel was studied by Yagi et al. (1979) using the
diamond-anvil cell technique and by Ito (1984) and Ito et al. (1984) using the multi-anvil
device. The Mg-Fe distributions between coexisting magnesiowustite and b-phase at
Mg-rich side (XBg, < 0.25) and between coexisting magnesiowusiiie and silicate spinel
at XSpg, > 0.25 have been determined at temperature of 1773 K and pressure of 15 GPa
in this study (see Chapter 4). Perovskite forms limited solid solution with some
maximum content of FeSiO;. Ito (1984), Ito et al. (1984) and Yagi et al. (1979)

determined the compositions of coexisting magnesiowustite and perovskite. The data
obtained by the diamond-anvil cell technique (Yagi et al., 1979) and by multi-anvil

device (Ito, 1984) are consistent in Mg-Fe distribution, but different in the maximum
solubility of FeSiO3in perovskite. The data of Ito (1984) showed that the maximum

solubility of FeSiO; in perovskite is about 10 mole percent and increases slightly with
increasing temperature. Similarly Yagi et al. (1979) made the important observation that
at high pressure up to 70 GPa the solubility of FeSiO; does not exceed 20 mole percent.

Recently, Guyot et al. (1988) also concluded that pressure does not significantly affect
the Mg-Fe distribution. Silimar results are obtained in this study (see Chapter 4). These
data provide ixﬁportant constraints on the thermochemical properties of Fe-perovskite.

Ali the Mg-Fe distribution data discussed above have been used to determine solid

solution properties of magnesiowustite, olivine, B-phase, spinel and perovskite solid
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solutions. Note that magnesiowustite is a common solid solution for all the determined
Mg-Fe distribution data. Simultaneously fitting these data with the Margules formmlation
provide a set of consistent solution parameters. The opmmzed results are shown in Table
5.6. In the optimization procedure the solution calorimetric data for olivine and spinel
solid solution have been taken into consideration. The optimized W; parameters for
olivine solid solution are also consistent with those evaluated from olivine-pyroxene and
olivine-gamet equilibria (Chatterjee, 1987). Various calculated Roozeboom diagrams for
the exchange of Mg2+ and Fe?* between coexisting solid solutions are shown in Figures

5.8,5.9, 5.10 and 5.11.

Phase equilibrium relations in a binary system provide independent information on solid
solution properties. In the system Mg,Si0,-Fe,Si0,4, Akimoto and Fujisawa (1968)
determined the phase equilibrium relations in an Fe-rich region up to
(Mg 73Feg.27)25104. The complete phase diagrams in the system were determined by
Kawada (1977) at temperatures of 1073, 1273 and 1473 K and presented by Akimoto
(1987) with revised pressure calibration. Recently, Katsura and Ito (1989) determined
the phase digrams in a Mg-rich region up to (Mgg 45Feg 55)2810, at temperatures of

1473 and 1873 K. With increasing pressure, (Mg,Fe),SiO, spinel breaks down into
perovskite and magnesiowustite in a Mg-rich region and into magnesiowustite and
stishovite in an Fe-rich region. The phase diagrams were first proposed by Yagi et al.
(1979) based on the experiments with diamond-anvil cell technique and recently
determined by Ito and Takahashi (1989) in a Mg-rich region up to (Mg 4Feg ¢),Si0, at
temperatures of 1373 and 1873 K. These phase diagrams may be used either to derive

solution parameters or to compare with those calculated from evaluated thermodynamic
data (see Chapter 6 for discussion).
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Figure 5.8a Distribution of Mg and Fe between coexisting magnesiowustite (Mw) and
olivine (Ol) at a pressure of 20 kbar and at temperatures of 1200 °C (upper curve) and
1450 °C (lower curve). Experimental data are from this study (see Chapter 4).
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Figure 5.8b Distribution of Mg and Fe between coexisting magnesiowustite (Mw) and
olivine (Ol) at a temperatures of 1450 °C and at pressures of 20 kbar (lower curve), 40
kbar (middle curve) and 90 kbar (upper curve). Experimental data are from this study
(see Chapter 4).
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Figure 5.9 Disuibution of Mg and Fe between coexisting magnesicwustite (Mw) and
B-phase (B) at pressure of 150 kbar and at temperature of 1500 °C. Experimental data are
from this study (see Chapter 4).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.0

)
o
|

0.6 |-

0.4

Xpe in Mw

+ Yagi et al, 1979

A Ito, 1984

| | |
0.0 0.2 0.4 0.6 0.8 1.0

Xpe inn Sp

Figure 5.10 Distribution of Mg and Fe between coexisting magnesiowustite (Mw) and
spinel (Sp) at temperature of 1500 °C and pressure of 150 kbar (lower curve), and at
temperature of 1600 °C and pressure of 200 kbar (upper curve). Experimentai data are
from this study (see Chapter 4), Ito et al. (1984) and Yagi et al. (1979).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1'0 cesssssesnmescervy

......

s This work

Xpe in Mw

A& Yegi et al, 1979

+ Ito et al, 1984

1 ! |
0.4 0.6 0.8 1.0

Xpe In Pv

Figure 5.11 Distribution of Mg and Fe between coexisting magnesiowustite (Mw) and
perovskite (Pv) at a temperature of 1600 °C and pressures of 260 kbar (lower curve),
and 300 kbar (upper curve). Experimental data are from this study (see Chapter 4), Ito et
al. (1984) and Yagi et al. (1979).
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5.5 Discussion

The present data set (Tables 5.2 to 5.6) has been critically evaluated by performing a
global optimization in which all the phase equilibrium data of possible reactions in the
system (Table 5.1) have been considered and the enthalpies and entropies of reacting
phases have been optimized by taking the reported uncertainties of experimental data as
lower and upper limits of the optimizing parameters. Details of the optimization
technique have been discussed in Chapter 3. The method of minimizing the totai Gibbs
free energy of a chosen system, as discussed in Chapter 3, is used to calculate the phase

relations.

It is perhaps remarkable, given the wide range of data used and their rather large
uncertainties, that one set of thermochemical and thermophysical parameters can be
found which satisfy, at least in a general sense, the phase equilibria, calorimetry, and
vibrational calculations. Although there are still considerable uncertainties, especially in

parameters for the Mg-garnet, Mg-perovskite, and fictive components (8-Fe,SiO, and

FeSiO; perovskite), the phase relations in the system are constrained. Most experimental

phase equilibrium data are reproduced as shown in Figures 5.1 to 5.11.

evee

GPa) and temperature (up to 2473 K). The contribution of VAP to Gibbs free energy is
large at high pressure and one must know the volume at simultaneous high P and T.
Therefore, the use of a suitable equation of state for solids at high pressure and
temperature is necessary for the phase equilibrium calculation. Experimental data on
molar volume are generally available either at high pressure and room temperature or at

high temperature and 1 atm. The method of exptrapolation of the existing data to high
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P-T space is still controversial. In this study we have adopted the Birch-Murnaghan
equation of state where the temperature dependence of the isothermal bulk modulus is
included (see Chapter 2). Unfortunately, data on the temperature dependence of
isothermal bulk modulus-are generally not available for most high pressure phases. The

data for B-phase, spinel, ilmenite and perovskite were optimized through phase

equilibrium relation. An optimized (dK/dT)p value of -0.055 GPa/K, for perovskite
agrees with that predicted by self-consistent quasiharmonic lattice dynamics (Wolf and
Bukowinski, 1987).

AG*-AG® (kJ)

PRESSURE (GPa)

Figure 5.12 Effect of +4 kJ/mol in AG;,73 of transition on phase transition pressure
at temperature of 1273 K. Phase transitions in the systems MgSiO; and Mg,SiO, are
represented by solid and dashed lines, respectively. The phase phase transitions are OL
=B, B =SP, SP =PV + PER, 2PX =B + ST, SP +ST = 2IL, and 2IL = 2PV, where the
left side of the reactions is defined as A and the right side as B. The abbreviations are
same as in Figures 5.3 and 5.5.
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Anderson and Zou (1989) have shown that Kt (at atmospheric pressure) for MgO
changes from 161 GPa at 300 K to 110 GPa at 2000 K, with an average value of -0.030
GPa/K. The optimized values for B-phase, spinel, ilmenite, and perovskite generally fall
in a comparable range. Anderson and Zou (1989) also point out that the product aKy is
approximately constant for MgO as a function of temperature. It is found, from the
optimization, that the largest magnitudé of (9K1/0T)p is for phases with high bulk
modulus and high thermal expansion.

Some discussion is appropriate of the effect of uncertainties in calculated value of AG®
on the calculated phase equilibria. Figure 5.12 shows the effect of +4 kJ/mol uncertainty

in AGP;,73 of transition on phase transition pressure at a temperature of 1273 K in the
Mg,Si0, and MgSiO; systems. Because the pressure-temperature field, especially in the
MgSiO; system (Figure 5.5), is divided into many fields of stable assemblages, the
margin for error in AG° values for individual phases is small and the system is well
constrained. If one changes the AG® of a phase by more than 300 J/mol, the calculated
stability fields of several related minerals can be completely upset. For example, if the
enthalpy of garnet is decreased by 350 j/mol, the garnet phase will be calculated to form
directly from pyroxene at 1273 K. Decrease of about 1000 J/mol in AH9g of ilmenite
would eliminate the two-phase region between enstatite and ilmenite; and an increase of
about 1000 J/mol would totally eliminate the ilmenite stability field between spinel plus
stishovite and perovskite (Figure 5.12). Thus we conclude that the calculated free

energies of transition are generally constrained to +500 J/mol or better. The uncertainties

in AGe are difficult to attribute to uncertainties in individual thermochemical and

thermophysical parameters unless one has compelling specific evidence. Data evaluated
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both from phase equilibrium reactions and from calorimetric measurements generally are

within the limits of the calorimetric data as listed in Table 5.7. In the systems Mg,SiO,

and MgSiC; several phases, B-phase, spinel and perovskite, are common. Therefore,

data on B-phase have to be evaluated by simultaneously fitting the phase equilibrium data
of the a-f and p-y transitions in Mg,SiO, and the pyroxene = 8 + stishovite transition in

MgSiO;. Since data on stishovite, pyroxene and olivine (o) are well established from
other systems (Fei and Saxena, 1586 and Saxena and Chatterjee, 1986), evaiuated data
on B-phase are tightly consirained in such global optimization. Similar considerations
apply to evaluation of data for perovskite and ilmenite. From the derived data for
perovskite and ilmenite we may closely reproduce the phase equilibrium relations of the
spinel + stishovite = ilmenite, ilmenite = perovskite and spinel = perovskite + periclase
reactions. The Gibbs free energy for ilmenite evaluated from phase equilibrium data is
more negative than that calculated from lattice vibrational model. If the entropy and heat
capacity of ilmenite calculated from vibrational model were used, ilmenite stability field

would be eliminated from the MgSiO; phase diagram. Therefore, the thermochemical

and thermophysical data set derived here is generally adequate for calculating phase
equilibria with uncertainties of 0.5 GPa or so in the location of phase boundaries.
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Table 5.1 Summary of reactions in the Mg-Fe-Si-O system

Reactions References
1. Fe (bcc) = Fe (fcc) Bundy (1965)
2. Fe (bcc) = Fe (hep) Bundy (1965)
3. Fe (fcc) = Fe (hep) Bundy (1965)
4. 4{FeO} + O, =4{FeO, 5} Kubaschewski (1982)
5. 5{FeO} + O, = 2{FeO, 5} + Fe30,4 Kubaschewski (1982)
6. 7{Fe0O} + O, = 6{FeO, 5} + Fe Kubaschewski (1982)
7. Fe30, (mgt) =Fe304 (high-pressure mgt) Mao et al. (1974)
Huang and Bassett (1986)
8. Fe,03 (hmit) = Fe,O3 (high-pressure hmt) Mao and Bell (1977)
9. SiO, (g2) = SiO, (coe) Bohlen and Boettcher (1982)
10. SiO, (coe) = SiO, (st) Yagi and Akimoto (1976)
11.Mg,Si0, (o) =Mg,SiO, (B) Katsura and Ito (1989)
Fukizawa (1982)
Suito (1977)
12.Mg,Si0;, (B) =Mg,SiO, () Katsura and Ito (1989)
Sawamoto (1986)
Ohtani (1979)
Suito (1977)
13.Mg,SiO, (7) = MgSi03 (pv) + MgO (per) Ito and Takahashi (1989)
Ito and Yamada (1982)
14. Mg,SiO, (a) = Mg,Si0; (melt) Davis and England (1964)
Ohtani and Kumazawa(1981)
15.2MgSiO; (px) = Mg,Si0, (B) + SiO, (s7) Akaogi and Akimoto (1977)
Sawamoto (1987)
Tto and Navrotsky (1985)
16. MgSiC3 (px) = MgSiO; (g7) Sawamoto (1987)
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17.2MgSiO; (g1) = Mg,Si0, (B) + SiO, (st) Sawamoto (1987)
18. 2MgSiO; (il) = Mg,Si0,4 () + SiO, (s2) Ito and Navrotsky (1985)
19. MgSiO; (il) = MgSiO3 (pv) Ito and Takahashi (1989)
Ito and Yamada (1982)
Sawamoto (1987)
20. MgSiO; (px) = MgSiO; (melr) Boyd et al. (1964)
Kato and Kumazawa (1983)
21.Fe;S8i0, () = Fe,SiO4 (P Yagiet al (1987)
Akimoto et al. (1965, 1967)
22.2FeSi0; (px) = Fe,Si0, (P + SiO, (s7) Akimoto and Syno (1970)
23.Fe,Si04 () = FeO (mw) + SiO2 (st) Yagi et al. (1979)
Ohtani (1979)
24. (Mg,Fe),Si0, (@) = Mg,Fe),Si0, (9) Akimoto and Fujisawa(1968)
Kawada (1977)
Akimoto (1987)
25. (Mg,Fe),Si0,4 (@) = Mg Fe),Si0, (B Katsura and Ito (1989)
Akimoto (1987)
26. (Mg,Fe),Si0, (B) = Mg .Fe),SiO, (7) Katsura and Ito (1989)
Akimoto (1987)

27.(Mg.Fe),SiO4 (P) = (Mg, Fe)SiO; (pv) + Mg, Fe)O  Ito and Takahashi (1989)

28. Mg Fe),Si0,4 (P = 2(Mg,Fe)O (mw) + SiO2 (s7)  Ito and Takahashi (1989)
29. Mg Fe)SiO; (pv) = Mg, Fe)O (mw) + SiO2 (s1) Ito and Takahashi (1989)

30.Mg-a + Fe-mw = Mg-mw + Fe-a This study
Nafziger and Muan (1967)
31.Mg-B + Fe-mw = Mg-mw + Fe-8 This study
) 32.Mg-v+ Fe-mw = Mg-mw + Fe-y This study
ito (1984)
Yagi et al. (1979)
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33.Mg-pv + Fe-mw = Mg-mw + Fe-pv This study

Ito (1984)

Yagi et al. (1979)
34. Mg-a + Fe-px = Mg-px + Fe-a Matsui and Nishizawa (1974)
35.Fe,Si0; (a) + SiO, (g2) = 2FeSiO; (px) Lindsley et al. (1964)

36. (Mg,Fe),Si0, (@) + SiO, (g2) = 2(Mg,Fe)SiO; (px) Bohlen and Boettcher (1981)

Abbreviations: mgt = magnetite, hmt = hematite, gz = quartz, coe = coesite, st =
stishovite, a = olivine, B = B-phase, y = spinel, pv = perovskite, per = periclase, px =
pyroxene, gt = garnet, il = ilmenite, and mw = magnesiowustite.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

Table 5.2 Data on standard enthalpy and entropy of formation from
elements at 298.15 K for phases in the Mg-Fe-Si-O system

Phases AHo,93 AS©%598 References
J/mol J/mol-K
1. O,(oxygen) 0 205.150 Robie et al. (1978)
2. 1/2Mg,SiO4(c0) -1087160 47.055 Robie et al. (1982)
3. 1/2Fe,Si04(c) -739085 75.500 Robie et al. (1982)
4. 12Mg,Si0sB)  -1070600 45.862 Fei et al. (1989)
5. 1/2Fe,Si04(B) -734000 70.900 Akaogi et al. (1989)
6. 1/2Mg,SiO, () -1065600 44.010 Fei et al. (1989)
7. 1/2Fe,Si04() -735750 70.516 Akaogi et al. (1989)
8. MgSiOs(px) -1545552 66.170 Brousse et al. (1984)
9. FeSiO;(px) -1195200 94.560 Chatterjee (1987)
10. MgSiO5(pv) -1442500 63.577 Fei et al. (1989)
11. FeSiOz(pv) -1090100 100.770 see text
12. MgO(mw) -601490 26.940 Robie et al. (1978)
13. FeO(mw) -267270 57.590 Fei and Saxena (1986)
14. FeO, 5(mw) -380900 54.900 Fei and Saxena (1986)
15. Fe(bce) 0 27.280 Robie et al. (1978)
16. Fe(fcc) 9476 37.570 see text
17. Fe(hcp) 6200 31.310 see text
18. 1/4Fe4O,(mgt) -278887 37.660 Haas (1984)
19. 1/4Fe30,4(hp mgt)  -236500 45.000 Fei and Saxena (1986)
20. 1/2Fe;O5(hmt) -412391 43.700 Haas (1984)
21. 1/2Fe;O3(hp hmt)  -374600 43.700 Fei and Saxena (1986)
22. SiOx(q2) -910700 41.460 Robie et al. (1978)
23. SiO,(coe) -907771 38.730 Fei and Saxena (1986)
24. SiOx(st) -858818 34.380 Fei and Saxena (1986)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25. MgSiO4(il) -1485700
26. MgSiO3(gt) -1510400
27. 1/2Mg,SiO4(melt) -1030160
28. 1/2Fe,SiOy(melt)  -692998
29. MgSiO;(melt) -1463646

60.371
64.180
73.405
106.430
110.880

74

Feiet al. (1989)

Fei et al. (1989)
Navrotsky et al. (1989)
see text

see text

NOTE: The abbreviations are same as in Table 5.1.
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Table 5.3 Data on heat capacity of phases in the Mg-Fe-Si-O system

75

Cp =a + bT + cT-2 + T3 + gT-1

Phases a b c e g
1. O2(oxygen) 39450 5.6090E-4 9.0670E+5 6.0390E+05 -6.1010E+3
2. 1/2Mgs8i104(c) 83496 7.8185E-3 -5.5745E+6  8.8266E+08 9.6193E+2
3. 1/2Fe28i04(cr) 83498 13559E-2 -6.5624E+5 -12827E+08 -2.7808E+3
4. 1/2MgsSiO4(B) 84268 6.5380E-3 8.8230E+4 -3.1137E+08 -6.1128E+3
5. 1/2FezSiO4(B) 84391 12017E-2 -8.5874E+6 1.5766E+09 5.2759E+3
6. 1/2MgsSiO4(Y) 84751 S8540E-3 3.3038E+6 -94132E+08 -1.0453E+4
7. 1/2Fe3SiO4(Y) 85609 13559E-2 -32322E+6  5.6422E+08 -2.7355E+3
8. MgSiOs(px) 126665 19414E-3 -62505E+6  8.5349E+08 -2.2049E+3
9. FeSiO3(px) 131.890 62140E-5 -4.9470E+6  1.4250E+07 2.3190E+2
10. MgSiO3(pv) 125080 63329E-3 -7.3634E+6  9.1187E+08  8.4838E+2
11. FeSiO3(pv) 142210 15410E-3 -1.1860E+6  2.7440E+08 -1.4540E+4
12, MgO(mw) 49.654 3.8410E-3 -13898E+6 1.2720E+08 -7.9166E+2
13. FeO(mw) 68435 1.1940E-3 1.6970E+6  1.3480E+08 -1.1880E+4
14. FeO1 s5(mw) 39874 4.6440E-2 -1.6420E+6 1.4020E+08 3.5750E+3
(955K,3353/mol)  -69.915 7.2450E-2 7.8240E+7 -7.2840E+06 -1.7580E+2
(1250 K, 0J/mol) 197400 4.3230E-2 6.1970E+7 24040E+11 -4.3270E+5
15. Fe(bceo) -28.567 5.3340E-2 -5.8930E+6 4.7540E+08 2.5630E+4
(800K, 499 J/mol) -248280 24920E-1 6.6090E+7 -50110E+08 -12310E+4
(1000K, O0J/mol) -639.740 6.9540E-1 6.6700E+5 -83700E+07 -1.8640E+3
{1042 X, OJ/moly 1517200 -1.7750E+0 -8.4550E+6  1.0430E+05 2.4370E+4
(1060K, OJ/mol) -553.630 33200E-1 29300E+8 -22360E+08 -4.7740E+3
(1184 X, 899 J/mol)  23.819 84160E-3 -72950E+4  1.0050E+07  1.7860E+2
(1665 K, 836 J/mol) 52121 32840E-3 4.8000E+6 8.4260E+09 -3.3290E+4
16. Fe(fcc) 41357 1.0540E-3 1.5470E+6  S.2260E+07 -1.0720E+4
17. Fe(hcp) -28.567 S5.3340E-2 -58930E+6 4.7540E+08 2.5630E+4
( 800 K, 499 J/mol) 41357 1.0540E-3 15470E+6 5.2260E+07 -1.0720E+4
18. 1/4Fe304(mgt) 18343 S56670E-2 23840E+5 1.7470E+06 3.8690E+1
( 848 K, 391 J/mol) -2.828 24510E-2 3.1140E+7 1.8610E+07 3.8340E+2
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19.

21.

29.

(1300K, 0 J/mol)
1/4Fe304(hp mgt)

( 848 K, 391 J/mol)
(1300 K, 0 J/mol)

. 1/2Fe203(hmt)

(955 K, 335 J/mol)
(1250 K, 0 J/mol)
1/2Fe203(hp hmt)

(955X, 335 J/mol)

{1250 X, 0J/mol)

. S8i02(q2)

( 848 K, 476 J/mol)

. SiO2(coe)

. SiOa(st)

. MgSiOs(il)
. MgSiO3:g1)

1/2Mg2SiO4(melt)
(2163 K, 0 J/mol)

. 1/2Fe28i04(melt)

(1450 K, 0J/mol)
MgSiO3(melt)
(1832 K, 0 J/mol)

86.812
18.343
-2.828
86.812
39.874
-69.915
197.400
39.874
-69.915
197400
101.490
78.812
74.428
65.535
90.412
126.741
83.496
133.950
83498
119.872
126.665
177443

1.5820E-2
5.6670E-2
2.4510E-2
1.5820E-2
4.6440E-2
72450E-2
4.3230E-2
4.6440E-2
7.2450E-2
43230E-2
2.7820E-3
1.2050E-3
8.1500E-4
9.5711E-3
1.9401E-2
2.3338E-3
7.8185E-3
0.0000E+0
1.3559E-2
0.0000E+0
1.9414E-3
0.0000E+0

1.9740E+7
2.3840E+5
3.1140E+7
1.9740E+7
-1.6420E+6
7.8240E+7
6.1970E+7
-1.6420E+6
7.8240E+7
6.1970E+7
4.3530E+6
1.7310E+6
-1.4182E+6
-5.2702E+6
7.7246E+6
-6.3302E+6
-5.5745E+6
0.0000E+0
-6.5624E+5
0.0000E+0
-6.2505E+6
0.0000E+0

8.8960E+10
1.7470E+06
1.8610E+07
8.8960E+10
1.4020E+08
-7.2840E+06
2.4040E+11
1.4020E+08
-72840E+06
2.4040E+11
-1.9130E+08
1.2020E+08
1.3073E+09
7.7873E+08
-2.78%0E+09
8.6451E+08
8.8266E+08
0.0000E+00
-1.2827E+08
0.0000E+00
8.5349E+08
0.0000E+00

-1.4480E+5
3.8690E+1

3.8340E+2
-1.4480E+5
3.5750E+3
-1.7580E+2
-4.3270E+5
3.5750E+3
-1.7580E+2
43270Es5
29610E+4
-12130E+4
1.4606E+3
1.0674E+3
4.3397E+2
-2.3030E+3
9.6193E+2
0.0000E+0
-2.7808E+3
0.0000E+0
-2.2049E+3
0.0000E+0
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REFERENCES: 1, 2, 3. Robie et al. (1978); 4.Watanabe (1982); 5. Fei and Saxena
(1986); 6, 7. Watanabe (1982); 8. Krupka et al. (1985a,b); 9. Watanabe (1982); 10, 11.
Fei et al. (1989); 12. Robie et al. (1978); 13. see Fei and Saxena (1986); 14. Haas (see
Fei and Saxena, 1986); 15. Barin and Knacke (1978); 16, 17. Guillermet and Gustafson
(1985); 18, 19, 20, 21. Haas (see Fei and Saxena, 1986); 22, 23, 24. Robie et al. (1978);
25. Watanabe (1982); 26. see Fei et al. (1989); 27, 28, 29. Carmichael et al. (1977). The
abbreviations are same as in Table 5.1.
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Table 5.4 Data on molar volume and thermal expansion coefficients of
phases in the Mg-Fe-Si-O system

a=0y+0a,T+a,T21

Phases Vo,9g oy oy o, References
cm3/mol (104 (108)

2. 12Mg,SiO40)  21.835 0.3052 0.8504 -0.5824 J & T (1983)
Suzuki et al. (1981)

3. 1/2Fe,Si0,(c) 23.140 0.2660 0.8736 -0.2487 Akimoto et al.(1976)
Suzuki et al. (1981)

4. 12Mg,SiO«pB)  20.270 02711 0.6885 -0.5767 Akimoto et al.(1976)
Suzuki et al. (1980)

5. 1/2Fe,Si0,(B) 21.575 02319 0.7117 -0.2430 F & S (1986)

6. 12Mg,SiO,(y)  19.825 02367 0.5298 -0.5702 Ito et al. (1974)
Suzuki et al. (1979)

7. 1/2Fe,Si0 ) 21.010 0.2455 0.3591 -0.3703 Marumo et al.(1977)
{Suzuki et al. (1979)

8. MgSiOs(px) 31.330 0.2947 0.2694 -0.5588 J & T (1983)
Skinner (1966)

9. FeSiOs(px) 32.950 0.2947 0.2694 -0.5588 Syono et al. (1971)
qSkinner (1966)

10. MgSiO5(pv) 24.500 0.2627 1.5198 -0.0429 Yagi et al. (1978)
§Knittle et al. (1986)

11. FeSiO5(pv) 25.599 0.2627 1.5198 -0.0429 F & S (1986)

12. MgO(mw) 11.250 0.3681 0.9283 -0.7445 Robie et al. (1978)

. {Suzuki (1975)

13. FeO(mw) 12.250 0.1688 0.2040 0.0190 see text

14. FeO; 5(mw) 15.970 02453 1.6702 0.0020 see text

15. Fe(bec) 7.150 0.5055 -1.0483 0.0128 Mao et al. (1967)
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16. Fe(fcc)
17. Fe(hcp)
18. 1/4Fe30,4(mgt)

19. 1/4Fe;04(hp mgt)
20. 1/2Fe;05(hmt)

21. 1/2Fe,O5(hp hmt)
22. Si0,(qz)

23. SiOy(coe)

24. SiOy(st)

25. MgSiO;(iD

26. MgSiOs(gt)

27. 1/2Mg,SiO,(melt)
28. 1/2Fe,SiO,(melt)
29. MgSiO;(melt)

6.840 0.7310
6.740 0.7360
11.130 0.2611

9.110 0.2611
15.130 0.2453

13.430 0.2453
22.688 0.3100

20.640 0.0543

14.010 0.1023

26.350 0.2439

28.500 0.2966

21.414 0.9500
26.008 0.9800
35.000 0.6400

0.0000 0.0000
0.0000 0.0000
3.2602 0.0040

32602 0.0040
1.6702 0.0020

1.6762 0.0020
2.6780 0.0000

0.8315 -0.0605

1.3500 -0.0000

0.0000 0.0000

0.2381 -0.5865

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
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{|Clark (1966)

see G & G (1985)
see G & G (1985)
Mao et al. (1974)

{F & S (1986)

Mao et al. (1974)

F & H (1980)

{F & S (1986)

Mao and Bell (1977)
Robie et al. (1978)
fiSkinner (1966)
Robie et al. (1978)
{Skinner (1962)
Robie et al. (1978)
{Ito et al. (1974)

Ito and Matsui(1977)
{|Ashida et al. (1988)
Akaogi et al. (1987)
{see text

Fei et al. (1989)

see text

Fei et al. (1989)

J & T = Jeanloz and Thompson; F & S = Fei and Saxena; F & H = Finger and Hazen; and
G & G = Guillermet and Gustafson, Other abbreviationg are same ag in Table 5.1,
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Table 5.5 Data on bulk modulus, its pressure and temperature derivatives
of phases in the Mg-Fe-Si-O system

Phases Kre¢ Ky 0Kq/0TI References
GPa GPa/K

2. 1/2Mg,SiO4(c) 1280 5.32 -0.0224 Sumino et al. (1977)
f{Anderson and Zou (1989)

3. 1/2Fe,Si04(c) 1379 4.00 -0.0258 Sumino (1979)

4. 12Mg,SiO,B)  172.0 427 -0.0323 Sawamoto et al. (1984)
{Fei et al. (1989)

5. 1/2Fe,SiO4B) 166.0 4.00 -0.0215 Fei and Saxena (1986)

6. 1/2Mg,SiO4(Y) 183.0 4.27 -0.0348 Weidner et al. (1984)
{[Fei et al. (1989)

7. 1/2Fe,SiOq4) 197.0 4.00 -0.0375 Sato (1977)

8. MgSiOs(px) 1070 420 -0.0200 Weidner et al. (1978)
{Watanabe (1982)

9. FeSiOz(px) 101.0 420 -0.0200 Akimoto (1972)

10. MgSiO5(pv) 2470 4.00 -0.0550 Yagi et al. (1982)
{Fei et al. (1989)

11. FeSiO5(pv) 2872 4.00 -0.0596 Fei and Saxena (1986)

12. MgO(mw) 160.3 407 -0.0272 Jackson and Niesler (1982)
fAnderson and Zou (1989)

13. FeO(mw) 180.0 4.00 -0.0200 see Fei and Saxena (1986)

14. FeO, s(mw) 180.0 4.00 -0.0200 see Fei and Saxena (1986)

15. Fe(bcc) 1640 5.00 -0.0200 Mao et al. (1967)

16. Fe(fcc) 156.0 5.40 -0.0200 Mao and Bell (1977)

17. Fe(hcp) 156.0 540 -0.0200 Mao and Bell (1977)

18. 1/4Fe304(mgt) 183.0 4.00 -0.0200 Mao et al. (1974)

19. 1/4Fe;O,(hp mgt) 448.0 4.00 -0.0200 Abhrens et al. (1969)
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20. 1/2Fe,05(hmt) 2250 4.00 -0.0200 Finger and Hazen (1980)

21. 1/2Fe,O4(hp hmt) 399.0 4.00 -0.0200 Ahrens et al. (1969)

22. Si05(qz2) 374 640 -0.0040 Soga (1968)

23. SiO,(coe) 96.0 8.40 -0.0200 Levien and Prewitt (1981)
{Watanabe (1982)

24. SiO(st) 3140 6.00 -0.0470 Weidner et al. (1982)
{Watanabe (1982)

25. MgSiO4(il) 2100 4.00 -0.0100 Weidner and Ito (1985)
{Fei et al. (1989)

26. MgSiO;(gt) 1540 4.00 -0.0220 Akaogi et al. (1987)
§iFei et al. (1989)

27. 1/2Mg,SiO4(melt) 9877 650 -0.0235 Fei et al. (1989)

28. 1/2Fe,SiO (melt)  10.57 6.50 -0.0000 see text

29. MgSiO;(melt) 20.67 650 -0.0000 Fei et al. (1989)

§ The conversion from the adibatic bulk modulus Kg to the isothermal bulk moduvluds Ky
is: Kt = Kg/(1 + Toyy), where yy, is the thermal Gruneisen constant (see Watanabe,1982;
Carmichael, 1982; and Lees et al., 1983 for data sources).

T Kt at melting temperatures.

The abbreviation are same as in Table 5.1.
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Table 5.6 Nonideal
Mg-Fe-Si-O system

mixing parameters

of solid solutions

81

in the

Solid solutions Whng.Fe (J/mol) Wre.mg (3/mol)
Magnesiowustite 16100 26300 - 5.56T

Olivine (o) 4500 + 0.013P 6500 + 0.013P

B-phase 1000 2000

Spinel () 3500 - 1.10T 3560

Pyroxene 0 0

Perovskite 4130 - 1.37T + 0.011P -4050 - 2.45T + 0.015P

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

Table 5.7 Comparison of enthalpies and entropies of phase transitions

Reactions AH° (J/mol) AS° (J/mol-K)
298 K 1000 K 298 K 1000 K
Si0,
Qz=Coe 2020A1 1330A1 -2.73A1 -4.97A1
2029+293B9 1330429389 -2.931+0.84C% -5.02+0.42C9
Coe = St 48953A1 48572A1 -4.35A1 -5.36A1
48953+1715B9 -4.18+1.67€9
Mg,SiO,
o= 3312041 30330At -2.39A1 -6.82A1
299704284083 -7.70+1.9C3
29958+2846B3 -10.46+2.1C2
-11.72+2.5D2
B=1v 1000071 824071 -3 70A1 -6.4071
90804212083 -7.30£1.4C3
6820376682 -6.28+3.8C2
-5.4443 8D2
Fe,Si0,
o= 10170A1 9650A1 -9.20A1 -10.81A1
9620+126083 -10.90+0.8C3
B=v -3500A1 -4940A1 -0.77A1 -3.28A1
-5790+273083 -3.1042.1C3
MgSiO;
Px =Gt 3515041 35140A1 -1.99A1 2.13A1
3650084 -2.40D8 -3.65+0.7¢4
_2_44D8
Px=11 5985041 5874041 _5.30A1 -6.23A1
59030426086 -13.88D8 -16.48D8
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7180085
I=Pv 43200A1 46580A1 +3.21A1
5100007 -2.84D8
FeSiO,
Px =Pv 10510041 104030A1 +6.21A1

+7.00A1
+3.97D8

+8.11A1
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A = consistent value from phase equilibria, calorimetry and vibrations
B = calorimetry

C = calorimetry and phase equilibria

D = vibrational calculations

1 =Feietal (1989)

2 = Akaogi et al. (1984)

3 = Akaogi et al. (1989)

4 = Akaogi et al. (1987)

5 =Ito and Navrotsky (1985). This value now considered to be in error.

6 = Ashida et al. (1988)

7 = Navrotsky (1988, pers. comm.)
8 = Navrotsky (1989)

9 = Akaogi and Navrotsky (1984)
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CHAPTER 6

Phase Diagrams and Applications

A major goal of this study is to establish a thermochemical and thermophysical data set
which may be used to compute experimentally determined phase equilibrium as closely
as possible. These data should at the same time be compatible with all evaluated
calorimetric data and measurements of physical properties of each phase. The data in
Tables 5.2 to 5.6 meet these criteria well and may be used to explore possible phase
equilibrium in systems of varying compositions at pressures up to and exceeding 30
GPa. Such computations should be deemed essential in planning experimental studies
relevant to mantle mineralogy, in pointing out major inconsistencies in the existing data

and in understanding the mineralogy and chemical composition of the mantle.

6.1 Calculation of Phase Diagrams

Once an internally consistent data set on phases in the system is established, phase
diagrams for geochemically and geophysically interesting compositions can be generated
by using the method of free energy minimization (see Chapter 3). For the purpose of
reproducing experimentally determined phase equilibria, the P-T phase diagrams of pure
phases in the Mg-Fe-Si-O system may be constructed. Figures §.3, 5.5 and 5.7 show

the calculated phase relations in the systems Mg,S10,, MgSiO; and Fe,SiOy,

respectively. Similar phase diagrams for the polymorphs of Fe, SiO, and FeSiO; can be
generated.

In the Mg,Si04-Fe,Si0, binary system, the phase relations have been calculated by
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using the present data set and the solid solution model established by the calorimetric and
Mg-Fe distribution data (Tables 5.2 to 5.6). Olivine () structure transforms to B-phase
and spinel (y) with increasing pressure. The a-y loop is metastable at the Mg-rich end,
interrupted by the stability of B-phase. Figures 6.1a and 6.1b show the isothermal phase
relations at 1473 and 1873 K, respectively, in the Mg,Si0,-Fe,SiO; binary system. The
calculated diagrams are in good agreement with those determined by Katsura and Ito
(1989) in the Mg-rich region and by Akimoto (1987) in the Fe-rich region. Note that the
calculated results are also consistent with solution calorimetry and element partitioning
data in the system. At higher pressure, spinel (y) breaks down into perovskite and
magnesiowustite in the Mg-rich region or into magnesiowustite and stishovite in the
Fe-rich region. The calculated isothermal phase diagrams at 1373 and 1873 K in the
Mg,Si0,-Fe,SiO, binary system are shown in Figures 6.2a and 6.2b, respectively.
They are in agreement with recent experimental results reported by Ito and Takahashi
(1989). Note that Figures 6.2a and 6.2b are calculated from the present data base where
the solid solution model was established from the solution calorimetric and element

partitioning data in the system.

The data base can be used not only for reproducing the existing experimental results, but
also for interpolation and even extrapolation with caution. Thermodynamic modeling
with a well evaluated data base allows us to explore phase relations in the system in
various ways. For instance, one may construct phase relations in pressure-temperature
space or in pressure-composition space. It is also possible to produce phase relations for
which experiments have not yet been conducted. Figure 6.3 shows phase equilibrium

relations in the Mg-Fe-Si-O system with olivine composition (Mg ggFeq 12)2510, up to
pressure of 30 GPa. One may also caiculate phase relations by varying olivine

composition, or by mixing olivine and pyroxene or olivine and magnesiowustite in
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desired Pr—.n.“.;m«. Such phasc selation commutetion can F!"‘w"'b critical infrrmation on

geotherm and density profile through the mantle (see discussion below).

21

19 --------- Katsura & Ito (1089)

Akimoto (19@7)

17

15

13-

11

PRESSURE (GPa)

5 ] 1 l ]
0.0 0.2 0.4 0.6 0.8 1.0

Mg.Sio, XFe Fe,SiO,

Figure 6.1a Isothermal phase relations at 1473 K in the binary system Mg,SiO, and
Fe,Si04. The solid curves are calculated from the present data set shown in Tables 5.2
to 5.6. The experimental data by Katsura and Ito (1989) (the dotted curves) and by
Akimoto (1987) (the dashed curves) were plotted for the comparisons.
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Mg,.SiO, XFe Fe,Si0,

Figure 6.1b Isothermal phase relations at 1873 K in the binary system Mg,SiO,4 and
Fe,Si0,4. The solid curves are caicuiated from the present data set shown in Tabies 5.2
to 5.6. The dotted curves represent the experimental data by Katsura and Ito (1989).
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Figure 62a Isothermal phase relations at 1373 K in the binary system Mg,SiO,4 and
Fe,Si0,. The solid curves are calculated from the present data set shown in Tables 5.2
to 5.6. The dotted curves represent the experimental data by Ito and Takahashi (1989).
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Figure 6.2b Isothermal phase relations at 1873 K in the binary system Mg,SiO,4 and
Fe,S10,. The solid curves are calculated from the present data set shown in Tables 5.2

10 5.6. The dotted curves represent the experimental data by Ito and Takahashi (1989).
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6.2 Applications

MgO, FeO and SiO, are considered the dominant components of the Earth's mantle.
Phase relations in the Mg-Fe-Si-O system are of great interest to geochemists and
geophysicists because both the 400 km and the 670 km seismic discontinuities may
reflect the phase transformations of olivine (c) to B-phase and of spinel (7) to perovskite
Pplus magnesiowustite, respectively.

TEMPERATURE (K)
1000 1400 1800 _ 2200

T l | T | T
5| (Mg goFe ;2).Si0, -
A —~
S of :
e
o3 -1400
o0 15 |- o
7 £
n =3
20
= 4600 A
o,
25 -
30 = 800

Figure 6.3 Phase equilibrium relations in the Mg-Fe-Si-O system with composition of
(Mg 3sFeg 12)2510,. The estimated geotherm (see text) is shown by heavy line and its
upper and lower limits are shown by dashed lines.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

In the mantle model of peridotitic composition (Ringwood. 1975). olivine
(Mgg gsFeg 12)25i0, is the major component. Phase diagram for this olivine is shown

in Figure 6.3. The depth and width of the a-B transformation are a function of

temperature. If the 400 km discontinuity is attributed to the a-p transformation of
(Mgg gsFeg 122510, olivine in the depth range of 380 - 420 km (e.g. Wiggins and
Helmberger, 1973; Given and Helmberger, 1980; and Grand and Helmerger, 1984), the
corresponding temperature ranges from 1650 to 1750 K. The width of the a+B

-

assembiage at that temperature is about 17 km (0.8 GPa). The (Mgg ggFeg 12),510,

spinel breaks down into (Mgg g4Feg 06)Si0O; perovskite and (Mgg g,Feq 13)0
magnesiowustite within a very small pressure interval (less than 0.15 GPa), as shown in
Figures 6.2a,b and 6.3. The sharpness of this boundary is compatable with the seismic
observation of the 670 km discontinuity where the velocity increase is sharp. If this
transformation is the dominant cause of the 670 km discontinuity, the temperature
required for the transformation at that depth is about 1850 K. The depth of the a-B
transformation increases with increasing temperature and the depth of the transformation
of spinel to perovskite and magnesiowustite decreases with increasing temperature
(Figure 6.3). Therefore, the separation of these two transformations may be used for
constraining the geotherm of the mantle if the 400 and 670 km discontinuities are the
reflections of the two phase transformations. The geotherm derived from this study is
close io that by Brown and Shankiand {(1981). Aithough there are uncertainties in both
the experimental pressure and the depth of the discontinuity, it is possible to provide the
lower and upper limits for the geotherm by taking such uncertainties into consideration.
The lower and upper limits of the geotherm shown in Figure 6.3 are derived by
considering the uncertainties of +1GPa in pressure, 320 km for the 400 km
discontinuity and +15 km for the 670 km discontinuity.
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Figure 6.4 Density profiles calculated from the stable mineral assemblages in the
Mg-Fe-Si-O system under various conditions. Solid line, labeled as Fo88(B-S81), is the
calculated density profile with composition of (Mg ggFe 15),Si04 (Fo88) along Brown
and Shankland (1981)'s geotherm (B-S81); dot-dashed line with Fo88 along Stacey
(1977)'s geotherm (S77); dashed line with mixture of 2 Fo88 + 1 (Mg ggFe ;20

(Mw88) along B-S81; and dotted line with mixture of 2 Fo88 + 1 (Mg ggFe 12)Si03
(En88) along B-S81.

Composition variation within a reasonable range [e.g. (Mgg g3Feq.07)25i04 to

(Mgo.gsFeq.15)25104] does not have significant effect on the depth of the two

transformations. The density profile may reflect some compositional change. It is

possible to generate various density profiles by varying the molar ratios of FeO/(MgO +

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



93

MzO +

.'v) and { 1 ‘vv)IQ; ey tha vovrad ~aneh e nd it~ AILL,

,.,.02 alcu,s WS aSSUINSG gOULITIi Of oy wdvpuus ginerent
geotherms. Figure 6.4 shows the density profiles with bulk chemical composition of

(Mgg gsFeg 12)2510, along geotherms by Brown and Shankland (1981) and by Stacey
(1977). The density profiles for 2 olivine + 1 pyroxene and 2 olivine + 1
magnesiowustite with the FeO/(MgO + FeO) ratio of 0.12 are also calculated along the
geotherm by Brown and Shankland (1981). The calculations are just for demonstrating
how one may apply the thermodynamic model to solve some geophysical problems. The
present data base is inadequate for comparing the calculated density profile with that
derived from the seismic data. In order to make the comparison, at least Ca and Al
should be included in the system. However, if the calculated resuits, which are based on
somewhat simplified chemical composition of the mantle, are used to compare with the
density profile derived from the seismic data, the deviation of the calculated profile from
the realistic one may provide information on the direction of variation in the chemical

composition of the mantle.

To simulate the density profile of the mantle, at least two factors, chemical composition
and geothermal gradient, can be simultaneously varied within certain reasonable ranges.
A number of possible combinations of these factors may yield similar result on the
density profile. The limited experimental data on phase equilibria and physical properties
of materials can be used to explore these possibilities only when they are fitted into a
predictive model such as this equilibrium thermodynamic model. If the present data set
were extended by introducing other elements in the system such as Ca, Al, Ni and Na

which are likely in the mantle, we could then simulate the density profile of the mantle.

Adiabatic rise of diapirs is a useful concept and geophysical models require calculations
of adiabatic gradients. The data base can be used to calculate the enthalpy of a mineral
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assemblage at given pressure and temperature. Therefore, one can calculate the adiahatic
path for diapirs ascending from the starting position (e.g. 300 km and 1600 K) by
satisfying the condition, AH(P,T) = 0. The applications of such calculation to
geochemistry and geophysics were discussed by Saxena and Eriksson (1985).

The calculation of phase equilibrium relations in the system extended to the
Mg-Fe-Si-C-H-O system has some implications for early mantle-fluid composition and
the oxidation state of the mantle. The study of fluids in the C-H-O system at high
pressure and temperature forms a separate study by itself and will not be discussed in
this thesis, The detailed information may be found from several my publications with
S. K. Saxena. Those papers are attached as Appendix.
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List of published papers:

1. A thermochemical data base for phase equilibria in the system Fe-Mg-Si-O at high
pressure and temperature.

2. An equation for the heat capacity of solids.

3. Some binary and temnary silicate solution models.

4. Fluids at crustal pressures and temperatures: I. pure species.

5. High pressure and high temperature fluid fugacities.

6. The pressure-volume-iemperature equation of kydrogen.

7. Fluid mixtures in the C-H-O system at high pressure and high temperature.

8. Phase equilibrium in a system of chondritic composition: implications for early
mantle-fluid compositions.

9. Internally consistent thermodynamic data and equilibrium phase relations for

compounds in the system MgO-FeO-SiO, at high pressure and high temperature.
10. Experimental determination of element partitioning and calculation of phase relations
in the Mg-Fe-Si-O system at high pressure and high temperature.
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A Thermochemical Data Base for Phase Equilibria
in the System Fe — Mg — Si— O at High Pressure and Temperature

Yingwei Fei and Surendra K. Saxena
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Abstract. A thermochemical data base for phases in the
system Fe—Mg—Si—O at high pressures up to 300 kbar
is established bv supplementing the available calorimetric
data with data calculated from experimental high pressure
synthesis studies Phasag included in the dat base are the
SiO, polymorphs, rock salt solid solutions (Fe—Mg—0).
Fe.0,, Fe,0,, (Mg, Fe),SiO, olivine. spinel. modified spi-
nei and (Mg, Fe)SiO, perovskite and pyroxene. Phases not
included are the MgSiO;-ilmenite and -garnet. Fe - Mg so-
lution properties of olivine. spinel. perovskite and wustite
(rock salt) are estimated. The wiistite solid solution has
‘been modeled as 2 nonideal solution of three end members:
FeO, Fe0, 5 and MgO. The new data base is made consis-
tent with most of the available information on high pressure
phase studies.

The data base is useful in generating phase diagrams
of various different compositions for the purpose of plan-
ning new experiments and analysing existing phase svnthe-
sis data.

Introduction

Equilibrium relations in the svstem Mg—Fe~Si—-0 with
minerals iron. quartz. coesite. stshovite. megnesiowdstite
(rock salt), hematite, magmetite. clinopyroxene. olivine.
modified spinel. spinel. ilmenite. garnet (MgSiO,). and per-
ovskite are of particular imporwnce in understanding the
mineralogy of the mantle. Recent studies of the Fe—Si—0O
system by Meyer and Eugster (1983). Bjorkman (1984). Ha-
zen and Jeanloz (1984) and Haas (1985. pers. comm.), of
the system Mg—Si—O by Akaogi etal. (1984). {to and
Yamada (1982) and of the Mg— Fe—Si—O sysiem by Nav-
rotsky and Akaogi (1984), Yagi et al. (1979) and Ito et al.
{1984) and Ito (1984) have recuited in important phase dia-
grams and thermochemical data. However, these results and
the results of several other studies have not been used to
obtained an internaily consistent set of thermochemical-
thermophysical data. An internaily consistent data set is
one which permits the computation of phase equilibrium
relations as established through experimental studies and
is at the same time compatible with calorimetric and other
measurements of thermochemical properties of the phases.
Similar studies have been conducted previously bv Wood
and Holloway (1983) and Saxena and Chatterjee (1986)
for the CaO—MgO—AlLLO,—SiO, system. Generating
such a data base is complicated by the large uncertainties

associated with the high pressure phase equilibrium rela-
tions. both because of the errors in pressure and tempera-
ture calibration and because the experiments generally rep-
resent unreversed reactions. In spite of these problems. it
is imporant to review the present states of the 2xisting
thermochemical data set and its relation to the experimental
phase studies. If a thermochemical data set produces calcu-
lated results which are reasonably consistent with experi-
mental work. it can be used for computing possible phase
equilibrium relations over a wide range of pressure. temper-
ature and composition conditions. Such predictions are use-
ful in planning future phase equilibrium experiments. which
may then be used to better constrain the preliminary data
base. Conversely. if the attempt to create a data base ex-
poses major inconsistencies. experiments to resolve these
discrepencies would be important. The purpose of this
paper is to present a thermodynamic analysis of the experi-
mental phase diagrams in the system Mg—Fe-Si—O
under mantle pressure and temperature conditions.

The mineral numes are abbreviated as shown below:
Stishovite: St. perovskite: Pv. spinei: Sp. olivine: Ol ilmen-
ite: flm. wiistite: Fe,O. magnesiowiistite: MgO or Mw.
magnetite: Mgt. clinopyroxene: Cpx. Magnesiowistite
(Mw) has been used us a name for the temary MgO—
FeO ~FeO, , solid solution. High nressure magnetite is re-
ferred to as high-P-Mgt.

Since there is only meagre experimental information
available on MgSiO,-ilmenite and -garnet. these phase are
not included in this study.

Thermodynamics of Reactions
at High Pressure and High Temperaturs

The standard free energy of a reaction is given by

R
AGU(P. V=AH2-TAS2 +{ AV(P. TVdP m
1

where 4 H? and 4S9 are the enthalpy and entropy of reac-
tion. respectively, at temperature T and are given by:

T

AHY=AHY,+ | AC,dT 2)
298

and
r

ASY=AS8Y,, + ~._E”(AC,,".V') d7 (3)
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where 4 H3y, and 453,, are the standard enthalpy and
entropy of reaction at 298 K, and 4C, is the heat capacity
difference between products and reactants.

Berman and Brown (1985) argued that at very high tem-
peratures the value of C, per gram atom should approach
the theoretical Petit and Duiong (1819) limit of 3R (R=gas
constant) with the limit for C, given by
C,=3R+xVT/B .
where z and # are the coefficients of thermal expansion
and compressibility, respectively, and ¥ the molar volume.
Berman and Brown (1985) studied the available C, data
and found the following empirical expressions which would
bring the high temperature extrapolation closer to theory
than other equations used previously. These expressions are
given by

Cpmbko+h, T3t T~ 2 ks T3 (ky, 2 <0) @
and

Combg+ kT 08+, T3+ 1y T3+ Co(2) (5
where

C,(A=T( +1:1* Q)

Equation (6) is for phases with lambda transformations.
For T> T, heat capacity is calculated using the first four
terms of equation (5). The coefficients of C, for many min-
erals were tabuiated by Berman and Brown (1985).

In equation (1), 4V {P. T) is the volume change for a
reaction. The molar volume of the phase at the pressure
and temperature of interest is calculated from the Mur-
naghan equation
V(P, D=V(1. (1 + Ko/ K, P)" 15 D

where X, and K are the bulk modulus and it’s pressure
derivative respectively. V(1. T) is the molar volume at T
and 1 atmosphere given by

-
VILTi=4, (1= | «dT). ®)

V, is the molar volume at 298 K and 1 atmosphere and
x2(7) 1s a temperature dependant coefficient of thermal ex-
pansion

2UDN=2o+ 2, T+2T"* 9
where %, z, and x. are coeflicients determined by least
sqares analysis of the volume expansion data. Combining
equations (7), (8) and (9) and integrating we obtain

1 4
JV(P. VdP=V,[1+2,(T—-298)
1

+2,/2T3=298%) —x,(1/T—1/298)]

- {K oKy = D(L + K}/ K, PyKo= 11K _ 17} (10}
Equation (10) does not include the temperature dependence
of the buik modulus. Such data are available for very few
substances. It is expected that in computing 4 G. such effects
will largely be canceiled.

Methed of Computation

Although many of the compuwtions presented in the fol-
lowing text are casily performed. the multicomponent-mul-
tireaction equilibrium calculations are best done by adopt-

97

ing the method of minimizing the total Gibbs free energy
of a chosen system. The linear algebraic techniques were
discussed by Eriksson (1975) and Smith and Missen (1982).
A brief description is included in the Appendix.

In certain cases. it is necessary to determine the proper-
ties of solid solutions from experimental data on composi-
tions of coexisting phases. The distribution of a component
between two coexisting solid solutions e.g. (1, 2)—M and
(1.2)—N, where 1 and 2 are exchangeabie components.
may be considered as an ion-exchange reaction:

1-M+2-N=2-M+1-N (11)
At equilibrium, we have
RTInK=RTWnKp+RTInG/7:0" ~RTIn(G /v (12)
where Kp=(X1/X2)"(X,/ X2)*

and ;s are activity coefficients. We have used an asymmet-
ric nonideal solution model for binary solid solutions, for
which the excess free energy of mixing (Margules formuta.
tion. see Thompson 1969) is defined as:

4GV =X Xy (W.x X+ W, X3) (13)
For the asymmetric model the activity coefficient of a com-
ponent in a binary solution is given by .

RTIny, = X3{[W,; +2X,(Wy, — W,2)] Toa9

Note that the W,; parameters represent adjustable con-
stants. They are functions of both pressure and tempera-
ture. According to Thompson (1969) for W;;, we may write:

W, =Wi—TW +PWY, (14.2)

where W¥_ WS, and WY represent the excess enthalpy, ex-
cess entropy and excess volume contributions to the interac-
tion energy W;;. The Kohler model (see Bertrand etal.
1983) is used for ternary and multicomponent solutions.
According to the model of Bertrand et al.. an excess proper-
ty of"a multicomponent solution is given by

v N
v= 3 TUX, =X~ pAzZsy (s

Az
iml j>t
in which (J4Z5})* is the molar excess property (enthalpy.
entropy. volume. free energy etc.) of the binary system with
components at the same molar ratio as the multicomponent
system and f; and f; are weighted mole fractions using
weighting factors based on the excess properties of the bina-
ry systems. JX; is used as the mole fraction in the multicom-
ponent system.
For activity coefficient of a component i, we have

(RT In7),z, v = T X+ X)(1~f;=[)AGH*
7

VX X LHAGY

g JTIAEN;
+LUAHURT IR, (i+j+k) {16
7

where the binary functions are denoted by un asterisk.

As discussed by Fei. Saxena and Ericsson (1986), the
Kohler method of predicting the ternary solution properties
is as good as the Wohl's formulation (see Saxena 1973,
Ganguly and Saxena 1984) with the additional advantage
of’ simplicity in extension to multicomponent solutions. In
equation (12)

RTInK=—=d4G(P. T
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We may substitute appropriately for the activity coefficients
from the binary or muiticomponent models noted above
and depending on the nature of the observational data,
equation (12) may be used to determine the unknowns,
which may be 1G”(P. T) or ,; or a combination of these.
Details of such calculations are discussed amply in the liter-
ature (e.g. Saxena 1973, Ganguly and Saxena 1984).

Selection and Caicuiation of Thermochemical Data

For several phases. thermochemical data are available in
the literature (see Tables 1 to 3). For other phases the data
are computed using experimental phase equilibrium rela-
tions as discussed below.

Fe-0

important minerals in this system are: iron (Fel. wistite
(variable Fe:0). magnetite (Fe;0,) and hematite (Fe.O,).
Severai phase equiiibrium studies are avaitabie for this svs-
tem (c.g. Goel etal. 1980. Bjorkman 1984) and Kuba-
schewski (1982) has summarized the phase relations. Hazen
and Jeanloz (1984) have discussed the crystal chemistry of
wiistite. As described by these authors. the structure of wiis-
tite is complex and difficult to determine. The variabies
which may asfect the thermodynamic properties of wiistite
are a) degree of nonstoichiometry. b) the ratio of octahedrul
vacangcies to tetrahedral ferric iron. and c) the size and shupe
of defect clusters. their periodicity and the extent of magne-
tite or iron exsolution. Each wiistite sample may have its
own structural peculiarities depending on the conditions
of synthesis and thermal history: this makes measurements
of thermochemical and physical properties a very difficult
task. From the numerous phase equilibrium studies in the
system Fe- O cited in Kubaschewski {1982). it appears that
certain phase boundary relationships are commonly ac-
cepted. However. details on various allotropic modifica-
tions of wiistite are not well known (see Hazen and Jeanioz
1984). Such modilications ure the retlections of discontinui-
ties in the thermochemicul properties of the wiisute solid
solution.

Figure 1 shows part of the phase diagram for the Fe—0O
system at 1 bar. Wistite has a temperature-composition
field within which its composition varies mainiy between
Fep. 0470 and Feg 550. The system may be modeled by con-
sidering wistite as a solid solution of two fictive. isostruc-
tural components FeO and FeO, ;. Through such modeling
we can hope to treat the thermodynamics of the hetereogen-
eous reactions (i.e. wiistite reacting with other phases) gen-
erally within the errors in the thermochemical data of” the
reacting phases. A precise model for the wiistite solid solu-~
tion particuiarly for modeling the crystal chemical behavior
must include the effect of additional components (other
than FeO and FeO, ) and other parameters discussed by
Hazen and Jeanioz (1984). The reactiva within the tield
of wiistite solution is

{FeO} +0.25 02={F301.5: (N
and in the field towards magnetite. the rcaction may be
conceived as

{5Fe0} + 0, ={2FcO, 5} + Fe,0, (18)

where the briuckets denote the components in the wiistite
soiution. The computed ¥, ; values for wiistite are (FeO = 1.
FeQ, s=2): W\ o.=—-7229, W,, = -2.142 (Jimol) which
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Fig. {. Equilibrium relations in the system Fe—O at a pressure
of t bar. The dashed lines are trom the review of Kubaschewski
(1982). The solid lines represent the caicuiated curve using the
data in Tables ! and 2 and the wistite solution model as described
in the text. The experimentai data match the calculated data exactly
where only one solid line appears

are the same as in Bjorkman (1984). However. note that
the thermochemical data on fictive end member compo-
nents used here are different. The enthalpy and entropy
data on the two fictive end member components are deter-
mined simultaneously through these calculations and are
listed in Table 1. The C, coefficients for fictive FeO and
FeO,.s are the same as for the stoichiometric FeO and
hematite respectively. Figure | shows the calculated phase
boundaries using the data presented above and in Table 1.
The fit of the computed phuse boundaries can be improved
by using a ternary solution model for the wastite +Fe—
FeO - FeO, <) as done by Guel et al. (1980) and Biorkman
(1984). However. in view of the uncertainties introduced
at high pressures (see later) we have retrained from using
the ternary model at present. The phase diagram of the
Fe—0O system used herc is bused on several experimental
resuits reviewed by Kubaschewski (1982). Goel et al. (1980)
and Bjorkman (1983). References to the literature may be
found in the above mentioned articles.

The errors in the Wy, and W, and in the JH? and
4Sy are related and cannot be independently evaluated.
However. for fixed value of ¥;;, a change ot a few hundred
joules in 4 H} is enough to make the resuits on phase
boundaries change beyond the quoted experimentai uncer-
twinty.

For calculations at high pressure. we need data on vol-
ume of mixing and on compressibility of the solid solution
components FeO and FeO, ;. Volume of mixing is assumed
10 be ideal with volume of the solution given by:

Vee 0= Xreo Vrco+ Yreo, , Vreo, ,=(3=22Y) Veo +(2
Y-2 VFﬂ)‘_‘ (19)

Usinyg the molzr volume data of FeO as 12.25 em” (stoi-
chiometric FeO. Robie et al. 1978) and the 1, o data from
Simons (1980) and Hentschel (1970). the moiar volume of
the fictive FeQ, s is determined to be 15.97 cm®. For esti-
mating the bulk modulus o’ Fe,O (chunge in buik modulus
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Table 1. Data on standard enthalpy of formation and entropy of formation from clements at 298.15 K
No Name Formula 4H2%, 45%, T, Hr,
(J/mol) (J/Kmol) (K) (3/mol)
1 Oxygen 0, 0+ 0 205.15+0.04
2 Forsterite MgSio sO: —1,088,600= 700 47.06+0.42
3 Fayalite FeSis 5O, — 739.085= 650 75.50+0.10
4 p-Fo MgSis 502 ~1,072.450 + 1.000 44.53+1.00
5 B-Fa FeSi5, s0: - 736.473+=2.000 70.93+1.50
6 y—Fo MgSi,. sO; ~1.069.300 + 1.800 42.75+1.50
7 y—Fa FeSio.s0: - 7383341500 68.44+1.50
8 Clinoenstatite MgSiO, —1.544,010+1.000 6723 +1.00
9 Clinoferrosilite FeSiO, —1.193.590 % 1.000 95.40+1.00
10 Perovskite MgSiO, —1,436.000 + 2,000 69.86+1.50
11 Perovskite FeSiO, —1.094.000 + 5.000 95.86+2.00
12 limenite MgSiO, —1.489.600 - 2.000 58.00+2.50
13 Wistite (1) MgO — 601490+ 290 26.94+0.17
14 Wiistite (2) FeO, s — 380900+ 200 54.90+0.20
15 Wiistite (3) FeO - 267270+ 200 57.59+0.20
16 Magnetite Fe,.»s0 -~ 278.887+ 148 37.66+0.10 848 391
1.300 0
17 High-P-Mgt hFey.450 - 236.500=2.000 45.00+1.00
18 Hematite FeO, , — 312391= 404 33.70+0.33 956 338
1.250 0
19 High-P-Hem bFeO, 5 - 374.600 = 2.000 43.70+1.00
20 lron z--Fe 0= 0 27.28+0.13 .
21 Quarnz Sio; — 910.700 = 1.000 41.46=0.20 848 499
2 Coesite SiOz - 907.771 =2.000 38.73+2.50
23 Stishovite SiO. — 858.318=2.000 34.58+1.50

Notes on Tables 1. 2 and 3. These tables show an internally consistent data set which has been used in this work. Alternate vaiucs
of some of the parameters particularly for coeflicients of thermal expansion and bulk modulus. In most cases the differences are
minor. A detailed list of the alternate data are available in the hand book edited by Carmichael (1982).

1. Oxygen: Robic ctal. (1978). 2. Forsterite: Enthalpy and entropy. Sce text. C,. Watanabe (1982). ¥,. Matsui and Syono (1968).
2(T), Suzuki (1975) and Suzuki etal. (1981). K,. Sumino ctal. (1977). 3. Favalite: Enthalpy. entropy and C,. Robie etal. (1982).
Voo Akimoto et al. (1976). x(7). Suzuki et al. (1981). K. Sumino (1979). 3. S-Forsterite: Enthalpy. and entropy. Akaogi et al. (1984).
C,. Wawnabe (1982). ¥,, Akimoto etal. (1976). 2(T. Suzuki ¢t al. (1980). K,. Mizukami ctal. (1975), 5, f-Fayalite: Estimated in
this study. 6. ;-Forsterite: Enthalpy and entropy. Akaogi et al. (1983). C,. Watanabe t1982). 1%, {to et al. (1973 2t . Suzuki ctal.
(1979). K,, Mizukami et al. (1975). 7. ;~Favalite: Enthalpy and entropy determuned :in this study. C,. Watanabe (1982). 1%,. Marumo
ctal. (1977, 2. Suzuki etal. (1979). K,. Sato (1977). 8. Clinoenstatite: Enthalpy 1nd Entropy of ortho clino ransinon. Lindsley
etal. (1981). C,. Watanabe (1982). Vo, Syono ctal. (1971). xt7). Skinner (1966) and Touloukiun ctal. (see Watanube 1982). K.
Estimated from orthenstatite. Weidner et al. (1978). 9. Clinoterrosillite: Enthalpy and Entropy of vrtho-clino transition. Lindslev (1981).
C,. Watanabe (1982). ¥,, Svono et al. (1971). (7). Estimated {rom Skinner 11966). A.. Orthoterrosillite from Akimoto (:372) 10,
Mg-Perovskite: Exthalpy, entropy and €, Jetermined in this study. 5. Yagi ctal. (1978), xt 7). Jcanloz (Pers. Comia. (v88). &, Yagi
ctal. (1982). 11. Fe-Perovskite: All data determined in this study. 12. [imenite: Enthaipy and entropy. this study. C,. Watanabe (1982).
Vo Ito etal. (1982). (D). this study. Ko, Licbermann (1976). 13. Wastite (MgO): Eathalpy. entropy und C,. Robic etal. (1973).
¥,, Robie etal. (1978). a(T). Suzuki (1975). Ko, Mao etal. (1979). 13. Wistite (FeO): sce text. 15. Wastite (FeO, 5): see text. 16.
Magnetite: Enthalpy, entropy and C,. Haas (Pers. Comm. 1984). V,. Mao ctal. (1973). xt 7). Hass (Pers. Comm. 1984). K,, Mao et al.
(1974). 17. High-P-Magnetite: Enthalpy, entropy and C,, this study. ¥, Mao etal. (1973). A, Ahrens ctal. (1969). 18. Hematite:
Enthalpy, entropy and C,. Haas (Pers. Comm. 1984). ¥, and X, Licbermunn (1968). 19. High-P-Hematite: Enthaipy. entropy and
C,, this study. ¥,, Mao etal. (1974). K,, Ahrens etal. (1969). 20. Iron: Enthalpy. entropy and C,, Barin and Knacke (1978). ¥,
Mao etal. (1967). x(7), Clark (1966). Ko, Mao ctal. (1967). ** The transitions temperatures are 800. 1.000, 1.042, 1.060. 1.184 and
1.665 K. 21. Quartz: Enthalpy, entropy., C, and V,. Robie etal. (1978). 2(7), Skinner, (1966). K. Soga (1968). 22. Coesite: Enthalpy
and eatropy, his swudy. €, and Yo, Robie e al. (19785, a( 7). Skinacr 11962}, Ko, Levien ¢ 1981). 23. Siishovite: Enthaipy and entropy,
see text. C, and V,, Robic et al. (1978). a(7). Ito et al. (1974). Ko, Stricfler et al. (1976).

as a function of composition of wiistite), there are two sets  Mugnesiowiistite, Olirine and Spinel Solid Sohuions

of data avaiiabie (see review. Jeanloz and Hazen 1983).

The data from dynamic measurements indicate a2 K, of  For the magnesiowiistite solid solution. MgO (periclase)
1.80 Mb for FeO and a similar value for FeO, 5. In Figure 2 is chosen 1o mix as a third component with FeO and FeO, .
the data are shown as modef A with limits shown by curves [to etal. (1984, [to 198 and Yam ctal. (1979) deter-
Al and A2. The static measurements of K, lead to values  mined the distnbution of iron and magnesium between
of 1.55 Mb and 1.37 Mb for FeO and FeO, 5 respectively.  coexisting silicate spinel and magnesiowistte at high tem-
In Figure 2 such data are shown in model B. Both models  peratures and high pressures and Natziger and Muan (1967)
with their indicated limits have been used in our phase  on Fe—Mug distnbution between coexisting magnesiowis-
equilibrium caiculations. tite and ofivine at 1.200 °C and ! bar. These data may be
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Fig. 2. Isothermal bulk modulus of’ wiistite as a function of compo-
sition or nonstoichiometry. Figure modified from Jeanloz and Ha-
zen (1983). The three curves A. A, and A show the effect of
extrapolating ‘the tesults of dynamic measurements. The B curve
shows bulk modulus according to the static measurements

used to determine solid solution properties of the ternary
magnesiowiistite. and of’ the binary spinel and olivine solid
solutions. There are additional data on coexisting pairs of
olivine-spinel. olivine-f-phase and f-phase-spinel (see Jean-
loz and Thompson 1979 and Fig 6 later). which should
be considered simuitaneously in calculating the solution pa-
rameters. The computed and observed results on composi-
tions ol voexisting phases are shown in Figures 3 and 4.

The calculated data on 8, for the three solutions are
(Jrmol):

Wygare=— 3.314: Weo_yg=— 8.314:
Spinel: Wag-re==— 9.977: Weemneg=— 9.977;
Magnesiowiistite: Wyg—ee= — 4157 Wre-ng= 16.628:
B-phase: Wag=Fe= = 11.210: Wiy = —11.210.

Olivine:

For olivine, f-phase and spinel the negative ¥;; indicate
a negative deviation from ideal behavior. For olivine. Wood
and Kleppa's (1982) results indicate a positive enthalpy of
mixing at 1 bar and 970 K. Their results do not imply a
positive ¥ (free energy parameter) and are not necessarily
in contradiction with the present results. The negative free
energy of mixing as found here may be the combined resuit
of & negative excess volume of mixing and a positive excess
entropy of mixing. But this would require that the ¥;;
be a1 tunction ot pressure and temperature and not constant
as mven above. In fact the mistit of the caiculated curve
to the distnbution Jata in the middle compositional range
as shown in Figure 4 disuppears if we use 0 and 16.628 §/
mol as Wyg.re and Iy . g respectively. for olivine. The
present data set is not sulficient for evaluating the solution
propertics in detail and the 8, should be regarded merely

ET) L

x5
Fig. 3. Distribution of Fe and Mg between wilstite and spinel at
a temperatre of 1.100 °C and at pressures of 190 kbar (lower
curve) and 230 kbar (upper curve). The experimental data are from
Ito (1984) and Yagi et al. (1979)

1 T T T T T r

R % e & Tae

-
Fig. 4. Distribution of Fe and Mg between coexisting wiistite and
ofivine at 1.200 *C and a pressure of 1 atm. The experimental data
are from Nafziger and Muan (1967). The distribution data in the
middle compositional range do not fit well with the calculated
curve. This is a consequence of the constraints on solution proper-
ties from the other high pressure distribution data (see Figs. 3 and
6

as an adjustable constant without any physical significance.
These constants cannot be usually changed by more than
10 percent without causing significant misfit of the com-
puted curves to the observed data. If the data on W, are
determined using one pair of coexisting whases (e.g. spinel
and wiistite), spurious results may be obtained bacause of
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Table 2. Data on heat capacity of phases in the system Fe—Mg-Si—0

No Cp=kotk, T 03 4ky T 34bky T3+ L, T+ L, T*+L, T

ko k ks k, L, L. L,
(103 10°7) (107% (10%) (10*) (107
1 33948 -0.3231 0.0000 0.8331 0.0000 0.0000 0.000
2 108.897 —0.7041 0.0000 -26318 0.0000 0.0000 0.000
3 127.665 -1.0617 0.0000 0.8315 0.0000 0.0000 0.000
4 108.218 -=0.7362 0.0000 ~-2789s 0.0000 0.0000 0.000
s 136.332 -1.3198 0.0000 22412 0.0000 0.0000 0.000
6 100.096 -0.5184 -0.0660 -2.4582 0.0000 0.0000 0.000
7 130.986 -1.2014 0.0000 1.3419 0.0000 0.0000 0.000
8 169.701 —1.3667 0.0000 -217811 0.0000 0.0000 0.000
9 166.572 -0.9876 —0.0224 -4.3628 0.0000 0.0000 0.000
10 159.423 -1.1776 -0.2979 6.0543 0.0000 0.0000 0.000
11 156.294 —-0.7986 -0.3203 44726 0.0000 0.0000 0.000
12 204.423 -2.3570 0.0000 3.3958 0.0000 0.0000 0.000
13 58.633 -0.1888 —0.1669 2.3524 0.0000 0.0000 0.000
14 34,399 0.0000 —0.0455 0.0000 44413 0.0000 0.000
—-70.121 0.0000 7.8182 0.0000 7.2534 0.0000 0.000
603.613 —23.3797 0.0000 2.458.9000 0.0000 0.0000 0.000
15 79.625 —0.6432 0.0000 2.8439 0.0000 0.0000 0.000
16.17 18.389 0.0000 0.0252 0.0000 5.6655 0.0000 0.000
-2428 0.0030 3.1281 0.0000 2.4351 0.0000 0.000
229.436 -8.0196 0.0000 906.2500 0.0000 0.0000 0.000
18.19 44,399 0.0000 -0.0455 0.0000 44413 0.0000 0.000
-70.121 0.0000 7.8182 0.0000 7.2533 0.0000 0.000
603.613 -23.3797 0.0000 2.358.9000 0.0000 0.0000 0.000
20 28.175 0.0000 —-0.0290 0.0000 -=0.7318 0.2504 0.000
—263.454 0.0000 6.1920 0.0000 25.5800 0.0000 0.000
—641.905 0.0000 0.0000 0.0000 69.6300 0.0000 0.000
1.946.250 0.0000 0.0000 0.0000 —~178.7000 0.0000 0.000
-561.932 0.0000 29.1200 0.0000 33.4100 0.0000 0.000
23.991 0.0000 0.0000 0.0000 0.3360 0.0000 0.000
%3.164 -1.7925 0.0000 88.5332 0.0000 0.0000 0.000
21 128.470 ~1.5769 0.0000 20212 0.0000 0.0000 0.000
109.270 —~1.3083 0.0000 30.4960 0.0000 0.0000 0.000
ot 85.186 -0.3663 —0.3893 6.6563 0.0000 0.0000 0.000
23 38.621 -0.3047 —0.6587 12,4313 0,0000 0.0000 0.000

the possible cunceilation of nonideality effect. However.
with the emplovment of three coexisting pairs of phases
(olivine-wiistite. wiistite-spinel and olivine-spinel), the
chances of the calculated set of constants being unique are
much improved.

MgO-SiO.

Phase refations in the SiO, system were discussed receatly
by Akaogi and Navrotsky (1984). Adopting the equilibrium
pressure and temperature for the reaction

Quartz=Coesite (20)

as calculated by them and the thermochemical data on
quartz from Robie et al. (1978), the 4 H} ;o5 and 457 295
for coesite are calculated (Table 1). Akaogi and Navrotsky
(1984) also evaiuated the data on coesile-stishovite transi-
tion. Their recommended P— T curve is adopted by us and
used in calculating 4 A} 294 and 4S9 .oy for stishovite.
However, we find that a number of data is available for
K, (and the choice must be constrained by considering the
reactions listed in Table4). The K, listed in Table 3 for
stishovite matches closely with the determination by
Striefler und Barsch (1976). If this approach is not followed,
certain inconsistencies result. For example. if a Ko of

239 Mb is used. we find that in the pressure range of
235-280 kbar and at a temperature of 1.273 K. the follow-
ing reaction takes place:

Mg.SiO; (spinel) =2MgO (Periclase)+SiO,(St) 2n
instead of
Mg, SiO, (spinel) = MgSiO, (Pv)+ MgO (Periclase)  (22)

as observed in the sxperimens of Iro 2nd Vamado (1082)

and Yagi etal. (1979). The data on various other phases

involved in the reactions with stishovite are listed in Ta-

bles 1 to 3 and their derivations when related to the stisho-
ite daro ars fully discussed in the following sections.

For magnesian silicates. the evaluation of the data is
begun with the data on forsterite which have appeared re-
centy (Robie et al. 1982, Brousse et al. 1984). These data
were evaluated by Suxena and Chatterjee (1986) in the sys-
tem CaO—MgO—AL 0, —-SiO..

Navrotsky et al. (1979) and Akaogi et al. (1984) have
determined thermochemical data on 2—. f— and ;—
Mg,SiO, by high temperature oxide melt solution calori-
metry. Akaogi et al. (1984) critically evaluated the existing
thermochemical data and listed the transition parameters
(4H. 48, and 4 ¥) at 1,000 K for the 2—f. 2—; and f—7
transitions. We are interested in J#, 198 IS:un and C,
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Tabile 3. Data on molar volume, coefficients of thermal expanasion and compressibility

No Yo o ) L X, K
(cm’/mol) 10% (10%) (Mb)
2 21.835 03052 0.8504 —0.5824 1292 4388
3 23.140 02660 0.8736 —0.2487 137 4.00
4 20.270 0z 0.6885 ~0.5767 1.600 4.00
5 21.575 02319 0.7117 —0.2430 1.660 4.00
6 19.765 0.2367 0.5298 —0.5702 2.130 4.00
7 21.010 0.2455 0.3591 ~0.3703 1.970 4.00
8 31.270 0.1391 2.5440 0.1282 1.000 4.00
9 33.040 0.1391 2.5440 0.1282 1.160 4.00
10 24.500 0.1100 2.5440 0.1282 2.580 4.00
11 25.500 0.1100 2.5440 0.1282 2.730 4.00
12 26.350 0.1100 2.5440 0.1282 2.100 4.00
13 11.250 0.3681 0.9283 —0.7445 1.599 4.56
14 15970 0.2453 1.6702 0.0020 1.800 4.0
15 12,250 0.1688 0.2040 0.0190 1.300 3.00
16 11.131 0.2611 3.2602 0.0040 1.830 4.00
17 9.115 0.2611 2602 0.0040 3.488 3.00
18 15.137 0.2453 1.6702 0.0020 2 4.53
19 13.430 0.2453 1.6702 0.0020 3.991 4.00
20 7.150 0.5055 —1.0483 0.0128 1.640 5.00
21 22690 0.3100 2.6780 0.0000 0.374 6.40
2 20,640 0.0543 0.8315 —0.0605 0.960 8.40
3 14.010 0.1023 2.0000 0.0000 3.160 6.00

Table 4. Reactions used in cstimating the compressibility data on
stishovite

Reactions References

1. 2MgSiO,(Cpx) Akaogi and Akimoto
=2MgSi,,s0: (8)+Si0- (St} (1977

2. 2FeSi0;(Cpx) Akimoto and Syno
=2 FeSig 502 (Sp)+ Si0+ (St (1970)

3. 2Mg, sSi0.(Sp) See text
=2MuO(rock sait)~SiO (St}

4. Si0;(Coes)=Si0. (S} See text

5. 2FeSip 502 = 2FecO(MW) = SiO. (St} Yagi etal. (1979)

6. 2Mg, 5Si0:(Sp) lto and Yamada
=MgSiO, (Per) + MgO(rock salt) (1982)

Yagi et al. (1979)

data which may be used to caiculate 4 G over a broad tem-
perature range. Since Suito’s (1977) experiments on the
transition covers a broad range of temperature and appear
consistent with thermochemistry, his data are used in calcu-
laticig these quantities. J H3gqo and 453y, data as deter-
mined by Akaogi et al. (1984) are used as additional con-
straints. Uncertainties in these calculated data are large and
are of the same magnitude (see Tables 1 to 3) as discussed
by Akaogi et al. (1984).

The data on clinoenstatite are based on the data on
orthoenstatite (Brousse etal. 1984) with the ortho/clino
transition data from Lindsley et al. (1981). This combina-
tion along with the data on the f-phase and on stishovite
reproduce the pressure-temperature relations for reaction
(1) in Table$ as determined by Akaogi and Akimoto
(1977.

For MgSiO,-perovskite and ilmenite. the unavailable
thermochemical data (see Tabies I to 3) are estimuted from

the data of Ito and Yamada (1982) and Navrotsky and
Akaogi (1984).

FeO—SiO:

Heat capacity for ;—Fe.SiO, is determined by Watanabe
(1982). At equilibrium for the z—y transition. we have

JG(P. =0

To calculate JG for the reaction. we need 4 H3y, and
1S8%, in addition to the already available data on heat
capacity and molar volumes. Akimoto (1965. 1967) deter-
mined the cquilibrium pressure and temperature for the
x—; wansidon. If these data are used with the additional
constraints provided by the data on 4 HY00 and JSVg00
as obtained by Navrotsky and Akaogi (1984), we may cal-
culate 4 H3,4 and 453, for x—7 transition and therefore
the 4HY ;95 and 4S9 ;o4 for 7—Fe,SiO,. The calculated
data are listed in Table 1. Figure 5 shows the equilibrium
pressure-temperature curve calculated from these data

For clinoferrosillite (FeSiO;), the data are based on the
data of orthoferrosillite (Bohlen and Boettcher 1982) with
ortho/clino transition data from Lindsley (1981). These
data along with the data on Fe-spinel are consistent with
the experimental data on reaction (2) in Table 4. FeSiO,-
perovskite is considered later.

Mg.Si0, —Fe,Si0,

Figure 6 shows phase relations in the binary Mg,SiO.~
Fe,SiO, system. The x—; loop is metastable at the Mg-rich
end. interrupted by the stability of f-phase. Thermochemi-
cal data are available (Tables 1-3) for §—Mg.,SiO, but not
tor f— Fe,SiO, because the latter is a fictive component
occuering only in solution and not as a pure phase. To
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Fig. 5. Equilibrium data on the fayalite-spinel transition. The curve
is fitted using the adjusted thermochemical data in Tables ! to 3
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Fig. 6. Isothermal phase relations at 1,000 °C in the binary system
Mg.SiO, and Fe,SiO,. The data of Akimoto and Fujisawa (1968)
and Kawad (1977) are presented as short vertical bars. The curves
are fitted using the thermochemical data in Tables 1 to 3. See text
for other details

Table S. Determination of data for perovskite (FeSiO,) by comparison

103

estimate its thermochemical properties, the C, is first esti-
mated from the relation:

C, (B~ Fe;Si0.)=C,(B—Mg:Si0) — C, (a—Mg;Si0.) +
C,(a—Fe,Si0,) (23)

The estimated C, may then be combined with the data
on x—f and f—y transitions as determined by Navrotsky
and Akaogi (1984) to obtain 4 H 29s and 4 .S,y for the
B—Fe.SiO, phase. The phase relations calculated by using
these data are shown in Figure 6.

MgSiOy — FeSiO;,

FeSiO;-perovskite appears as a component of the perovs-
kite solid solution. It has not been synthesized and from
the available data as discussed below, it is unstable. There-
fore the thermochemical data have to be estimated from
the available synthesis experimental data. Ito (1984), Ito
etal. (1983) and Yagi etal. (1979) have determined the
compositions of coexisting magnesiowiistite and perovskite.
These data indicate that the maximum content of FeSiO,
in perovskite when it becomes unstable. breaking down to
magnesiowiistite and stishovite is a function of pressure.
The data of Ito et al. (1983) show that increasing tempera-
ture from 1.100 °C to 1,600 °C does not increase the solubil-
ity of FeSiO, in perovskite significantly. Similarly Yagi
et al. (1979) make the important observation that high pres-
sure upto 700 kbar does not raise the solubility of FeSiO,
to significantly beyond 20 mole percent. These-data provide
important constraints on the thermochemical properties of
Fe-perovskite. As the coefficient of Fe—Mg distribution
between coexisting magnesiowtstite and perovskite changes
little with pressure or temperature, only the compositional
dependence of the distribution need be modeled. The W;;
parameters for magnesiowustite having already been deter-
mined. the W;; parameters for perovskite are determined
using the experimental distribution data discussed above.
These ure:

Wy re= W ue= —2.493 J/mol.

Since the stability of Fe-perovskite is highly dependent
on the pressure effect. it is important to discuss the molar
volume and bulk modulus data on Fe-perovskite. Yagi et al.
(1979) suggested 25.06 cm> and 2.58 as the values for molar
volume and bulk modulus respectively. One approach we
adopt in determination of the Fe end member of a solid
solution is to calculate starting values of enthalpy. entropy
and heat capacity by comparing the differences in these
properties as revealed in the available data on Mg and Fe
end members. Table 5 shows such a comparison for many
pairs of different crystal structures. The starting values of
enthalpy and entropy are then refined by comparing the

Formula Structure dH:o8, ug— A Hrox ve 48298, ug— d Ssoen. Fe Vo.we— Va.5e
(3.’mol) (J:kmot) {cm®'mol)
MgSiy, sO5 — FeSip, 503 Olivine =349.515 -84 -1.30
MgSin 4O, = FeSiy 402 Spinel -330.966 —25.69 -1.23
MgAL, O, - FeAl,0, i —350.599 —25.87 C-108
MgSiO, — FeSiOy Opx —351.780 =829 -1.67
MgSiO,; — FeSiO, Cpx —330.420 -28.17 —1.57
MgSiO, — FeSiO, Perovskite - 350.000 £ 15.000 ~26.00+2.00 ~1.00+0.50
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Fig. 8. Effect of pressure on the stability of wiistite in the system
Fe~0. Models A and B represent the bulk modulus for wistite
shown in Figure 2
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Fig. 9. Equilibrium pressure and wiistite composition for the spinel
breakdown at various temperatures. The equilibrium pressure at
3 given temperature varics as a function of the wiistite composition
determined by the Fe/O ratio-of the system

The System Fe—O—Si
With the addition of Si to the system, fayalite (Fe,SiO,),
ferrosillite (FeSiQ,), coesite (Si0,), stishovite (Si0,), - and
y-spinel (Fe;S10,), perovskite (FeSiO,) and quartz are add-
ed to the list of possible phases.

Figure 9 shows the calculated relations for the divariant
reaction:
Fe;Si0 = {2 FeO} +SiO, (24)
where {FeO} is a component in the wiistite solid solution
(FeO—FeO, 5). The pressure of the equilibrium reaction

104

i e T gz
-\ System Fe=5i=0
Fe/O =49/51
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Fig. 10. Phase equilibrium relations in the system with Fe:O as
49:51 and some SiO,. With increasing pressure fayalite changes
to spinel and spinel to wistite and stishovite. The oxide. wistite,
starts disproportionating first to wiistite and high-P-magnetite and
finally to iron and high-P-magnetite. The solid curve labeled GT
represents approximate oceanic geothermal gradient and the
dashed curve the mantle solidus (Stacey 1977)

at a given temperature will be 2 function of the Fe:O ratio
and the composition of the wistite solid solution. Thus
at 1.000 °C. the equilibrium pressure for the above reaction
may vary from aearly 130 kbar to 170 kbar as shown in
Figure 9. This pressure is shown as 2 single value in figures
drawn by Yagi et al. (1979) and Jeanloz (1983). These dia-
grams refer to a fixed. albeit unspecified. vaiue of oxygen
fugacity and of Fe,O in wistite. Oxygen is involved in the
reaction only indirectly: its variation being represented by
the two end members FeO and FeO, s of the wiistite solid
solution.

Figure 10 shows phase equilibrium relations in the Fe—
Si— O system with an Fe/O ratio of 49/51. The calculations
are done using the Gibbs free snergy minimization tech.
nique (Saxena and Eriksson 1985) which permits the inclu-
sion of all phases possible in the system. {n the temperature
range from 1,000 K to mantle solidus. the mineralogical
changes are mainly due to increasing pressure. At pressures
up to 40 to 70 kbar. fayalite is in equilibrium with a wiistite
of somewhat varving composition. In fact. such a wistite
is stable all through the range of pressure of this study
(300 kbar). Fayalite changes to ;-spinel which brexks down
to wiistite and stishovite with increasing pressure. Finally,
a high pressure assemblage with high-P-magnetite. wistite
and stishovite appears. The data on molar volume of high-
P-magnetite is the same as that of Mao and Bell (1977)
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Fig. 7. Distribution of' Fe and Mg between coexisting perovskite
and magnesiowiistite. The distribution data are from Yagi ctal.
(1979) and Ito (1984). The solid curves are computed distributions
at temperature of' 1.100 °C and pressure ol 260 kbar (lower curve)
at temperature of 1,000 °C und pressure ot 450 kbar (upper curve)

calculated compositions of coexisting phases with the ob-
served compositons. When this approach is used for Fe-
perovskite with volume data of Yagi et al. (1979), the ob-
served compositions could not be maiched even after using
the maximum range of variation in the enthalpy and en-
tropy data permitted by crystal-chemical considerations.
Therefore. it is found necessary to reestimate the molar
volume and buik modulus dawa. The estimated data are
listed in Table 3 and are somewhut different than those
calculated by Yagr et al. (19791 Figure T shows the distribu-
tion of Fe and My in coexisting magnesiowdstite and per-
ovskite at a temperature of 1.000 °C and at pressures of
260 and 450 kbar. The computed resuits at 450 kbar are
quite consistent with the resuits of Yagi et al. (1979), with
about 20 mole per cent FeSiO;. With decreasing pressure
the molar concentration of FeSiOy decreases as it should
according to Ito’s (1984) results. The ternary phase topolo-
gy is compatible with ail the phase relations at 260 kbar
as presented by [to et al. (1984), Ito (1984) and Yagi et al.
(1979). However, at 230 kbar. these results are consistent
only with the results of Ito (1984) and do not show a stabie
solution of perovskite as found by Yagi et al. (1979) (see
discussion later).

Discussion of Errors in the Estimated Data

If measured calorimetric and thermophysical data on cer-
tain phases are not availabie. these data should be derived
from cxperimental phase equilibrium studies as discussed
in previous sections. There may be considerable errors of
pressure and temperature in the experimenual data,
especially at high pressures. which could cause large errors
in the ostimuted thermochemical-thermophysical data.
Seme of the experimental data may be unreversed. In gener-
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al, if the phase equilibrium data were reliable. we adjusted
those thermochemical data that were coasidered as least
reliable. Some missing data were aiso estimated this way.
Since there are errors in pressure and temperature in the
experimental phase equilibrium data, the estimated thermo-
chemical data involve uncertainties which could be different
over different temperature and pressure ranges. The error
in 4G of the equilibrium reaction shouid aiso be distributed
among the various parameters. For example, the transition
pressure between x—Mg,SiO, and §—Mg,SiO, is around
140 kbar in the temperature range between 700 to 1.300 °C
for the polymorphs. If there is an error of +10 kbar for
this transition. the error in 4G is % 1.300 J/mol. This error
can be assigned to any of the thermochemical or physical
parameters of the phase or phases involved. For example
if assigned to enthalpy, we have an error of + 1.300 J/moli.
Simiiarly we couid have +1.3J/Kmoi on entropy.
+0.06 cm*'mol on molar volume or +0.23 Mb on bulk
moduius. For the decomposition of ;*— Mg,SiO, to peric-
lase and perovskite at about 255 kbar in the temperature
range of 700 to 1.400 °C. an error of + 20 kbar in equilibri-
um pressure reflects an error of +6.000 J/mol in 4G. which
could be equivalent to +6.000 J'mol error on enthalpy,
+6.0 J/Kmol on entropy. +0.22 cm®‘mol on molar volume
or +0.40 Mb on bulk modulus. The error assignment need
not be arbitrary if most of the parameters are independently
well measured.

Thermochemical data calculated from experimental
phase equilibrium may not be the global value for the phase
if the calculation is done only with one set of equilibrium
data. The use of muitireaction equilibrium caiculation as
done here through the method of minimization of free ener-
gy prevents such probiems. This point was well demon-
strated in the derivation of the data on stishovite. The ther-
mochemical and physical data estimated for stishovite re-
produce the phase transition between coesite and stishovite
as well as for those stishovite involving reactions listed in
Table 4.

Phase Equilibrium Caiculations
The System Fe—O at High Pressures

The following work is based on the experimental data of
Mao et al. (1979) and the theoretical interpretation of Mao
and Bell (1977). Bell etal. (1979) and Hazen and Jeanloz
(1984).

Figure 8 shows calculated phase relations in the Fe—O
system at various P, T and compositions. Two models A
and B of bulk modulus. as discussed before. are used in
the calculations. There is virtually no effect of bulk modulus
differences up to 50 kbar. The effect becomes significant
at 100 kbar. In general the effect of pressure on the phase
relations is 10 lower the temperature of the tripie point
{coexisting Fe. Fe,O and Fe,0,) and increase the size of
the compositional field of stability of Fe,0. According to
these calculations. the stoichiometric FeQO composition is
approached closely at 100 kbar at low temperature. Simons
(1980) found a similar behavior in wiistite at 45 kbar. How-
ever., Liu (1976) reports that at pressures greater than
100 kbar, the iron content of wiistite decreases somewhat.
It has not been possible to reproduce this effect in this
study.
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and Mao et al. (1974). The latter found it difficuit to reverse
the magnetite/high-P-magnetite reaction in their experi-
ments and therefore the thermochemical data for this phase
transformation is uncertain. The data used here are in con-
formity with the estimated phase diagram of Mao and Bell
(1977).

All boundaries between assemblages shown as solid lines
in Fig. 8 are divariant fields because of the Fe,O solution.
The effect on equilibrium P and 7. however, is small and
cannot be shown in the figure.

The System Fe— Mg—Si—-0

A detailed description of the phase relations in this system
would require a consideration of oxygen fugacity at various
pressures and temperatures and will be discussed in future
publications. The present data. however. do permit the cal-
culations in the stability field of magnesiowistite. Some
representative mineral assemblages at 2,000 °K and at var-
ious pressures are:

150 kbar: S-phase + Cpx + Mw
185 kbar: S-phase+ Mw+ St
200 kbar: S-phase + Mw + St
220 kbar: Sp+Mw+St

250 kbar: Mw+ St

300 kbar: Pv+Mw+St

320 kbar: Pv+Mw

Discussion and Conclusions

A major goal of this study is to establish a thermochemical
data set which may be used to compute experimentaily de-
termined phase equilibrium as closely as possible. These
data should at the same time be compatible with all evalu-
ated calorimetric and volume (molar volume. thermal ex-
pansion and compressibility) data which are availabie to
date. The data in Tables | to 3 and the solution dat pre-
sented in this study meet these criteria well and may be
used t0 explore possible phase equilibrium in systems of
varying compositions at pressures upto and exceeding
300 kbar. Such computations should be deemed essential
in planning experimentai studies relevant to mentle mineral-
ogy and in pointing out major inconsistencies in the existing
data.

Two sets of somewhat different phase synthesis data
are available in the system Mg-—Fe-—Si—O. The data of
Ito (1984) differ in one major respect from the data of
Yagi et al. (1979). While the phase synthesis data on the
stability of pure MgSiO;-perovskite are similar in both stu-
dies. perovskite solution with a few mole percent of FeSiO,
appears below 200 kbar in the study of Yagi etal. {1979),
compared to a pressure of about 250-260 kbar in the study
of [to (1984). Although the Fe—Mg distribution data in
coexisting pairs of phases (magnesiowtstite-perovskite,
magnesiowiistite-olivine. olivine-spinel, magnesiowiistite-
spinel) strongly support the choice of the solution model
for perovskite, it is important that new experimental be
obwined on coexisting perovskite-magnesiowistite in the
pressure range of 200-300 kbar.

The experimental data reviewed in this study have made
it possible to establish the framework of a thermochemical
data base but several of the data presented here require
refinement. Many possibilities for experimental studies may
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be noted. For example. magnesiowtstite solid solution is
calculated to be stable over a broad pressure range with
one or more of all the other Fe— Mg solid solutions (olivine,
spinel. clinopyroxene. perovskite and ilmenite). The proper-
ties of this solid solution as presented here are tentative
and must be refined through data on compositions of coex-
isting phases. Clinopyroxene and magnesiowistite coexist
over a broad temperature and pressure range and the com-
positional data on this pair should be extremely useful in
constraining the magnesiowiistite solution properties. Fur-
ther constraints could be provided with the data on coex-
isting olivine and magnesiowdistite at 100 kbar; at present
dara are availabie only at 1 bar. A well-established data
set for magnesiowistite could then be used to determine
the solution properties of other phases, ¢.g. spinel, ilmenite,
and perovskite.

Appendix
The method of minimizing the total Gibbs free energy em-
ploying linear algebraic technigues as discussed by Eriksson

(1975) and Smith and Missen (1982) is particularly suitable
for computers. It forms the basis of the computer program
SOLGASMIX (Eriksson 1975) which is used for all chemi-
cal equilibrium calculations in this book.

The total Gibbs free energy of a chemical system can
be expressed as
G=Zpm Y]
where u is chemical potential. Chemical potential and activ-
ity are interrelated by the expression
p=up+RTna )

where u4° denotes the standard state potential. For an ideal
gas phase species, a species in a non-ideal solution phase
and a stoichiometric phase, respectively. we find

m=ul+RTInP+RT Inx; k3
m=pd+RT Iny+ RT Inx; )
m=u 5]

In these equations x is mole fraction and ; is activity coetfi-
cient.

The minimization of G in equation (1) at constant pres-
sure and temperature is achieved with the constraints im-
posed by the mass balance relationships represented as

Zaym=6;(j=1,2....1) 6)

where g, is the number of atoms of the jth element in
a molecule of the ith species. | is the total number of ele-
meats aad & is the to! amount ot the jtk slement. This
is a simple form of constrained optimization problem which
may be solved by the Lagrange method of undetermined
multipliers. For this, we define a function.

1
F=G+} f'-;(b,-zauud N
j=t
where 4; denotes the Lagrangian multipliers. tor which the
necessary conditions, at an extremum of F. are
oF

— =u,=% a,4,=0, B3
(an,)-u..:. e z R
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n20 (10)
Combination of equations (3) to (5) with equation (8) gives
H+RTInP+RTInX;—Za;;7;=0 (1
#2+RTIn;+ RT InXi—Za;7y=0 (12
M =Zu;24=0 (13)

Equation (11) is valid for gas phase species while equa-
tions (12) and (13) hold for components of solution phases
and stoichiometric phases respectively.

The system consisting of equations (6) and (11) to (13)
with the unknowns n; and Z; is non-linear because of the
logarithmic term in equations (11) and (12). The next step
is therefore u linearization of these equations by expansion
in a Tavlor series around an estimated equilibrium composi-
tion up to and including the term of the first order. This
is equivalent to making a2 quadratic approximation to the
free-energy surface. and we can obtain an expression which
relates »; linearly to 4; and the estimated equilibrium
amounts. [ncorporation of this expression into equation (6)
gives then the final linear system of equations. The number
of unknowns is reduced to the sum of elements and phases
assumed to be present at equilibrium.

Parametrized activity-coefficient expressions to be in-
serted into equation (12) are supplied by the user. In order
to avoid the need of also specifying derivatives. In  is
treated as constant when calculating the partial derivative
with respect to », in the Taylor expansion. The partial deriv-
ative is theretore approximate as long as the estimated equi-
librium composition does not correspond to a free-energy
minimum.

The approximation to the free-energy surtace implies
an iterative ulgorithm and. if’ positive. the calculated »;
values are used as improved estimates in the subsequent
iteration cycle. If some #, values are negative. these are
set 10 zero betore being used as the starting-point for a4
new Tayior cxpansion. The iterative procedure ends when
the calculated values coincide with the starting estimates.

The condensed phases included in the inital estimate
are constrained by the Gibbs phase rule but need not neces-
sarily be the correct ones of the final equilibrium state.
Another phase combination might yield a lower free energy.
and condensed phases need 10 be withdrawn from of added
to the previous combination until the set of equilibrium
phases is found. This set has the characteristic feature that
the activity for an omitted stoichiometric phase must be
less than one as must the sum of mole fractions for an
omitted solution phase.

For a2 more detailed description of the equations used
in SOLGASMIX. see Eriksson and Rosen (1973).
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Abstract. Four different sofution models, the two-parame-
ter Margules, the quasi-chemical (QC), the Wilson and the
non-random two-liquid (NRTL) model. have been used for
fitting the calorimetric excess enthalpy of solution for the
foliowing four binary silicate sysiems: anorthite-albite. py-
rope-grossular, diopside-enstatite and diopside-Ca-Tscher-
mak. All models except the Wilson modet yield a satisfacto-
ry fit to the data but the NRTL model generally results
in the lowest residuals. The use of NRTL and QC facilitates
the study of the configurational and non-configurational
parts of the excess entropy of mixing.

Three different methods. namely those of Kohier, Wohl.
and Hillert, have been used to combine binary solution
properties to predict ternary solution properties. Compari-
son of computed excess free energy of mixing in a hypotheti-
cal solution shows that ail the three methods are viable
but the Kohler and Wohl methods are similar to each other
and are significantly different from the Hillert method. The
Kohler method with one or a combinadion of different bina-
ry models is recommended for predicting multicomponent
solution properties.

Intreduction

Geochemists have mainly used the Margules modei $or bi-
nary solid solutions. partly due to its detailed discussion
by Thompson (1967, 1969) and partly due to its simplicity
of formulation. Other solution models such as the quasi-
chemical mode! and those described here have largely been
ignored (Green 1970; Saxena 1973; Powell 1983). The pur-
pose of this paper is firstly to compare the capabilities of
some binary solution models. popular in chemical and me-
tallurgical literature, in predicting the excess functions of
mixing in several binary silicates and secondly to study the
various methods available for computing muiticomponent
solution properties from the data on binary solutions. For
ternary or multicomponent solutions the paper will be
mainly concerned with the ¢mpirical methods and there
will be no discussion on the physical signiticance. The work
will exclude mixing on more than one site in multisite solids.

Abbreviations. G**. excess free cnergy of munng: /I cxens
enthalpy of mixing; ST, total excess entropy of mixing: 57, conti-
gurational excess cntropy ol muxing: . mteraction cnergy
par between species 7 and 5 Xil moke raction of speies

Offprint requests to: Y. Fei

: QC. quasi-chemical: NRTL. nog-random two-liquid: M. Mar-
gules formulation: W. Wohl's formulation: RK, Redlich-Kister:
K. Bertrand-Kohler: H. Hillert: Di. diopside (CaMgSi;0,): En.
enstatite {Mg.S5i.0,): Py, pyrope (Mgal, ,SiO,): Gr. grossular
(CaAl 3Si0.): CaTs. Ca-Tschermak (CaAl,SiOs): Ab. albite
(NaAlSiy0,): An. anorthite (CaAl;Si.0,4). Other abbreviations
and symbols in the text.

Binarv solution models

We shall divide the models to be discussed under two differ-
ent groups. The first group of models have their origin
in the Flory-Huggins model (Flory 1953), in which solu-
tions are considered as athermal with zero excess enthaipy
of mixing. The later refined versions. which are the Wilson
model (Wiison 1964). the quasi-chemical (Guggenheim
1952) and the non-random two-liquids (NRTL) model
{Renon and Prausnitz 1968). do involve enthalpy of mixing
and have been recently reviewed by Acree (1983). The sec-
ond group of models simply express functions by a2 power
sertes in mole fraction. The Redlich-Kister and the two-
constant Murgules model ampiy discussed in geochemical
literature ( Thompson 1967 : Saxena 1973) fall in this catego-
v,

Flory-Huggins und Wilson models

Solutions with zero enthalpy of mixing are referred to as
athermal solutions. The entropy of mixing for such soiu-
tions was discussed by Flory (1953). In the Flory-Huggins
model. it is assumed that m sites are occupied consecutively
by the same species and if there are n, moles of this species
and »#, moles of the solvent. the volume fraction of the
solvent and the solute are given by

Si=ny(ny +n.m)

and

S:=numin, +a.m). )
For athermal solution then

6T = =T ST = RNmIné, +mIn3;). (2)

Equation (2) is expected to be useful when the mixing
species have identical molar volumes, Wilson (1964) consid-
cred muxing ot species which differ in volume and in their
intermoiceular torees.

The (ree energy of mixing in the Wilson model is given
by
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G™*=RT(X,Ing , + X>Ins2) 3
where ¢, is the volume fraction of a component i about
a central cation of the same type. The volume fraction of
a component is determined by considering the probability
of cation distributions. The probability of finding a cation
of type 2 relative to type 1 around a central cation of type 1
is given by

X121/ X1 = Xaexp(—wy 3/ RT)/ X exp(— w11 /RT) O]
where X, is the local mole fraction component of / in the
immediate vicinity of component j, and wy; is proportional
to the interaction energy between components i and j. Simi-
larly for the reverse probability, we have

X2/ X2z = X exp(— wy 2/ RT)/ Xoexp(— was/RT). )
The volume fraction ¢ is defined as

S =X\, V(X Vi + X2, V3)
=X, Viexp(—w, /RT/[X, V exp(—w1,/RT)

+ X2 Vaexp(—w,2/RT)). ©
Similarly
$2=XV:6xXp(— w2/ RT)/[X, V exp(—w;2/RT)
+ X, Vaexp(—was/RT)] N

where ¥, and ¥V, are molar volumes of components 1 and
2. respectively. The excess of free energy of mixing is then
given by
G*™=—RTX\In(X; + X: W2y)+ Xaln(X:+ X, W12)] (8)
where
W2y = (V2 Vi)exp[—(wiz2— w11 )/ RT) 9
Wi =(V,/V3)exp[—(w:z ~w:2)/RT]). (10
One of the major problems with the Wilson models that
it cannot be used to predict unmixing. According to the
model. a system will be close to separation into two phases
when the parameters W, are close to zero. In this limut
the excess free energy of mixing cancels with the deal free
energy of mixing. requiring that the free energy of mixing
to equal zero at all binary compositions. This in turn means
2 high excess enthalpy which would increase with tempera-
ture because A** equals 75*.

The non-random two-liquids (NRTL ) model

To remedy the defect in the Wilson model. Renon and
Prausnitz (1968) introduced the NRTL model where they
developed further the concept of non-random mixing of
two liquid sub-mixtures. Each sub-mixture may be compa-
rable to a domain (or a cell) in which the central molecule
(1 or 2) is surrounded by a definite order of the two types
of molecules. This order determines the mole fractions .Y,
and X,. The total Gibbs free energy of mixing (G™) of
the solution is

G =X,GV + X,G? (11
where G and G'# are refated to local mole fraction com-
positions through

GWV= X, Wy s+ X212 (12)
GH=X\2wia+ Xazwsz (13}

where wy; represents a binary interaction parameter and
X, refers to the mole fraction ol component i in the immedi-
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ate vicinity of component j. According to Renon and Praus-
nitz (1968) the excess free energy of mixing is given by

G =X1(CV =Gl )+ Xx(G—GRL). 19
Combining Egs. (11)-(14), they obtained
G =X\ X2 1(Wy2 —wy, )+ Ko Xy 2(Wi 2 —w3a). (15)

In analogy with the Wilson model, the local mole fractions
are related to the overall mole fractions as follows:
X2:/X\ 1 = Xsexp( — 2w 2/ RT)/ X exp(—aw, ,/RT) (16)
and
X12/X ;2 = X exp( — 2w 2/ RT)/ X2exp(— w33 /RT) an
where z is a correction factor. The excess free energy of
mixing is given by
G = RTX Xa{[t2y Way/ (Xy + X2 W3,)]
+ze W (L + W0 (18}

where
Ty (W —wa) RT:
Ty =(wia=wy )/ RT:
W, =expl—2 ;1)
W, =expt —2 7).
Other excess functions are
H*=RTX, X- (X, + oWy )00, P,

=X 213, Wa JU X, + X W2y )P

(X W)W,

= Xoari: WX + X W, 2%} a9
S = - RX X[ Xyxrs, W2, /(X + X W, )P
+.\’:xr;;W‘:,(X=+._Y‘ w21 (20)

For activity coefTicients. we have
RTIny, = RTX3 1, W3, (X, + XaW3)?

=0 W (Y =X W27 N
The expression for ;. is obtained by exchanging the sub-
serpes | and 2.

Quasi-chemical model

In the zeroth approximation. Guggenheim (1952) consid-
ered a random mixing of two components, Thus, the aver-
age number of 48 pairs in 2 particular configuration is
given by

X=N Ve {Vp\+ Vp) 22)
where V. and .V, refer to the number of moles of the spe-
cies 4 and B respectively. The quasi-chemical model re-
places the physically unrealistic random value of X witk

X2 =N\ —X)(Ng—Xexp (—2w/ZkT) 23)
where % is Bolizmann constant and 2w/Z is the energy re-
quired to change an A.{4 pair and a B8 pair into two AB
puirs and Y. 120V, — 1) and 172(¥g— X) are proportional
to the number of 48. 44 and BB pairs respectively. [t
is possible to directly compare the quasi-chemical model
with the zcroth appr.- .aation by defining a parameter S,
such that

Y=V V¥V + Nolf2 8+ D] Q9

If = 1. we obtain the zeroth approximation. If § is greater
thun umity. there would be a tendency for clustering. A
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less than unity value of B indicates a trend towards com-
pound formation. From (23), one may obtain

B={1+4X, X:[exp2W/ZRD)—1]}'"*. 25)

In order to consider mixing of molecules of different
sizes, Guggenheim (1952) introduced the concept of po-
lymers occupying the sites. A monomer occupies one site.
a dimer two and a r-mer occupies r sites. A volume fraction
@ is defined as the fraction of sites occupied by a polymer.
For non-athermal solutions, Guggenheim (1952) argued
that the configurational potential energy may be expressed
as a sum of contributions from pairs of neighboring ele-
ments. the contribution from each pair depending on the
nature of both elements forming the pair. He used the word
contac: to denote the geometrical relation of an element
to the element of some other molecule in 2 zeighboriz
site. Thus an open-chain r-mer containing r elements has
Zg contacts where g is relatwed to r by
(1 DZ(r—gy=r—1. (26)

The following equations of the QC modei are adopted from
Guggenheim (1952). They have also been discussed by
Green (1970) and Saxena (1973). The excess functions of
mixing are given by (Saxena 1973):
G*=(1;2)ZRT{X,q;In[(B+®, — ®:)/®,(B+1)]

+ XagaInf(B+ @2 — ©)/D,(f+ 1)1} 27
=X, X, W/B(B+ expRW/ZRT)

%1912/ (B+ D = D)+ X242,/ (f+ P2 —D1)] (28)
SE=(H"*-G")T 29)

where Z is coordination number. @; and @, are contact
fractions. ¢, and ¢, contact factors. and W is the interaction
parameter. The quantities ¢ and @ are refated as

D= X141/ (Xrds + Xag2)

and

D= Xoga A X 1y = Xoyg2) 30
and B is given by (25). Diiferentiation of (27). gives:
RTny, = RTMnfl + Ds(B— 1)D,(B+ D}03. (31

To obuain R7Iny,, exchange the subscripts 1 and 2.

Margules model

This model has been discussed extensively by Thompson
(1969) and therefore. no new reviews is necessary. The ex-
cess free energy of mixing (Saxena 1973) is given by

Cra X, Y Yo W0+ X, WE). (32)
Other excess functions may be expressed similarly:
H*=X, (X Wi+ X, WE) (33)
==X, XL WE, + X 18, 34)
Activity coefficients are given by

RTny, = X3[Wi + 2X (WY, — Wis)] (35
RNy, = XG[W, +2X W‘_ WL (36)

Redlich-Kister model

Guggenheim (1937) suggested thut G** can be expressed
as a polynomial in .Y as
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prxi
G =X Xa[Ao+ A1 (Xy — X3)+ AxAX, — X3P +...] (&y)

where A,. A, and A, are constants. The activity coeflicients
using the Redlich-Kister method are given by

RTny, = X3{Ao + A4,(3X, — X2)

+ Ax(Xy = X N5X, = X))+ ..] (38)
Rﬂn?;=4Y%[Ao +A1(3Xz —Xl)
+ (X=X NS5X— X))+ ..) (39

Note that the two-parameter Margules formulation is a
special case of the polynomial model with two constants
Ao and 4, which are related to #° by

Ao=(WS + Wi)2 (40)
A =W - WD)2 1)

If temperature dependence of the constants Ao, A,, A4,
eic.. is known. ™ and S** can be calculated as follows:

=X, X2{Ao— N8Ao/OT) +[A, — TNGA,/dD(X, — X2)
+lA— A EDKX - X202 +...) 42)
S*=-Y, X-[(aAo,iﬂ')+(6A‘, 87)()(l X.)
+{0A 8THX, ~ X2)* +.. 43)
Temary models

Excellent reviews of empirical methods of predicting ternary
solution properties from binary solution data have ap-
peared recently (Hillert 1980: Bertrand et al. 1983: Acree
1984). On the basis of these reviews and our own experience
with ternary models (Saxena 1973: Ganguly and Saxena
1984}, we have selected three models of combining the bina-
ry daca to predict ternary properties. These are the Wohi
model. the Bertrand-Kohier model. and the Hillert model.
There are few ternury data available on solid solutions and
there is no way the different predictive behaviour of the
models. However. several studies of phase equilibrium in
experimental and natural systems require the ternary mod-
eis for inter- and exura-polation. [t is. therefore. important
to document the predictions of these models.

Woll's model

According to Wohl (1953) the excess free energy of mixing
is given by

G =X, oW X, + W3y Xo]+ Ko X[ Wi Xy + Wa X
+ X GIW X+ W5 X
+ X GCGI0S(W 2+ W + Wy
+ Wy + Way+ Wy3)—C] 44

where C is 2 ternary constant to be determined from the
ternary solution data (Ganguly and Saxena 1984 for estima-
tion). For activity coefTicient of component 1. we have

RTny, = -Y§[‘!’12+2"’I(WZI —W,,)|
+X5[W, 5+ 22X (Wy, — W,))

+ XaX5[0.5(0a, + Wya + Wy, + W,y — Way = W,,)
+XUWo =W+ W5, - Wy,)
F(Xa= X3 Was— Wia)—(1=2X,)C]. (45)

For ;, replace | by 2. 2 by 3 and 3 by 1. Similarly, for
vy replace t by 3,2 by 1 and 3 by 2.
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Table 1. Excess enthalpy of mixing at 970° K for four binary silicate solid solutions

Di-CaTs Di-Ea Py-Gr An-Ab

Xou H=kJ Xox H™/RS Xy H*kJ Xna =

0.900 4.058+1.136 0.900 3.556+1.741 0910 5.983+1.698 0.900 3.891+0.880

0.800 5.858+1.089 0.800 6.443 +0.969 0.820 6.527+1.335 0.830 2.427+1.426

0.650 5.941+1.193 0.700 9.916 +1.386 0.725 8.494 +1.458 0.770 3.807+1.545

0.500 4.017+1.442 0.600 12.050 £0.953 0.530 7113 +1.424 0.700 5.397+0.728

0.300 3.096+1.249 0.500 12.678+1.146 0.200 3.515+£1.598 0.650 5.230+0.841
0.400 12.678 =0.809 0.100 4.017+1.669 0.600 4.602+0.781

0.300 12,468 £1.349
0.220 10.000=1.628

0.500 47285 1.762
0.420 3.724+1.764
0.400 3.891+2198
0330 2.720+0.698
0.300 2.634%1.588
0.250 3.180+0.804
0.200 3.138%£0.762
0.150 2176+ 1.124
2.310 0.293+1.399
0.100 0.293=1.123
0.050 0.084-0.923

Abbreviations. Ab. albite (NaAlSi,O,): Di. diopside (CaMgSi;0,); Gr. grossular (CaAl,,;Si0,); CaTs. Ca-Tschermak (Caal;SiO.):
Py. pyrope (MgAl,,SiO,); En. enstatite (Mg;Si.O4): An. anorthite (C2AL,Si,0,)

Daza sources. Newton et al. (1977), Newton et al. (1979), and Newton et al. (1980)

The errors in excess enthalpy of mixing were computed from the formula

OH ™ =y (X, 0H,)* +(X:0H. ) +(OH™*)*

where 6H,, 6H; and JH™" are the errors in the enthalpies of the two end-members and of the mixing, respectively, and X, and

X are mole fractions

Bertrand-Kohler model

Bertrand et al. (1983) proposed a general model of which
the Kohler formulation becomes a special case. According
to the model of Bertrand et al.. an excess property of &
muiticomponent solution is given by

Ao IV IS R W [T YA B P b 146)

—t 2 s
in which (JZ7)" is the molur excess property (enthalpy.
entropy. volume. free energy. ¢tc.) of the binary system
with componenis at the same moiar ratio as in multicom-
ponent system and f; and f; are weighted mole {ractions
using weighing factors based on the excess properties of
the binary systems. .X; is used as the mole fraction in the
multicomponent system.
For the activity coetficient ot compound 7. we have

=3l X+ OV +/IAG)*

+S i+ URTIzY;  (i#j#k) 47
where the binary functions denoted by an asterisk, represent
the excess property of the binary system.

The Hillert modet

Hillert (1980) suggested a4 modification ot Toop's {1965)
method. The excess free energy o mixing [or a ternary
mixeure ts given by

G ={Vatl = VORNENILT = 45X = YD
S O ER W AR S A HTR R §o T
XU 0 = ) (48)
where

Vaa=(1+X;—X3)/2

Via=(1+X;—X3)/2.

X; is used as the mole fraction in the binary system. The
constants A%,, A}, etc. are similar to the constants 4, and
A, in the Redlich-Kister formulation.

A note on entropy of mixing
For a binary simple mixture (Guggenheim 1967). we have
G =X, X, W° (49)

where W is the interaction energy parameter. Partial differ-
entiation of Eq. (49) yields

H™= X, X[ WS — T(gWS;3) (50)
S = - X, X,[aw°/aT]. SN

The square bracketed terms are defined by Thompson
(1967) as W* and W5, leading to the populary used reiation

Wo=pH_THA (52)

Since dWC/3T is usually negative, W* becomes a positive
quantity which when substituted in Eq. (51) yields a positive
excess entropy of mixing. Such S™ implies a total entropy
of mixing greater tkan the andom mixing configurational
entropy. Note that the excess entropy of mixing consists
of S** arising due to unequal temperature dependence of
the pairpotential energy of interactions in the solution and
the excess configurational entropy. St. which should al-
ways be less than zero.

From the above discussion, it is apparent that the only
part of the excess entropy of mixing the models can predict
{Egs. 15 and 19) from isothermal heoat of solution data is
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Table 2. Calculated solution parameters at 970° K for four binary
silicate solid solutions. All units in kJ

Di-CaTs Di-En  Py-Gr An-Ab
Mm@ O MmaeMm

Solution model

Margules Wia 0000 65923 5498 8272
W., 41262 37091 16912 28.706
D 0908 0370 0569 0756
Redlich-Kister A, 17280 S1.798 8684 18117
A, 17355 —16.636 5996  10.389
Az 24945 — 2272 11247 2414
D 0335 0398 0371 077
Quasi-chemical W 74417 106905 30932  44.4S5
z 8 11 8 8
a 0.3 12 02 0.3
o 1.7 08 1.8 1.7
D 0513 1.097 0473 0773
Wilson wiz—wy, 9.694 10883  9.184  4.184
wiz=wsz 12874 10912 13836  13.082
ViV, 0962 0946 1106 0498
D 3889 9890 0768 1916
NRTL wiz—ws2 53.559 13703 30280  34.100
wiz—wy, 14498 $9.894 13100  3.703
z 015 005 030 0.15
D 0614 0423 0335 0.770

D is the standard deviation computed from the formula

D=V v.'-_”:'P O

where Y; are the calculated data. X, are the averages of the observa-
tions, n is the number of experimental points and p is the number
of parameters .

the contigurational part. For the remaining S™. it is essen-
tial to obtain the temperature dependence of the solution
parameters. In this work. we shall refer to the mode!/ (NRTL
and QC) calculated excess entropy of mixing as the configu-
ration excess entropy of mixing St~

Method of study

Heat of solution measurements are available for the following bina-
ry systems: piagioclase (NaAlSiy04-CuAl;Si;Oy; Newton etal.
1980), garnet (Mg,Al1,Si,0,,-C2,A!;Si,0,2: Newton et al. 1977),
pyroxene (CaMgSi;0,-CaAl,SiO,; Newtan etal. 1977), and py-
roxene (Mg;Si;04,-CaMgSi,0,; Newton et al. 1979). Using these
data, excess enthalpy of mixing were calculated (Table 1). The data
were then processed with 2 non-lincar multiple regression technique
employing ihe various modei cquations listed in the previous sec-
tion to calkculate solution parameters (Table 2). All the experimen-
tal data evaluated by the experimenters themselves have been used
in the fitting procedures. We found no basis to reject any of the
data or to use weighting factors. For the NRTL modei a value
of @ was chosen between 0.05 to 0.5 (see discussion on significance
of x later) and a scarch for the best fitting # parameters was
made by manually scanning through the range of z values by mini-
mizing the standard deviation (see Table 2). In cach case, the resid-
uals and the standard crror (BMD sutistical package) are mini-
mized. The comparison among different models is based on the
standard deviations. {n calculating the standard deviation the resid-
uals, the number of datum as well as degrees of freedom are consid-
ered (Table 2). Similariy. for the quasi-chemical model. several
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Fig. 1. Calculated excess enthalpy of mixing for the anorthite-aibite
join at 970° K. Experimental data from Newton et al. (1980)
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Fig. 2. Calculated excess entropy of mixing for the anorthite-albite
join at 970° K acrording to the Margules and Al-avoidance models
and cxcess configurational entropy of mixing according to the QC
and NRTL modeis

combinations of the coordination number Z and the contact factors
q, and q; (g, +q¢2=2) were tried (for the significance of Z. g,
and q; see Green 1970: Saxena i973: Guggenheim 1952).

Excess free energy of mixing for a ternary solid solution was
calculated using the Kohler formuiation (Bertrand-Kohier moded).
the Wohl modcl. and the Hillert model.

Results and discussion

1. Binary solutions

Table 2 shows the results ot the regression analysis of data
on four binary solutions employing five different models.
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Fig. 3. Calculated excess functions of mixing for the pyrope-grossu- Fig. 3. Calculated excess functions of mixing for the join CaMg-

lar join at 970° K. Soiid curves 1 and 2 are calculated from the
NRTL model. The soiution parameters are given in Table 2 for
curve 1. The parameters for curve 2 are (w,;—wa.)= 18277 kJ.
(w2 —w,,)=2.823 kJ, x=0.25. Experimental data are from New-
ton et al. (197N

Since the Redlich-Kister model with three or more con-
stants is bound to de the better fitting thun the two-constant
Margules. we shail not discuss it separatelv. With increasing
number of constents, the Redlich-Kister model. although
superior for calruiiing phase diagrams, is not readily inter-
pretabie in terms of crysmi-c.ncrmml parameters.

Anorthite-albite. Except for the Wilson model. all four mod-
¢ls can be fit with similar residuals. Figure 1 shows the
excess enthalpy of solution at 970° K calculated according
to the three models, Margules quasi-chemical and the non-
random two-liquid (referred to as M. QC and NRTL re-
spectively). As noted before. the QC and NRTL models
also yield the configurational excess entropy of mixing (St*)
(see Egs. 20 and 29). The term —7S;* is shown in Fig. 2
for the two modzcls. For the M model, Si,,,;, has been de-
rived from Eq. (34) where

Wi = (Wi~ WiIT (53)

and simlarly for #43,. The values for #§ are from Saxena
and Ribbe (1972) who used Orville's (1972) phase equilibri-
um data. The Suxena-Ribbe formulation was used because
Ganguly and Saxena (1984) found it 1o be consistent with
duata on garnct-plagioclase phuse equilibria. There would
be little ditference if Ghiorso's (1984) formulation is used.
in addition, we have also plotted —75™ caiculated with
the Al-avoidance model of Kerrick and Darken (1975) as:

$i204-Mg,Si;0, at 970° K. Experimental data are from Newton
et al. (1979)

— TS = RT! X aolnf A ao(2-Xan)]
+ Xagln{(1 = Xan)* ']} (59

Note that — 7'S™ derived from the combination of phase
equilibrium data of Orville (1972) and enthalpy of solution
data should be comparable if the mode! of Al-avo.dance
is appropriate. As demonstrated by Newton et al. (1980)
and shown in Fig. 2. the model produces a close approxima-
tion of S**. Comparison of 7S™ and TSt as predicted by
the NRTL and QC modeis gives an indication of the magni-
tude of the non-configurational part of the excess entropy.

Pyrope-grossular. For this binary solution, Table2 and
Fig. 3 show that ail models reproduce the data on excess
enthalpy of solution rather well. The fit with the NRTL
model is best, followed by the QC and by the Margules
model. For the NRTL modei, we calculated two sets of
solution parameters by changing & Both reproduce the data
on excess enthalpy of solution rather well, but the configu-
rational excess entropies of mixing predicted by the twe
sets of parameters are significantly different. This may im-
ply that the factor  has some connotation with crystal
chemical parameters. To predict a reliable configurational
entropy, one might determine the factor « separately in
terms of crystal chemical parameters. Figure 3 shows plots
of =TS for the QC and NRTL models and —7S* for
the M model, for which a H#* of 6.276 J/cation has been
waken from Haselton and Newton (198C). Agzin, we may
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8 v v T T Y T T General discussion. The nature of excess functions predicted
by the two-parameter Margules model have been discussed
amply in literature (Newtoa et al. 1977, 1980: Lindsley et al.
1981). Therefore. we shall concentrate on understanding
the applicability of QC and NRTL models. The QC param-
eters ¢, and g, known as “contact factors™ are supposed
to be related to the geometry and size of the mixing units.
with the property that ¢,/g;—1 as either becomes unity
(Guggenheim 1952; Green 1970). In our case we have used
g, +g>=2.0 which satisfies the above requirement. How-
ever. to obtain the desired asymmetric fit ¢, and g, had
to be made considerably different. There is no relationship
between g,/g, and a size property, e.g., molar volume ratio
of the mixing units. In view of Green's (1970) success in
using the QC model, the resuits from this model are disap-
pointing, particularly if we consider that the q,/¢; ratio
seems to bear no relation to the volume differences of the
mixing species. In addition to the physically meaningiess
contact factors. the coordination aumbers = used. also seem
unsatisfactorv. Similarly, for the NRTL model. which fits
data for all the solutions very well. the factor x does not
show any corrsiation with volume ratio of the species. The
parameter x characterizes the tendency of the components
to mix in a nonrandom manner (see Acree 1984). When
x equals zerc. the local mole fractions (X;;, see Eq. 2) be-
come equal to the overall mole fractions (X;) and mixing
is completely random. Therefore it is disturbing to note
that the Di-En solution has the smallest « and Py-Gr the
largest indicating that no physical meaning can be attached
- . " X . to . A comparison of the various plots of — 7S against
0 1 2 3 & S5 6 1 8 8 10 molefraction shows that for all the solutions, the quantty
0i X(CaTs) Cals —TS% is high for the compositional side with high A*.
Fig. 5. Calculated excess functions of mixing for the diopside-CaTs  Thus for the pyrope-grossular solution the modeis NRTL
join at 970° K. Experimental data are from Newton et al. (1977) and in particular QC predict — TSz which is closer to zero
for pyrope-rich compositions than for those rich in grossu-
lar. In this regard - 7S7* behaves similarly to (but with
opposite sign) the excess volume of mixing (Haselton and
Newton 1980). This implies that volume of mixing can be
better modelled employing the NRTL or QC model than
by Margules formulation.

H®%/k )

consider the ditTerence between ST and S™ us representing
the non-contigurational part of S

Diopside-enstutite. The NRTL and M models fit the en-
thalpy data better than the QC model. For the QC model. N .
2 high coordination number (2) of 11 was nesded, The - [ermary solution models
M2 site is nominally 8-coordinated. When a value of 8  As explained earlier, three methods of combining binary
was used for Z. the results of the fit were quite unaccept-  model parameters to predict ternary solution properties are
able. the fitted curve totally missed several data points.  chosen. As an example, let us consider a ternary solution
Figure 4 shows that the QC model tends to produce a less  with the following data: W,,=10.460, W.,=837. W,,=
symmetric curve than required by the data. Figure4 also  3.617. W,, =9.132, W,;=11.529 and W,;=10.437. The so-
shows a piot of —TST as calculated by the NRTL and  lution parameters are partly those used by Ganguly and
QC models. According to Lindsiey etal. (1981), W* for  Saxena (1984) for garnet. The calculations are not necessari-
this system is zero, which would require a S (non-configur-  ly for garnet since all the data on garnet solution are not
atignal) of similar maanituds 10 S, but oppesits in sigs. yet available. Figure § shows sxcess {ree eaergy of mixing
caiculated according to Kohler formulation. The G*™* data
Diopside-Ca-Tschermak. Figure 5 and Table 2 show that  resulting from the use of Woh!’s formulation are very simi-
both the QC and NRTL models are equally well suited  lar and. therefore. have not been plotted separately. How-
to the solution data and result in lower residuals than the  ever. the data from the Hillert model are significanty differ-
Margules model. From Gasparik and Lindsley’s (1980) ent. These data are plotted in Fig. 7 which shows that the
analysis of the phase equilibrium data. and the heat of solu- G tends to be higher for some of the ternary compositions
tion data of Newton et al. (1977), the solution has a W3, = thin those computed by either the Kohler or Wohl formula-
30.90 and W4,=12.25. Figure S shows —TST for the tion. Remembering that a simple summation of the binary
NRTL and QC modeis and —75* for the Margules model.  G** would yicld the highest values of the ternury G, the
For this solution there is a substantial difference between Kohler and Wohl formulations depart most and the Hillert
the two quantities. suggesting a large non-configurationzl  model least of the three from predicting such values. The
excess entropy of mixing. question as to which model is most appropriate can be
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aaswered only with additional data on ternary solutions.
It is possible to consider addition of ternary or higher con-
stants to any of the above models if suitable data are avail-
able. Ganguly and Saxena (1984) discussed empirical esti-
mate of such constants t0 any of the ubove models if suit-
able data are available. Gunguly and Saxena (1984) dis-
cussed empirical estimate of such constants for Woht's
model.

Conclusions

For the purpose of calculating phase diagrams and repro-
ducing experimental equilibria. it is obvious that the best

X

model is the nolynomial expression as nronosed by Guggen-
heim (1937) which has now come to be popularly known
as Redlich-Kister model after the authors who wrote the
expression for the activity coefficients. The polynomial
when truncated after two constants is equivalent to the two-
parameter Margules mode! which may be used in many
cases. It is easy to handle computationally. The QC model,
even after unrealistic adjustments in the physical parame-
ters. does not work weil. The NRTL modd aiso is not
an improvement over the Redlich-Kister model because.
although it is functionally useful in data representation,
it appears to have coefficients that are physically mean-
ingless.
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Purely as a method for fitting solution data, the NRTL
model has been found to be as useful as the Margules model
for two soiutions and somewhat better for the remaining
two. Its direct use with the phase equilibrium data should
be possible wherever separate estimates of H** and S* are
not needed. The model is easily extended to 2 multicompo-
nent system as follows (Acree 1984, p 99):

4Gy,
= RT Y (X S Kt Wil (S m W miXo)] (55)

The combination of the binary data to predict ternary
or multicomponent data may be done using any of the
three models discussed in the text. We recommend the
Kohler formulation because of the easy formulation. Any
binary model Margules, Redlich-Kister. QC or NRTL or
any combination thereof can be used in this formulation.
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Abstract—A new expression for the heat capacity of solids is proposed: a) for fitting the measured low-
temperature heat capacity data on crystals, and b) for estimating heat capacity at high temperatures without

violating the limit set by PETIT and DULONG (1819).

C,=3RM(1 + kT + kT2 + ks T3+ (4 + BT)+C,

where R and 7 are the gas constant and the number of atoms in the chemical formulae, respectively. 4 and
Bare caiculated from thermal expansion coefficient and iscthermal bulk modulus data. The &;’s are determined
byﬁmngmcmmnedlow-mpaamrchmapmtydmc is the departures from the 3Rn limit for
some substances due to cation disordering, :mharmomcty and deczmmc contributions.

The five constants in the proposed equation were determined for six minerals for which the physical
properties have been well studied. The errors possibly resuiting from experimental measurements or ex-
trapolations of the thermal expansion coefficient and bulk moduine were carefully examined,

INTRODUCTION

TEMPERATURE DEPENDENCE OF the heat capacity can
‘be measured by various calorimetric techniques over
rather limired temperature ranges. The most popularly
used empirical equations for the representation of the
temperature dependence of the heat capacity of solids,
proposed by MAIER and KELLEY (1932) and Haas
and FISHER (1976), only provide for interpolation be-
tween the temperatures of the calorimetric measure-
ments. and not for the extrapolation to high temper-
ature. Applications of thermodynamic calculations to
natural systems such as the Earth’s mantle require an
equation for the heat capacity of minerals which can
be extrapolated 10 very high temperatures. A number
of equations have been proposed for extrapolation of
the heat capacity to high temperature (LANE and GAN-
GULY, 1980; HoLLAND, 1981; and BERMAN and
BROWN, 1985). In those extrapolations of heat capacity,
the behavior of heat capacity at high temperatures is
very much dependent on the fits of the measured low-
temperature heat capacity data. Such extrapolated data,
therefore, may lead to erroneous resuits. In this paper,
an equation for the heat capacity of solids is proposed.
The equation not only reproduces the measured low-
temperature heat capacity data as well as other existing
equations but also provides for the extrapolation of the
heat capacity to high temperature. This study was
prompted by the stimulating discussion of the problems
with heat capacity equations by HOLLAND (1981) and
recently by BERMAN and BROWN (1985).

THEORETICAL CONSIDERATIONS

The theory of the heat capacity of solids was estab-
lished by EINSTEIN (1907) and DEBYE (1912) who de-
rived equations for the temperature dependence of C,,
the specific heat capacity at constant volume, based

on the assumption that atoms behave as harmonic os-
cillators in a crystal lattice.
The relation between specific heat capacity at constant

pressure, C,, and specific heat apaaty at constant volume,
G, isgiven by

G = Co+ HNV(NKANT n

where o T) is a temperature-dependent coefficient of thermal
expansion. ¥(7") and K{(T) are molar volume and isothermal

bulk modulus, respectively, at temperature 7. In Egn. (1), a
reasonable expression for C, can be derived by assuming that
a crystal is composed of a system of atoms which vibrate as
harmonic oscillators all with the same frequency. ». In such

a solid C, is expressed by
G, =3Rnix’e[(e"— 1¥] @

where x = fg/T. 0 is the Einstein temperature given by te
= hv/k. R, h, k and n are the gas constant, Planck constant,
Boltzmann constant-and the number of atoms in the chemical
formula, respectively. A precise expression for C, may be given
by assuming that the crystal has a whole spectrum of fre-
quencies from », to »,, where »,, represents some maximum

frequency for a particular crystal.
C.=(9Rnlx’)f[x‘e‘/(e‘ —1¥ldx 3)

where x = h»,, /(kT). Equation (2) is difficuit to use in fitting
experimental data at intermediate temperatures because of
the assumption of a single oscillator frequency. Equation (3)
is even more difficult to apply to thermodynamic caicuiations
not only because of the complexity of the expression but aiso
because of the difficulty in determining the frequency distri-
bution. KIEFFER’s (1979) review on the applicability of the
Debye theory of lattice vibrations show that heat capacities
of silicates show large deviations from the behavior expected

from the theory.
For the purpose of fitting experimental data, a polynomial
uptesion for C, may be used
= 3Rl + kT + kT2 + kT3 )

where k,, k; and k; are coefficients determined by ﬁmng ex-
perimental data. Note that in Eqn. (4) the terms in square
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bracket of Eqn. (2) have been replaced with a polynomial
expression in 7. There are three coefficients in Eqn. (4) as
compared to one fixed Einstein temperature in Eqn. (2). Ac-
cording to above considerations, a new C,, expression is given
by

C,=3Rn[l + kT '+ T3+ T+ AT+ C,  (5)
where
A(T)=ATV(NKATT ©

and C, represents the departures from the 3Rn limit for some
substances due to cation disordering, anharmonicity and
electronic contributions. Obviously, C, = 0 if atoms behave
uhamomosdnnomandmaenmanondmdﬂmam
in a crystal lattice. The thermal expansion coefficient o T)
may be expressed as

AN =ay+a T+ ;T i+ T @)

where o, o, oz and 3 are coefficients determined by least
squares analysis of volume expension data, The molar volume
can be caiculated by

T
V(T)"Voexp[ amdr]

where V; is the molar volume at 298 K and 1 atmosphere.
The isothermal bulk modulus X{7T) may be expressed as

Kr{(T) = Kro+(3Kro/0T)(T - 298) ®

8)

where K75 and (3Krp/3T), are the isothermal bulk modulus
ar 298 K and its temperature derivative at constant pressure,
respectively. By computing A(T) from Table 1 for many sub-
stances, we found that 4(T) at high temperature is approxi-
mately linear (see dashed lines in Figs. 1-3). To simplify Eqn.
(7), A(T) may be expressed as

AT)=A+BT (10)
A and B are constants determined by Eqn. (6). Finally, a five-
coefficient C, equation is given by

Y. Fei and S. K. Saxena
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GCo=3Rm(1 + kKT ' +IoT 2+ kyT™%)
+{A+B8T)+C, (1)
where A and B are independently determined through thermal
expansion, molar volume and bulk modulus data. &, k; and
k; are determined by least squares analysis of the measured
low-temperature heat capacity data. Obviously, at high tem-
perature, C, for a crystal in which atoms behave as harmonic
oscillators, approaches the PETIT and DULONG (1819) limit
given by
C,=3Rn+A(T). (12)

RESULTS AND DISCUSSION

In a recent paper BERMAN and BROWN (1985) made
an important contribution by estimating the heat ca-
pacity of several silicates. They reviewed the theory on
heat capacity and the heat capacity data on several
minerals, and proposed the following expression for
reproducing the low temperature data and estimating
the high temperature data:

Co=ko+k T3 +kT 2+ kT3
(where k, k2 <0). (13)

This equation. unlike those used by Haas and FISHER
(1976) and ROBIE et al. (1978) and the Maier-Kelley
equation, was found to comply with the requirement
that the estimated heat capacity at high temperature
approaches the high temperature limit predicted by
lattice vibrational theory.

The essential difference between Eqn. (11) of this
study and the Berman-Brown equation is as follows.
Equation (13) is formulated without taking into ac-
count the important role of the “A(T)™ term of Eqn.

Tabia 1. Data on molar volume, coefficients of thermal expansion, bulk zodulus and ics
tezperature derivative, and number of atoms in the chemical formuia.

No. Minerals !I° L 3y a, ey ¥d. Temp. X (illmp a
ool (10%)  (10h (10°%) renges(K) Kb K/
1. sg_.sxoL(ouvu.) £3.67 .6151 ~-.3441 12.9139 ~-1.6564 298-1200 1279 =-.226 7
2. H‘Alzc‘(Spml) 39.71 .3735 -.1072 3.0722 <-0.4633 298-1273 1952 -.222 7
3. HgSi04(Cpx) 31.27 .5607 -.3470 13.5820 -1.8088 298-1473 1:07F -.200 S
4. H(SAIZS!.:OQ(P]) 113.26 .3661 ~.1082 3.2070 <-0.&L64 298-1073 1754 =-.220 20
S. MgO(Rocksalt) 11.25 .6167 -.2285 7.7917 -1.1002 298-1273 1605 -.272 2
6. smz(c«uu) 20.64 .2770 =.2067 7.5836 -0.9852 298-1273 1136 -.200 3
1. VD: Matsui and Syomo (1968); o(T): Suzuki (1975) and Suzuki et al. (1981); K and

(ax/ar)p: Carmichael (1982).
v,: Robie et al. (1978): a(T):
Watanabe (1982
. Vo: Syono et nl
Vatanabe (1982).
b, V°: Robie et al.
. V°: Robie et al.
. Vo: Robie ec al.

* The coaversica

N
.

(1971);

w

e W

e(T): Skinner (1966):

Suzuki et al. (1979); X: Carmichael (1982); (Ollm’z

K: Carmichee]l (1982); (a:/mp:

(1978); a(T): Skinner (1966); X and (3!/31‘)‘,: Carmichael (1982).
(1978); o(T): Suzuki (197S); X and (a:/mp: Carmichsel (1982).
(1978); a(T): Skinner (1966); K and (3‘/21')p:

Carmichsel (1982).

from tha isothermal bulk modulus ‘l‘ and its temperature derivative

(It.‘.li‘np to the sdiabatic bulk modulus K‘ and its tesperature derivative (:x’/a‘np

are:
Lr = K=/(l + T“:h)

and
(aymp-l (ax’/mp-(aw&rum‘r/-;(u/m) ll(l“l'll'“)

vhere t:h

is the thermal Gruneisen conatant.

** Abbreviations: Cpx = Clinopyroxene; Py = Pyrope.
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FIG. 1. Data on C, for spinel plotted against temperature.
The squares represent data from ROBIE et al. (1978). All the
points up to 1900 K are from the experimentally determined
heat content data. The error bars show the errors in the func-
tion (3Rn + A(T)) due to the errors in the measurements of
thermal expansion and compressibility. The solid Line rop-
resents C, calculated from Eqn. (11) which was fitted to the
low-temperature (298-800 K) C, data. Sec text for discussion.

(11). The Berman-Brown equation was determined
empirically making sure that the formulation did
comply with the high temperature limit. Similarly,
there is nothing in the formulation which ensures that
the limit set by Eqn. (12) will not be exceeded. Both
these problems are taken care of in Eqn. (11) of this
study. First, we have linked the high- and low-tem-
perature relations. which BERMAN and BROWN (1985)
treated as independent and second. we have included
the 3Rn term to ensure that the high temperature C,
would approach the appropriate limit. In these respects.
Eqn. (i1) is unlike any formulation presented before.

Note that the heat capacities of minerals have been .

calcuiated in this work by subtracting the “4(T)" con-

M3AL S0, (Pyrope)
- W; B JRMEENE: e
1 4

FiG. 2. Data on C, for pyrope plotted against temperature.
The squares represent experimental C, data from HASELTON
(1979). The computed curve is caiculated using data up to
800 K to show the effect of extrapolation. In this case the
discrepancy at 1300 K is negligible. [f all the data to 1300 K
were used in the analysis, the computed curve does not change
significantly even at high temperature (e.g. 2500 K).

156, T T Y T T Y Y T T
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"I-——I—L— A | T—1 . — 1 ot b W
300 kL] 1100 R 1500 1900 a8
x

FiG. 3. Data on G, for clinoenstatite (MgSiO,) as calculated
using three different methods. The F-S equation is Eqn. (11)
of this study. The B-B equation is from BERMAN and BROWN
(1985) and the triangles are from ROBIE et al. (1978). The
firted temperature ranges are from 298 K to 800 K for both
F-S and B-B equations. See text for discussion.

tribution (based on the most recent data, Table 1) from
C, and then determining the &, constants in the C,
equation.

Figures 1 to 3 show the C, data on three silicates
plotted against temperature. Here, we have accepted
that the C, data obtained by using the equations of
ROBIE et al. (1978) and HASELTON (1979) represent
the low-temperature experimental measurements
faithfully. These data are plotted in all figures for com-
parison. The solid curve represents data calculated by
using the C, Eqn. (11) of this study. The C, constants
k; are determined from the regression analysis ot the
low-temperature data on [C, — A4(T)). Note that the
sources of error in these calculations are: a) departures
from the 3Rx limit for some substances due 10 anhar-
monicity and electronic contributions, and b) the errors
in extrapolating the thermal expansion and compres-
sibility data. To show the magnitude of the latter errors
on 3Rn + A(T) term, we use the equation:

5C, = [(8C, /33y +(8C, /K)o K )]\

where we adopt somewhat liberally the average values
of the quoted errors of dax as 5 X 107 xad 5K 25 200
kbar.

Figure | shcws the data on spinel. In this case the
C, data from ROBIE et /. (1978) is the actually mea-
sured data at high temperatures. As pointed out by
WooD et al. (1986), a C, of disorder of about 10
J/mol.K is possible in spinel. If this correction is applied
to the calculated C,, there will be a good match of the
computed and experimentai C, data. In Fig. 1 theerrors
in 3Rn + A(T) are shown by verticai bars. Figure |
demonstrates the importance of estimating the high
temperature heat capacity using the present method.

Figure 2 shows the calculated (), data on pyrope
plotted against temperature. The heat capacity data
(298 to 1300 K) of HASELTON (1979) are shown in the
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Tablz 2. Cos oz calozlesios of hest copecities usisg
equatica (11)
No. Ninerals k1 kz k: A |
ao™® a™) ao®

1. u;zsmk(ouvm) ~23.83 -0.3%3 0.537& -3.008 10.830
2. HuleA(Spml) 37.01 -0.8457 1.1656 ~-1.108 7.33%
3. HgS10,(Cpx) 8.33 -0.8282 1.4941 -1.%46 4.936
& !1‘3112313012(?]) 63,6k =0.2625 0.2296 -1.921 17.570
5. tgO(Rocksalt) ~-15.87 -0.2804 0.2550 -0.230 J.861
6. Sloz(Coulto) 19.52 -«0.9916 1.7471 -0.398 0.81S

* A and B are calculsted from Table 1.

" k's are 4 d d heat data

from Robie et sl. (1978) snd Haseltoam (1979).

figure. The solid line shows the calculated C, using the
experimental data bertween 298 and 800 K. Although
the data are avaiiabie up to 1300 K, we are interested
in showing the effect when data are extrapolated from
low temperature, The calculated C, matches the data
well 10 1300 K.

Figure 3 shows that for clinoenstatite there is rather
a good fit if one uses Eqn. (1) but the Berman-Brown
equation overestimates C, exceeding the limit set by
Eqn. (12). Table 2 shows some of the evaluated data
on heat capacity of silicates.

We conclude that Eqn. (11) should be adopted in
estimating C,,. All the C;, data on silicates need a critical
review and reanalysis which must be done in con-
junction with data from experimental phase equilib-
rium and from the measurements of solid physical

properues.
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Abstrace, The pressurs.volume-temperature data of ssvema!
gases (H;. O;, CO, CH,, N. and CO.) have been used
to obtain the following corresponding states equation
(P>1 kbar; T>400 K):

Z(+0.0878)=A4+BP+CP? 21

where Z is the compressibility factor, B reduced pressure
(P/ecritical P), T, reduced temperature (T/critical T) and the
coefficients are given by:

A=1-05917T,"2

B=009122T"*
C=14164x10"*T,"2~28349x10"%In T,
(P> 1 kbar; T>400 K).

At pressures below 1 kbar. Z is given by:
Z(+00761)=1+BP+CP? (23)
where

B=009827T,"' 027097,
C=001472T,"*-0.00103 T," -5,

For water (P> 1 kbar; T>400 K):
Z(+0.0209)= A4 + BP+CP? (22)
where

A=—07025+1.16x 10" T+99.6799 T~}
B=02143T"!-3.1423x 107!*T?
C=—2249%10"¢T"2-0.1459 T3 +21690 x 10~ 3 T2,

At pressure below 1 kbar, the equation is (P> 100 bar; T
>673 K):

Z(+0.0601)=1+B/V+C/V? (24)
where

B'=~220960T **+3.35460 x 10~*T 3
C=34569x10"5T >°+649764In T

Fugacities of the gases may be obtained by integrating the
Z equations separately and combining the results as follows:

P + 1000 I d \
deP=RT( [ Z:PdP+ | Z=,/PdP). (26)
1 1 100

The subscript in Z denotes the equation which is to be
used for calculating Z.

Introdacti
‘Geochemists need damonphascethbnum ‘n the system
C—H -0 interacting with silicate rocks. Such data are cru-
cial to an understanding of the stability of the gaseous spe-
cies in the lithosphere and crust. The gas fugacities are also
involved in monitoring the mineral compositions in meta-
morphic rocks. Petrologists have been well aware of their
importance (e.g.. Ganguly 1977: Eugster 1981, 1986: Helge-
son 1981 : Greeawood 1975: Waither and Wood 1986).

Although there have been number of important studies
of fluid fugacities recently (e.2. Burnham et al. 1969: Hol-
loway 1977: Kerrick and facobs 1981: Bottinga and Richet
1981: Halbach and Chatterjee 1982: Delany and Heigeson
1978). two aspects of the lluid studies are not much re-
searched. First of these concerns the fugacities of a number
of gases which may be part of the natural fluid mixture
{e.z. H., O, CO. CH,. N, 2tc.) and the second concerns
muiticomponent mixing of fluids (¢f. Kerrick and Jacobs
1981: Greenwood 1973: Ryzhenko and Malinin 1971 and
Mel'nik 1972, 1978). The study of these two aspects will
be presented in two parts. Here. we present a review of
some of the empirical equations of state used by geochemists
and then cquations of state for several fluids as determined
in this work. A succeeding paper will deal with the multi-
component mixing models and computation of fugacities
in natural mixtures.

Equations of state

The compressibiiity factor “Z" may be used to express the
deviation of a real gas from ideal behavior. Such deviation
is strongly pressure and temperature dependent. Z may be
expressed as

Z(P.TY=PV RT=1+BP +CP*+DP’ ...

or

ZWW D=1 +8V-CVis . [43]
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where the constants B, C, D.... or B, C, I ... etc. are
called virial coeflicients. For pure gases, they are functions
of temperature only. [t is contended that the virial equations
of state are not useful at high pressures, especially at pres-
sures near and above the critical pressure, even when a
great number of constants are used. In the critical region,
the whole series fails to converge. However, we note that
the polyrominai form of Eq. (1) could be used for generating
an equation empirically, applicable particularly at high
pressure-temperature ranges under consideration here.

Many equations of state, determined empiricaily, have
been proposed in literature (e.g, Holloway 1977; Bortinga
and Richer 1981: Halbach and Chatterjee 1982; Kerrick
and Jacobs 1981). Historically, the most important is the
van der Waals equation of state

(P+a/V¥)(V—-b)=RT 2

where the term a/7* is cailed the internai or cohesive pres-
sure and the term °b° is called the covolume. The cohesive
pressure resuiting from the attractive force is responsibie
for the negative deviation from the ideal behavior. The
larger ‘a’ is. the larger the cohesive pressure. A gas modeled
with the hard sphere potential without artraction has a vol-
ume of ‘a’ equal to zero.

The term *b" is 2 measure of the intermolecular distance
at which mutual repuision will become non-negligible. For
a pair of molecules, *b° is 4/3xd”, where *d" is the distance
between the centers of the molecules at the instant of col-
lision. The covolume per molecule is 2/3xd> and thus for

Avogadro’s number of molecules,

b=2/3xNd>. : (3a
For a hard sphere model d =20. and therefore,
b=2/3zN(20)® 13b

where ¢ denotes the radius of the molecule. At relatvely
high temperatures with the average transiational energy be-
coming large, the violent colilisions between molecules may
result in shortening the distance between the centers of two
molecules at the moment of collision: d <2¢. The particles
become deformable ~ soit spheres which makes *5" tempera-
ture dependent.

The van der Waals equation has not been successful
in quantitatively reproducing the observed P—V—T rela-
tionships. The Redlich-Kwong equation

P=RTAV—-b)—af(V(V+H)T'?) ]

has generally been more successful in this regard. Holloway
{1977} used the modei of de Santis <t al. {i574) and showed
that if *a’ is considered as a function of temperature, the
pressure computation from Eq. (4) is greaily improved.

Kerrick and Jacobs (1981) and Bottinga and Richet
(1981) reviewed the modifications uscd for improving the
Redlich-Kwong equation for modeling P—V—T relation-
ship for CO,. Tourét and Bottinga (1979) derived the foi-
lowing forms of *a” and *b° (Eq. 4):

a=a,(r*—r%+a, . 5
with r=a,/V and,
b=(In(V/a,)+b,)/b, 6

where a,, a., a3, b, and b, are adjustable parameters. Bot-
tinga and Richet (1981) used these relations and found excel-
lent fits to a number of observationat data on CO,.

Kerrick and Jacobs (1981) adopted the Carnahan-Star-
ling modification of Eq.(4), such that ‘a* was considered
as a funcrion of ‘¥* and T as follows:

a=c+d/V+eV? )

where each of ¢, 4 and e were fitted with a polynomial
in Tof the form

c=c,+ca T+ T (£33

Halbach and Chatterjee (1982) considered ‘g’ and *b° as
functions of Tand P respectively. Their formulations are:

a(T)=a,+a-T+ayT™! )
5Py =(1 +5, P +5. 02 £ 5y P15, +bs P+ b P3) {i0)

By considering "5" as a function of P, they found that several
scts of observations of H.O not used by previous workers
and some shock-wave data at high pressures (Rice and
Walsh 1957) could be fitted excellently.

The modiflied Redlich-Kwong models as proposed by
the geochemists do provide us with a means to calculate
the P—V—T relationship for H.O and CO, and a point
of diminishing returns should be considered to have been
reached in regard to any further modifications. The surpris-
ing success of the Redlich-Kwong model and its derivatives
is marred by the difficulty of understanding why it works.
Some interesting physical insight was provided by Kerrick
and Jacobs (1981). A second problem with the Redlich-
Kwong formulation is the difficulty in computational algo-
rithm (see Bottinga and Richet 1981).

The law of corresponding states

Although the Redlich-Kwong tormulations have been used
both for H,0 and COa.. it is necessary to make a distinction
between the two fluids. H,O. as compared to CO., Yas
properties strongly dependent on the electrostatic forces.
Ross and Ree (1980) showed that CO, is much more like
Ar. N;, O. and CH, in its intermolecular potential. It is,
therefore, likely that CO. and other more spherical species
can be modeled with a simpler modification of the van der
Waals formulation than the modified Redlich-Kwong mod-
el. This is certainly true at very high pressures and tempera-
tures as revealed in the works of Ross and Ree (1980), who
found it possible to apply the corresponding states’ principle
to several gases. The applicability of the law is governed
by the fcllowing considerations (Ross and Ree 1980): a)
The translationzl motion must be classical: b) The mole-
cules must be spherically svymmetric: ¢) The vibrational and
electronic energy levels are constants; d) The intermolecular
potenuiai is wiven by an expression of the form:

sry=Utr r*)
where = and r* are the characteristic energy and length

scales respectively and U is a universal function.
The principle of corresponding states may be expressed
as

JB. T V=0 (1)
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where, P, T, and V, are reduced pressure (P/R), reduced
temperature (T/T;) and reduced volume (V/V,), with the sub-
script denoting the critical value of the variable. According
to Eq.(11), there exists a universal function which is valid
for all substances or in other words all gases exhibit the
same deviation from ideal behavior at the same B, 7; and
V.. We may also express the principle as

Z=PVIRT=f(R.T). (12)

The moiecular basis of Eq. (12) lies in the fact that the inter-
molecular potential curves for many different molecules
bave the same general shape determined by the intermolecu-
lar potential ¢,, and the distance *r".

In view of Ross and Ree’s (1980) success in modeling
the gases at very high pressure and success of Mei'nik {1972)
in modeling CO and CH, at moderate pressures. we decided
to apply the principle of corresponding states to gases (other
than H,O) at crustal temperatures and pressures.

Data

The data on CO, are the same as used by Bottinga and
Richet (1981), namely Shmonov and Shmulovich (1974),
Jaza et al. (1965). Michels et al. (1935), Keanedy and Hoiser
(1966), Tsiklis etal (1971) and Vukalovich etal. (1963).
Many of these dawa were also used by Ryzhenko and Vol-
kov (1971). The latter authors also reviewed data on other
gases, which are all included here. In addition. data on CO
to a pressure of 10 kbar are available in Robertson and
Babb (1970). The equation of state for H,O has been dis-
cussed by Burnham et al. (1969), Holloway (1977), Delany
and Helgeson (1978) and Halbach and Chatterjee (1982).
The data on water have been reviewed by Halbach and
Chatterjee (1982} (Schmidt 1979: Tanishita et al. 1976: Hil-
bert 1979: Burnham et al. 1969). In addition. there is the
data of Khodakovsky et al. (1981).

The virial equarions
We shall also make use of the principle of corresponding
states in formulating the virial equations of stats for several
gases such as H,. N,, CO. O;. CH, and CO;. If a singie
equation in P and 7, can be fitted to all the combined
data on the gases. fugacities for several gases can be comput-
ed to high pressures.

The data on compressibility factor. Z. reduced pressure.
P, and reduced temperature. T,. of all gases was processed
employing the new version of the SPSS (1985) technique.
Stepwise multiple regression analysis was performed with
the following equation of state formulation:

Z=1+B(NMP+C(NMP*+D(M P +... (13)

where, B(T), C(T), etc. are coefficients considered to be
functions of temperature only. The pressure coefficients
were considered to follow a polynomiul behavior in reduced
temperature, e.g.. for (7). we have.

B(N)=[b, T, +bT,"" +h,T," +...]. 1

Equations of state for pure fluids

The corresponding states equation for all sases (H,, N,
0;, CO. CH, and CO,) except waler is determined 1o be

125

Z(+0.1639)=1+BR+CP*+DP? (15
where

B=9835x10"3T,"'-4213x 107372
C=—62658x10"%72~34225x10"°In T,
+27142x 1074773
D=-54923x10""T, "3+ 1488 x 10! T2
The cquation yields progressively worse results below

1 kbar as pressure decreases to ! bar. The following equa-
tion may be used for calculating *Z * below 1 kbar:

2Z(+0.0500)=1+BR+CP*+DP’ (16)
where
B=0.114277,"*-0.16142T,"2
—0.25012 7,73~ 1.4033x 10~ 7 T}?
C=13665x10"2T,"3
=—-93548x 10"*T,"3.

The standard error of *Z “listed above is given by
Standard Error=(Z(Y— Y2 AN - F)*? an

where Y is the observed value, Y the estimated value, .V
the total number of samples and F the number of parame-
ters.

Following the same statistical procedure. the Z—P-T
equation was determined for water with ail the data as used
by Halbach and Charterjee (1982) and including Khodak-
ovsky et al. (1981). The equation is as follows:

Z(+0.3308)=1+ BP+CP*+DP? (18)
where

B=-0.39821 x 10~*

C=0.33409%x 10°*T"!

D=-0.17023x 10~*T"".

The large error in “Z" is due to misfits at low pressures
and temperatures. If the data below 500 bar and 573K is
excluded. the error is reduced to +0.15. The virial equation
when used with volume as a variable yields somewhat better
results with Z given by:

Z(+0.17195)=1+B/V+C/V:+... (19)
where

=—0.2245x 10°T~23+0.1592x 107 T
C'=-2438253T°3
D=0
E =223.065T+0.1877x 10°T L.

It is important to note that the equation proposed here
for CO, is not suitable for modeling the behavior of CO.
or other gases at low pressure and temperature range in-
cluding the critical region and the region close to the liquid-
vapor phase boundary. For H,O, Halbach and Chatterjee
{1982) have succeeded in modeling the low P— V— T behav-
ior using 2 form of Redlich-Kwong equation. Bottinga and
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Richet’s (1981) and Kerrick and Jacobs’ (1981) models for
CO, would also work better in the low P—T range than
the preseat virial equation. For the P— V— T region around
the triple point and upto a pressure of 500 bars, the zqua-
tion derived by Bender (1970) should be used.

Noa-virial equations

During the course of this study, it became apparent that
the precision of the fit of the data could not be improved
by choosing different temperature dependent functions for
the virial coefficients or increasing their number. However.
we did note that if the following equation is used:

Z=A+BP+CP*+... 120

where the constant 4 is 2 function of temperature, the pre-
cision improved very significantly. Errors couid be further
reduced by fitting the data at and below 1 kbar of pressure
separately from the data at and above 1 kbar. The results
are as follows:

For the corresponding states equation:

Z(+0.0878)=A + BR+CP? (2n
where

A=1-05917T"2

B=00912T"!
C=-=14164x10"*T,"2-28349x10"°In T,

(P> 1 kbar: T>400 K).

For water:

Z(+00209=4+8P+CP? 22
where

B=—0.7025+1.16 x 1073 T+99.679T""
B=02143T"'-3.1423x10°"*T*

C==2239% 07T ' =0.1459 T3 + 21690 x 10~ * T*
(P> 1 kbar: T>400 K).

The pressure range below | kbar is covered by the fol-
lowing equations in which the term A is not necessary.
For corresponding states:

Z(+00761)=1+BR+CP? (23)
where

B=0.098277,"'~02709 ;"3
C=0014T27,"*-000103 T, *-.

For water, the date are better fitted with volume as a vari-
able rather than pressure. The opposite is true with the
data at high pressures. The equation is:

Z(+0060) =1 +BV+C'}V* (24
where

B =—-220960T"° +3.35460 x 10" T*
C=34569x 10™°T>5 +64.9764 In T

126
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Comparison of resuits

The lower standard errors of Z indicate that the P—V—~-T
dara are better reproduced by the non-virial equation than
by the virial. Since the errors in Z do not reveal the magni-
tude of the errors in volume directly, we have plotted in
various figures molar volumes from different experiments
and models against the volumes computed from the non-
virial equations of this study. The gases H.O. CO,, CO
and CH, were chosen because of the availability of their
data over 2 broad range of pressure.

Figure 1 shows the isobaric volume data for CO, plotted
against temperature. The correspondence with volume cal-
culated with the equation of Bottinga and Richet (1981)
is shown to be very close. The same is true with volume
data calculated using the equation of Kerrick and Jacobs
(1981). Tabie 1 compares some resuits following the method
of Bottinga and Richet (1981, Table 3). We note that the
resulis {rom the viriai £q. (15) are aimost as good as those
using the Bottinga-Richet equation. The resuits from the
non-virial equations are somewhat off for CO, inspite of
the fact that there is a reduction in the errors of Z from
0.1639 (Eq. 15) to 0.0878 (Eq. 21). It must be remembered
that both these equations are for the corresponding states
involving data on gases other than CO.. The present equa-
tions fail totaily at temperatures below 273 K.

Figure 2 shows the P— V' — T data comparison on mcth-
ane. The calculated volume data are compared with those
calculated by Mel'nik (1978). An excellent match is fouad.
Jacobs and Kerrick's (1981) calculated data (not shown)
are also closely similar and lic within the square except
at high pressure (10 kbar) where the Kerrick-Jacobs data
are a maximum of 5% higher in volume than the other
two.

Figure 3 shows the P— ¥ —T data comparison for CO.
In this case. the calculated data of Mel'nik (1978} shows
consistently higher volumes than the volumes from the pres-
ent results. Note that zithough the experimental data of
Robertson and Babb (1970) covers the pressure range from

10—
€O,
© Bottinga & Richer 1381 o

——

V(cmd/mol)

e i
TK)

Fiz. L. Comparisor of P~V—T data on molar volume of CO..

Solid lines data from this study: circles data cakeulated using the

eyuation of Bottinga and Richet (1981)
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Table 1. Comparisons between obscrved and predicted Z for CO, as evaluated with different equations

of state

P T°C Z(observed) Z1 z2 Z3 Z4
7903 100 70936 7.0433 7.0408 7.6046 7.0499
6030 100 6.2664 6.0884 6.2094 6.6133 6.1836
7093 200 5.8397 5.8536 6.0334 6.2073 5.7196
6080 200 52002 5.1265 53237 54257 5.0988
7093 300 5.0218 5.0921 52747 5.3024 49828
6080 300 4.5034 4.4957 4.6664 4.6580 4.4265

Z1 Virial Eq. (31) from this study
Z2 Non-virial Eq. (37) from this study

Z3 Holloway’s (1977) equation as quoted in Bottinga and Richet (1981)
Z4 Bottinga and Richet’s (1981) Eq. (4) and (5) The original source of data as in Bottinga and Richet

(1981)

T T ™

!
)
llr O Mei'nik 1378

VimVmol)
t 4

7 £} ) )
TIX)

Fig. 2. Comparison of P — V"— T data on moiar volume of mecthane.

Solid lines data from this study: sguares data from Mcl'nik (1978);

the expenmental data and the caleulated Jata of Jacobs and Ker-

rick 11981 lic within the arca of the square excepr the larter data

are about 3°% high at 10 kbar

(o] Qo
nr O Mel'nik 1378 o

V(cm¥bnot)

S

[ [T 1008 1208
T(X)

Fiz 3. Comparnson of P~1"=T data on molar volume of CO.

The caleulated data of this studyv (solid lines) lie below the data

calculated by Melaik (1978) See text for discussion

L - il  J ; M | S— 1.
T(K)

Fig. & Comparison of P—V~—T data on molar volume of H.O.

The calculated data of this study (solid lines) is about 2% higher

than the data of Burnham et al. (1969) and Halbach and Chatterjee

(1982). The differences decrease with increasing pressure

1 bar to 8 kbar, the maximium temperature reached is only
300° C. Therefore it is more desirable to base extrapolation
with the corresponding states Eq. (21) than with Mel'nik's
(1978)

Figure 4 shows a comparison of the P—V—T data for
water. The squares include the data of Halbach and Chat-
terjee (1982) and of Burnham et al (1969). except at high
pressure (10 kbar) and temperature (800-1000° C). The use
of Eq. (22) for water leads to about 2% overestimation of
volume at 2 kbar compared to the data of Halbach and
Chatterjee (1982) but the difference decreases with increas-
ing pressure and practically vanishes above 5 kbar.

Computation of pure fluid fugacities

The non-virial equations because of their greater precision
in reproducing the P—V—T data may be chosen to com-
pute the pure fluid fugacity and the Gibbs free energy of
formation at a certain pressure and temperature (G(P, T)L
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For example, to calculate the G,(P. T) for CO;, we may
use the equations

»
G,(P,N=GX1.T)+ [ VdP (25)
1
where
1 4 1000
j'VdP=RT( | Z.yPdP+ j' Z.,,PdP) (26)
1 1000

The subscript in Z denotes the equation which is to be
used for calculating Z. For the gases with the eon'spondm
states equation, it is necessary to either use B and T o
change Eq.(21) from P, and T, to one in P and Tl'oreach

gas.

Conclusions

It is possible to use a corresponding states equation for
a number of non-polar gz-=s. The P~ V'~ T relation is com-
puted with precision for use in phase equilibrium calcula-
tions. The reproducibility of the P— V— T relation for most
gases is excellent above a pressure of 1 kbar and a tempera-
ture of 400 K. For water equations of state similar in form
to that of the corresponding states may be obtained. These
equations of state are considerably simplified with fewer
terms than most other equations and therefore may be use-
ful in modeling multicomponent mixtures.
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8516476) and City University (PSC-BHE #6-65191).
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Abstract—High-temperature and high-pressure shock-wave data on fluids (pure species) bave been combined
with low-temperature and low-pressure data to generate 3 “corresponding state™ equation in the virial format
in reduced pressure and temperature for many species. The equation is thea modified to obtain 2 similar
equation of state for H.O. The fugacities of the pure species in the C-H-O system can be calculated to 2
temperature of 3000 K and to a pressure of | megabar. However. dissociation of the pure species may
invalidate the data over certain pressure-temperature ranges.

INTRODUCTION

IT IS IMPORTANT to obtain data on high pressure and
temperature gas fugacities for the study of geochemical
processes in planetary crusts and mantles. Experimen-
tally determined volume data on compressed fluids is
generaily for temperatures lower than 1073.15 K. usu-
ally close to 298.15 K. with the static pressure usually
less than 10 kbar (see Fig. 1). Shock wave measure-
ments of fluid compressibility, however, extend to
higher pressure and temperatures. Shock wave data
reported by RICE and WALSH (1957) on water and by
Nellis and coworkers (MITCHELL and NELLIS, 1982;
NELLISand MITCHELL, 1980) on many different gases
may be used to0 study the pressure-volume-temperature
relationships. The purpose of this paper is to synthesize
the available shock-wave data and generate empirical
equations of state that are also consistent with the low-
pressure data. The 2mphasis is on formulating equa-
tions that can be used to compute the Gibbs {ree energy
of formation of a {luid at a given pressure and tem-
perature for computation of equilibrivm phase dia-

grams.

REVIEW OF EQUATIONS OF STATE

Many artempts have been made 10 model the equation of
state for fluids. particulariy for water (JOZA, 1961; TODHEIDE,
1972; HOLLOWAY, 1977; KERRICK and JACOBS. 1981: HAL-
BACH and CHATTERJEE, 1982; HELGESON and KIRKHAM,
1974; DELANY and HELGESON, 1978) and for CO; (KXERRICK
and JAcoss. 1981; BOTTINGA and RICHET, 1981). Following
HOLLOWAY (1977), KERRICK and JACOBS (1981), HALBACH
and CHATTERJEE (1982) and BOTTINGA and RICHET (1981)
used modifications to the Redlich-Kwong equation to compute
the P-V-T gas properties. These formulations unformunately
cannot be used to fit the shock wave data.

Van der Waals’ equation of state uses the terms RT/(V ~ b)
and a/¥?* as representing the repulsive and artractive inter-
molecular interactions respectively. A two parameter for-
mulation of the interactions was presented by REDUCH and
KWONG (1949) in the following equation of state:

P=RTHV=b)—al(V(V+bHT"] n

where g and 4 are constants that are different tor different
gases. HOLLOWAY (1977) used Eqn. (1) for H,O comsidenng
b as a constant and varying a as a function of temperature
only. KERRICK and JACOBS (1981) found it necessary 0 ex-

press g as a function of 7"and ¥ and to formuiate the repulsion
term using CARNAHAN and STARLING's (1972) bard-sphere
model. HALBACH and CHATTERJEE {1982) extended the pres-
sure range of the equation of state for water with the following
expressions for @ and &

aN=a+a;T+aT (a:<0) @)

HPY= (1 + b1 P+ byP? + byP)(ba + bsP + bP?)
(bs<0). (3)
bility of the equarion from the critical point to nearly 200

Kbar and ar temperamures up to 1273.15 K.
For CO., TOURET and BOTTINGA (1979) used

a=af(ayVy —(ayV)1+a: O]
b=[In (V/ay) +bi)/b. Q)

BOTTINGA and RICHET (1981) published CO- data t0 a pres-
sure of 50 Kbar and 1o a temperature of 2100 K.

and

CORRESPONDING STATE EQUATIONS
FOR SOME GASES

The shock wave measurements on iiquids form an
important data set for obtaining fluid fugacities at
pressures existing in the earth’s mantie and core. Nellis
and coworkers (see review, NELLIS, 1934) have made
such measurements on many fluids including Ar, N-,
Ds, He, Xe, CO. H;O and CH,. Ross and others (e.g..
Ross. 1979; Ross and REE, 1980; Ross er al., 1983)
have used these data to obtain Hugoniot relationships
which link the thermodynamic state (Py, En, Vu) at-
tained behind the shock front with the initial state (Po,
E,, Vo) (P = pressure, E = internal energy, ¥V = vol-
ume). The Rankine-Hugoniot reiation is

Ex=Ey+0.5(Py+ Po)(Vo—V). ©6)

In these studies, internal energy and pressure calcu-
lations have been performed by taking suitable deriv-
atives of the Helmhoitz free energy equation given by
(see. e.g.. ROss ez al.. 1983):

A=25NcT+ N{0.5h» +«T In (1 — exp(—Bh»)]}
+Ape+NeTIn p+const. (7)
where T = absolute temperature, p = the number den-
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Fi1G. 1. Compressibility data on various species. The box with horizontal lines represents the pressure-
temperature range of experimental data on water generated at static pressures by BURNHAM er al. (1969).
The box with vertical lines represents the.extended P-T range through the works of JOZa (1961) and TODHEIDE
(1972). Further extension of pressure range to 200 Kbar was achieved by HALBACH and CHATTERIEE (1981).
The various symbols represent shock-wave and Hugoniot data discussed by Rossand REg (1980), RICE and
WALSH (1957) and as reviewed in NELLIS (1984). For CO. (not shown) BOTTINGA and RICHET (1981) have
generated data to S0 Kbar and 2100 K. The solid curve represents a probable geothermal gradient in the

carth’s mantle (data from STACEY, 1977).

sity, and 8 = 1/xT. The first term is due to the kinetic
energies of translation and rotation; the second term.
with the bracket, represents the free energy of a vi-
brating molecule with frequency Av/x. The term Ape
is the intermolecular potential contribution evaluated
from fluid variational theory (ROSS, 1979).

dre = AFustn)+ GNP [ drdtrigustrm + de. ®

where 7 = I1d%p/6, AFus(n) is the reference excess free
energy, gus(r, n) is the hard-sphere radial distribution
function, and ¢(r) is a pair potential. According to ROss
(1979) ¢(r) is realisticaily given by:

) =ENa—6){6 explA] —r/r*)] —a(r*/N)®} (9)

where £ and r* are the characteristic energy and length
scales respectively and « is derived from the quantum
mechanical ab initio calculations.

Using the relationships reviewed above, Ross and
REE (1980) applied the “law of corresponding states™
to the high pressure behavior of fluids. They argued
that the following assumptions underlying a rigorous
statistical mechanical derivation of the corresponding
states theory are reasonable. These are a) the transia-
tional motion is classical, b) the molecules are spher-
ically symmetric and c) the vibrational and electronic
levels are constants. A fourth assumption, that the in-

termolecular potential is given by an expression of the
form given in Eqn. (8) with «. £/x and r* determined
from the corresponding states theory, was tested using
the shock wave data for Ar. Xe. N», O,, CO- and CH,.
Ross and REE (1980) found that the calculated Hu-
goniots of Xe, N2, O: and CO, were in surprisingly
good agreement with experiments up to several
hundreds of kilobars. The failure of CH, and CO 10
obey the theory at high pressure was due to their ther-
mal decomposition. The assumption c) is not true for
oxygen which has a number of low lying electronic
states. For oxygen, ROss and REE (1980) made the ap-
propriate correction for the electron thermal excitation
in computing the Hugoniot.

The success of ROsS and REE'S (1980) model
prompted us to consider the use of a single equation
for 2 number of gases. The method adopted here com-
biges aigh-pressure and high-temperature shock wave
data with the low-pressure (<10 Kbar) and low-tem-
perature (<1273.15 K) experimental P-V-T data. All
availabie dara could not be fitted with any of the em-
pirical equations reviewed above. Different types of
modifications of the Redlich-Kwong equation are re-
quired to fit P-V-T data on different gases. For exampile,
for water (HALBACH and CHATTERIEE, 1982) the pa-
rameters g and b are complicated functions of T and
P respectively, but for CO., (BOTTINGA and RICHET,
1981) 2 and b are independent of P or T. We, therefore,
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adopted a polynomial equation in reduced pressure
and reduced temperature that has the same form as
the virial equation of state:

PV/RT=A+BP+CP>*+DP3+- - - (10)

where 4, B, Cand D are coefficients that are dependent
on temperature only. While such polynomial constants,
obtained through regression analysis of the P-V-T data,
are useful in computation of fugacities, they may not
yield much insight into the nature of the repulsive and
attractive molecular interactions. In Egn. (10), V' is
expressed explicitly in P, which facilitates the com-
putation of the V4P integral.

The procedure adopted in determining the poly-
nomial is as follows. It was considered that each coef-
ficient in Eqn. (10) is 2 complex function of reduced
temperature (7, = 7/7.). Several terms, logarithmic
and exponential, are included as variables and the coef-
ficients determined from the multiple regression anal-
ysis of the Z (=PV/RT) — P, — T,data on Ar. Xe. N,
0., CO, CO,, CH, and H;. H;O and NH; are not
included because these gases are substantially different
in interatomic potentials (ROSS and REE. 1980). Hy-
drogen also should have been excluded for a similar
reason. However, it was found that its inclusion intro-
duced no significant errors in the calculation of fugac-
ities of other species and the hydrogen fugacity could
be calculated with an average error of 7.7% in the com-
pressibility factor. Since we wish to use the corre-
sponding states theory and use a single equation over
a wide range of pressure and temperature (not covered
by the P-V-T data on a single species), it is essential
that the same equation should be used for hvdrogen.
Percent errors in the Z data for other species are: CH.:
2.98. Na: 1.28. Ar: 4.7, 0,: 0.7 and CO.: 1.23.

The low-P and low-T" volume data used to obtain
the equation have been reviewed by RYZHENKO and
VoLKOV (1971), MEL'NIK (1972) and BOTTINGA and
RICHET (1981). The data on: CO; are the same as used
by BOTTINGA and RICHET (1981). In addition to these
data, data for CO to a pressure of 10 kbar (ROBERTSON
and BaBB, 1970) were also considered.

The equation in T; and P, for Z (=PV/RT) is:

Z(20.1790) = 4 + BP,+ CP?+ DP?
where

A=20614-2.2351T72-0.39411In T;
B=5.5125E—2T;"' + 3.9344E ~2T;2
=—~1.8935E~67;' - 1.1092E
—5T;2-2.1892E-5T;3
D=50527E-1177'—6.3033E-21T2. (11)

The standard deviation of Z is shown in brackets. Note
that Eqn. {(i1) does not result in the PV = R7T rela-
tionship at | bar and therefore is not strictly a virial
equation of state.

Table 1 compares observed Z values from the Hu-
goniots with caiculated values from Eqn. (11). Z values
in Table 1 may be transformed to V(P, T) by first
changing the coefficients using the appropriate critical
pressure and temperature and then using the relation
V = ZRT/P. Because the major goal of this study was
an estimation of P-V-T data at high pressure and tem-
perature, calculated values at low pressure (Le.. less
than 2 Kbar) may be uncertain. Data for hydrogen has
been included in Table 1 but as pointed out by Ross
and REE (1980), the potential for hvdrogen is much
softer than that of the other gases. Z values for hvdro-

Table l:Calcularion of fluid compressibility using equation (1ll).

TK P Kb Z(Obs.) Z(Calc.) TK P Kb Z(0bs.) Z(Calec.)
02(1c=154.8 Pc=50.8) HZ(TC=33.1 Pc=l3.0)

330 26 17.058 17.429 266 9.67 6.122 6.515
7649 59 15.159 15.3879 431 15.73 5.707 6.124
1823 133 12.286 12.376 722 25.63 5.124 5.569
4883 315 9.311 9.376 1222 41.66 4.511 4.945
14367 806 6.748 6.643 2014 66.88 3.996 4.365
25601 1341 5.670 5.696 3246 107.20 3.575 3.816
3462 114.54 3.526 3.744

CHA(Tc=19°'7 P==k6.4)

384 19 14.878 15.354
728 46 16.477 16.763
1912 159 17.006 17.747
3268 294 16.123 16.788
6528 600 14.040 14.192
3626 622 24.759 23.638
3906 844 25.162 26.195
4438 1196 32.317 32.106
HZ(TC-IZG.Z Pc-33.9)

783 39 11.982 11.778
1573 75 10.323 10.286
3293 147 8.593 8.642
7554 305 6.801 6.622

Ar(Tc=151.0 ?c=k8.6)

3746 18 11.577 11.409

860 41 10.322 9.937
2510 100 7.607 7.416
4570 161 6.356 6.1264
8610 266 5.202 4.869
11960 345 4.684 4.2564
16730 450 3.891 3.659

COz(Tc=306.Z Pc=73.9)

513 98 45.950 45.967
1167 184 34.136 33.877
2594 249 25.892 25.750
6071 686 19.029 18.643

Nota: All data from Ross and Ree (1980) and as reviewed in Ross et al.
(1983). For a discussion of the data on hydrogen, which has a softer
potential than that of the other gases, see text.
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gen, therefore, are not as well reproduced as are Z val-
ues for other gases. Note, however, that the 7.7% error
for bydrogea is well within accoptable limits geaerally
considered in the formulation of an equation of state
from experimental P-V-T data.

Fugacity coefficients may be calculated from the re-

lation
P
RTln-y=J; VdP-RTIn P+RTInf(P,,T). (12)

To calculate fugacity coefficients of CO,, we set P,
= 5 Kbar. An equation for CO- fugacity at 5 Kbar that
is compatible with the data of BOTTINGA and RICHET

(1981) is:
RT In f(5Kb, T) = 1000(—40.468 +0.06702T
+83481InT). (13)

Fugacity coefficients Som equations of KERRICK
Jacoss (1981) for CO, match those calculated from
Eagns. (11) and (13) nearly perfectly to 20 Kbar.

EQUATION OF STATE FOR H;0

It is possible to fit the P-V-T data on water with an
equation of the same form as Eqn. (11). Such a pro-
cedure, however, led to larger errors in the results than

the procedure described below. We considered the
corresponding states Eqn. (11) as the reference equation
of state. Deviations fom such an eguation may e
considered to arise due to the non-spherical character
of the water molecule. Therefore, the corresponding
states equation was also used to fit P-V-T relations for
H;O. The experimental P-V-T data on water are the
same as used by HALBACH and CHATTERIEE (1982)
(ScHMIDT, 1979; TANISHITA er al., 1976; HILBERT,
1979; BURNHAM et al., 1969) and the recent data of
KHODAKOVSKY et al. (1982). The experimental data
were used to calculate AZ (Z observed — Z calculated
with Eqn. 11), and these values were regressed following
the same procedure as discussed in the previous section.
The terms in equation for AZ were then added to the
terms in Eqn. (11) to obtain the following eqguation for
water (with a low pressure limit of 2 Kbar):

Z(+0.2214) = A + BP,+ CP*+ DP?
where

A=1.4937—1.8626T7%+0.800037;>~0.3941 In T;
B=42410E—-27T;'+24097E
—2T;*—8.9634E—-3T;°
C=—9016E—7T;'~6.1345SE—5T;?
+2.2380E—ST;3+52335E-7 T,

L!r T T g r

L6F

t

Experimental 74,0 -
S, S

'S
-

2F <
'] N ' 2 3 2 i L 'S
] 2 4 K] 4 18 12 18 1s i3
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FI1G. 2. Comparison of the calculated fugacity of water with that of BURNHAM et al. (1969) in the pressure
range of 5 to 10 Kbar and the temperature range 293.15 to 1073.15 K. The data are plotted at 5 (solid
an:!e).6(openarde).?(sohdmgle).S(openmﬂe)J(sohdsqm)and 10 (open square) Kbar between

473.15 and 1073.15 K at intervais of 200
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FI1G. 3. Comparison of observed and computed data on the Gibbs free energy of formation of water.
AG? as computed in this study falls on the curve (solid line). The error bars (representing two standard
deviations) denote the statistical errors in Z as determined in this study. The solid circles represent the data
of HALBACH and CHATTERIJEE (1982). At 5 and 10 Kbar, the errors are negligible and match between the

data sets is exceilent.

D=-~16707E-9T7' +4.1108E— 877
~ 1.4798E—~8T7*—6.3033E-21T%. (14)
AGYP. T) for water may be calculated from:
AGAP, T)=AGX1.T)+RTInf as
where AGX(1, T) is from ROBIE ez al. (1978) and

P
RTlnf=J;KthP+RTlnf(5 Kb.T). (16)

An expression for water fugacity at 5 Kbar that repro-
duces both the data of BURNHAM ez al. (1969) and
HALBACH and CHATTERJEE (1582} is:

RTInf(5Kb. 1)

=1000(—130.517 +0.06497T
+194831In . (17)

DISCUSSION
General

Figure 2 compares caiculated and experimentally
determined fugacity coefficients for water between §
to 10 Kbar. The experimental data are from BURNHAM
et al. (1969).

Figure 3 shows that AGXP, T) calculated from Eqns.
(14) to (17) match very well values calculated by HAL-
BACH and CHATTERJIEE (1982) to a pressure of about

50 Kbar. The errors shown are caiculated from the
standard error in Z with each bar representing two
standard deviations.

Figure 4 compares the high pressure volume data
from shock-wave measurements with volumes caicu-
lated using Eqns. (11) and (14). The agreement is ex-
cellent in most cases.

As shown in Table 1 and Figs. 2 to 4, the polynomial
expressions (11) and (14) reproduce most experimentat
data well. The low-pressure limit for H,O is 5 Kbar
and 5 Kbar for CO,. Extrapolation of the data to high
pressure requires some discussion. The range of pres-
sure and temperature covered by experimental data
along a possible geothermal gradient, is close to 1 Mbar
and 3000 K (Fig. 1). Because experimental dara extend
to 15000 K, extrapolation to temperatures higher than
3000 K is probably not 2 problem. Extrapolation to
pressures higher than 1 Mbar, however, may not be
refiable. There is, however, 2 question of the stability
of the fluid species H;O as discussed beiow.

As described by NELLIS ¢ al. (1984), the fluid com-
pressibility is measured using shock-waves generated
by the impact of planar projectiles onto planar target
specimens. Gas guns are used to produce impact ve-
locities of 2 and 8 Km per second. The shocked matter
is generally in thermal equilibrium owing to the high
densities and temperatures. Unfortunately, the tech-
nique does not permit the unambiguous recognition
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F1G. 4. Comparison of the calculated volume with the shock-wave data for CO; and H;O. The range of
pressure and temperature covered are: CO;: P = 98 to 686 Kbar, T = 513 t0 6071 K; H;O: P = 1010 410

Kbar, T = 327 to 3400 K.

of chemical reactions caused by instability of the phase.
By studving the fit of the calculated Hugoniots of Xe,
N., O., CO., CH, and CO, Ross and REE (1980) con-
cluded that N,, CH, and CO may thermally decompose
above pressures of 300, 230 and 150 Kbar respectively.
HAMMAN (1981) plotted the shock-velocity vs. density
of water from many different sources to pressures of
1200 Kbar and found a distinct break in the slope
around 170 Kbar. HAMMAN (1981) finds that between
shock densities of 1.6 and 1.9 g cm™ and at a tem-
perature of 1000°C or more, water transforms from a
virtually unionized state into one in which it is fully
dissociated into hydrogen and hydroxyl ions, B A
this conflicts with the data of MITCHELL and NELLIS
(1982) who found no evidence of dissociation.

‘The shock-data for water used in this study are from
RICE and WALSH (1957) and MITCHELL and NELUIS
(1982). The data of RICE and WALSH (1957) are based
on the assumption that the derivative (6H/3V), which
is equal to C,/(3V/aT), is independent of temperature
and that C,, is independent of pressure above 25 Kbar.
HAMMAN (1981) argued that these assumptions may
have resuited in overestimation of shock temperatures
that is indicated by the mismatching of the data with
" those of JOZA (1966), COWPERTHWAITE and SHAW
(1970) and BAKANOVA ez al. (1975). From a compar-
ison of the resuits of the latter two with those of RICE

and WALSH (1957), we corrected the temperatures in
the data of RICE and WALSH (1957) before using them
to determine Eqn. (14).

Discussion of CO,

As emphasized earlier, the resuits of this study are
not meant to replace the equations of state proposed
by BOTTINGA and RICHET (1981), KERRICK and Ja-
CcoBs(1981) and those proposed for water by KERRICK
and JACOBS (1981), DELANY and HELGESON (1978)
and HALBACH and CHATTERJEE (1982). BOTTINGA and
RicuET’s (1981) equation for CO;, apnlies to the pres-
sure range 1 bar to nearly 50 Kbar. The present work
is aimed at computing fugacities in the pressure range
of 5 Kbar to several hundred Kbar and this is achieved
with one corresponding states equation for many dif-
ferent fluid species. Because our resuits are based on
the shock-wave data on fluids not used by Bottinga
and Richet, it is likely that the fugacity calcelated by
the two sets of equations in the overlapping pressurz
range (5 to 50 Kbar) may differ 10 some extent. As
shown by Ross and REE (1980), the very high pressure
data on CO, is rather simply modeled with an expo-
nentiai-6 potential function. To investigate the differ-
ences between predictions of the two equations of state,
we have employed the following reactions from which
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fugacity of CO; may be calculated from the experni-
mental phase equilibrium data as discussed by Ha-
SELTON et al. (1977) and BOTTINGA and RICHET
(1981):

MgCO, = Mg0O+CO, @

MgCO; +SiO; = MgSiO; +CO; ®)
MgCO; + MgSiOs = Mg;SiO4 +CO; ©
CaCO; + Si02 = CaSiO; + CO, (@
MgCO; + TiO; = MgTiO; + CO;. ©

The thermochemical data used in calculating RT In /
for CO; are listed in Tabie 2. GORDON and GREEN-
woOD (1970) found that the thermochemical data on
magnesite, periclase and CO, (similar to those in ROBIE
et al., i1978) are compatible with FARKER and TuT-
TLE's (1955) experimental phase equilibrium data on
reaction (a) at 1 bar in the temperature range of 800
t0 1200 K. Using the 1 bar phase equilibrium data, we
have caiculated A H%s and AS%s for magnesite which

Table 2. Thermodynamic data

135
are —1 135580 (£4G00) J/mot and 76.77 (=4.5) J/moi/
K, respectively. Caiculated RT In ffor CO; using data
in Table 2 are listed in columns 4 and S of Table 3.
Note that usins AGP of magnesite Som Rosm e 2l
(1978) or from the new data set is not critical to eval-
uation of the equations of state of CO,.

The difference between the ‘experimental’ RTIn f
of CO: and the caiculated values are listed in the last
two columns in Table 3. Even the largest of these errors
should be considered as within the combined errors
due to a) errors in thermochemical data for the solids,
b) experimental errors (see HASELTON et al, 1978) and
c) the statistical errors from the equation of state (Eqn.
11). Tabie 3 shows that for the reactions (3), (b) and
(c), the errors in AG? for CO; calculated in this study
vary systematically with P and T (except at § Kbar).
However, these errors are rather small as may be shown
by calculating the error in equilibrium P which, for
example for reaction (a) at 1800 K and 22 Kbar, is less
than 1§ Khar, Similarly, the largest of errors resulting
from the use of Bottinga and Richet’s data, eg. for
reaction (b) at 1800 K and 43.3 Kbar. is about 4 Kbar.

Phases V° sy oy ay Ko Ko'
al/mol  10° 108 M
casi0, 40.08 0.1391  2.5440 0.1282 1.00  4.00
Mgo”™ , 1125 0.3681  0.5283 -0.7445 1.60  4.56
Mg_Si0," 21.84 0.3052  0.8504 -0.5060 1.29 4.8
Mgsi0,"  31.27 0.1391  2.5440 0.1282 1.00 .00
£33
Ti0, 18.82 0.2072  0.9750 -0.0931 2.15  6.91
wgco,™  28.02 0.0000  5.6580 0.0000 1.10  4.00
CJC03** 36.93 0.0000 5.5440 0.0000 0.72 4.00
MgTi0, 30.86 0.1391  2.5440 0.1282 1.00  4.00

$i0,(Qz)"  22.6% 0.3100  2.6780
$i0,(Coe)” 20.64 0.0563  0.8315

0.0000 0.37 6.40
-0.0605 0.96 8.40

Phases 8,95 85%94 €, =3 BT et 2+ ar? « £17Y2 (J/molk)
Ki/mel J/molX a b(26™3)  <c(10%) 4(107%) £(20%)
co, - 393.51 213.79 87.82 - 2.6466  7.066 O - 9.989
Casi0, -1628.65 87.45 107.10 17.480 -22.965 O o
Mg0 - 601.49 26.96  65.21 - 1.270 - 4.619 0 - 3.872
Mg 50,  -1087.18 47.06 113.99  1.707 - 4.470 0 - 8.723
Mgsi0, . -1546.29 66.27 188.76 - 5.332  0.006 © -18.129
Ti0, - 944.75 50.29  63.08 11.307 - 9.862 O - 5.616
MgCO, -1105.58 70.77  81.12 $52.25¢ -18.320 0O 0
caco, -1207.37 91.71  99.72 26.920 -21.576 O 0
MgTi0, -1572.77 74.56  61.646 37.673 -43.444 - 3.588 11.759
$10,(Qz) - 910.70 41.46  44.60 37.756 -10.018 0 0

510,(Coe)” - 907.77 38.73 233.06

-77.765 26.036 19.24 -33.753

NOTE: o(T) = gy * &yT = oI >

V 2V, expl§,qga(T)TI(L + K "B/K 1 1/%s

* See Fei and Saxena (1936).

** Data from Carmichael (1982). -

*** Zntropy and heat capacity from Haselton (1979) and enthalpy from
Brousse et al. (1984). All other data from Robie er al. (1978).
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Table 3. Comparisca of RTInf(P,T

and Y. Fei
136

for COZ derived {rom experimental

equilibrium data with thar calculated from equations of state.

TK P ¥bar R‘.l'ln!(? r) J/nol

Exp. Thiz Wezk B2 1 0
Reaction: ch03 = MgO « coz
1298 5.0 108650 106474 106500 2176 2150
1278 7.0 109170 114298 114400 -5128 -5230
1373 10.0 128423 133478 135400 -5055 -6977
1600 16.3 172143 173049 178400 - 906 -6257
1700 19.2 191286 190222 197600 1064 -6314
1800 22.0 210049 206829 216300 3220 -6251
Reaction: MgCo4 « MgsSio; = Mg,Si0, -+ Co,
1200 16.1 137162 139804 142900 -2642 -5738
1300 20.6 159247 161349 166600 -2100 -7353
1400 25.2 181343 182614 190300 -1271 -8957
1500 29.8 203310 203461 213600 - 151 -102%0
1600 34.3 225008 223731 236600 1277  -11590
1700 38.8 246618 243760 259400 2858 -12782
1800 43.3 268160 263550 282200 4570  -14040
Reaction: l‘!s(:o3 - SiC)z = MsSiO3 - COZ
1400 35.5 216973 209689 220500 7284 -3527
1500 43.8 246577 238936 253500 7641 -6923
Reaction: MgCO,y -« 'riOz = MgSi0y - Cl')2
1200 12.4 132065 133807 130400 -1742 1665
1300 16.7 154523 156799 153800 -227% 723
1400 21.0 176839 179723 177000 -2884 - 161
1500 25.3 199016 202616 199800 -3600 - 784
1600 29.6 221057 225478 222300 -4421 -1243
1700 33.8 242940 248150 244700 -5210 -1760
Reaction: c:coa . S:’.O2 = Ca.S:‘.O3 . coz
1200 7.6 111878 110841 110800 1037 1078
1300 10.6 132907 129931 131300 2976 1607
1400 13.6 153876 148171 151100 5705 2776
1500 16.6 174801 165887 170600 8914 4201
1600 19.5 195496 182940 189900 12556 5596
1700 22.4 216383 199746 209100 16637 7283
B & R = Bottinga and Richet (1981). DL and D2 are the differences in

RTInf(P,T) between the experimental and this work and between the
experimental and the data of Bottinga and Richet. respectively.

For reactions (d) and (e), the calculated RT In fdata
for CO, show negative and positive deviations. re-
spectively, Since the pressure and temperature ranges
of the two reactions overlap, the errors are probably
largely due to errors in the thermochemical data of
phases other than CO-.

On the basis of the available data, our equations
estimate AG? of CO; in the pressure range of 5 to 50
Kbar with an accuracy comparable to those of BOT-
TINGA and RICHET (1981).
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Abstract—Since hydrogen has a substantially different interatomic potential from that of the other gases in the C-H-
O system, 2 corresponding states equation is not appropriate for representing its pressure-volumestemnperature behavior,
An independent polynomial in pressure and temperature for hydrogen is proposed. which is useful over a wide pressure

and temperature range.

INTRODUCTION

THE DATA ON fugacity of hydrogen in a fluid mixture are
imporant to geochermists in considering natural oxidation
reactions and menitoring conditions in phase equilibrium
experiments. The experimental data on the pressure-volume-
temperature (P-V-T) relationship for hydrogen at high pres-
sure and temperature are rather limited. This short paper is
an attempt to use the available data on hydrogen to a2 max-
imum advantage bv combining the low P-V-T data with those
obtained from shock wave measurements. The note also im-
proves the equations for hydrogen as proposed by us on the
basis of corresponding states theory (SAXENA and FEL
1987a.b).

There are several important data and equations of state
for solid hydrogen at low temperatures and very high pressures
(e.g. SEIMIZU ¢t al.. 1981, and VAN STRAATEN er al.. 1982).
These data are not considered here: while the data cover a
useful range of P-T for the outer pianets («.g. Jupiter), the
region is inaccessible geologically. Their inclusion will require
a more complex form of the equation than. we propose to
use for the high P-T dawa.

Recently SAXENA and Fg1(1987a.b) proposed an equation
of state using reduced pressure and temperature as variables
for a number of gases (H,, O, CO. CH,. N, and CO,). Ross
and REE (1980) in modeling the interatomic potentials of
these gases from shock wave experiments demonstrated in
accordance with theory that the interatomic potential of H;
was different from that of the remaining gases. The similarity
of the potential permits the use of corresponding states theory
for modeling O,, CO. CH,. N and CO>. SAXENA and FEl
(1987a.b) included hydrogen in the model because of the
importance of this species and because of the limited P-V-T
data on hydrogen. It was coasidered that the P-V-T behavior
of hydrogen, albeit with some larger errors. couid be modeled
with support from the data on other fluids. At present there
are two such equations available for hydrogen, the first based
on data on the fluids at low pressures (<10 kbar, SAXENA
and FeL 19872) and the second based on all of those data
and the shock wave data (SAXENA and FEl. 1987b). We re-
cently noted that the first equation is useful only to a pressure
of about 4 kbar and the second only above 6 kbar. However.
in view of the difference in interatomic potentiai of hydrogen
from that of the other specics. it may be preferabie to separate
hydrogen from the rest. Unfortunately the experimental P-

V-T data on hydrogen are few and an independent equation
of staze for hivdrogen must be used with caution.

METHOD OF CALCULATION

The data on hydrogen (all data as used by RYZHENKO and VOLXOV,
1971, SHAW and WONES. 1964, and the experimental data of PRES-
NALL. 1969. and the shock wave data as discussed by Ross and REE,
1980. and ROSS et al.. 1983) were processed with noalinear program-
ming technique as used by JAMES and R0OOS (1975). The following
equation refating the compressibility parameter ZAPV/RT) with P
and T was adopted (see discussion in SAXENA and FEL, 1987b)

Z=a+bP,+cPl+dP}
where the coetficients are given by
a=gy+a T + a7 +ain T,

and similarly for the other coefficients b, cand d. P, and T, represent,
respectively. reduced pressure (P/P,, P, = 13) and reduced temper-
ature (T/T,, T, = 33.1). Although the reduced variables are not nec-
essary. wchnve retained them for computational convenience to
march with the other equations presented previously (SAXENA and
FeL 1987a.b).

RESULTS AND DISCUSSION

The coefficients in the P-V-T equation for hydrogen 2s
determined through the minimization technique are:

"

2,calcuiated
»

1

1 2 3 4 S 3 7
Z.oxperimental
FIG. 1. A plot of the compressibility factor Z as calculated fro=
the proposed equation vs. the experimentaily determined Z

119s
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P-T range of the data as shown in the figure. The equation
on P-V-T for hydrogen may be used with the other equations
on H;0. CO,, CH,. CO and O, discussed in SAXENA and
Fe1 (1987a,b) for calculating fugacities of species in the
C-H-O system.
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Abstract—Interaction energy parameters ( #,) for polar-polar and polar-nonpolar mixtures of gases (Hz, Oz, CO:
H;0. CO and CH,) have been calculated using the Kihara and Stockmayer potentials, respectively. Usmgthcmmng

rules of averaging for dimensional properties and of geometric mean for potential

parameters, W), data are calculated

for binary mixtures. The interaction parameters are used with the van Laar solution model and are found to reproduce
the experimental binary mixing data well. The mixing model has been tested against experimental phase equilibrium
data on solid-fluid reactions. Examples of some applications ia the systems Mg-Si<O-H, Fe-O and C-H-O are presented.

INTRODUCTION

MULTICOMPONENT FLUIDS in the system C-H-O are impor-
tant constituents of the Earth’s crust and possibly of the upper
mantle. KERRICK and JACOBS (1981) used a hard sphere
modified Redlich-Kwong equation (HSMRK) for modeling
the pressure-volume-temperature relations for the pure spe-
cies CO: and H;O and used empirical rules for combining
the HSMRK coefficients to caiculate fluid fugacities of species
in mixtures, KERRICK and JACOBS (1981) model successfully
reproduce most of the experimental P-¥-T data on mixtures
of H,0-CO, (e.g. CHOU and WILLIAMS, 1979; EGGLER and
BURNHAM, 1978; EGGLER and KADIK, 1979; FRANCK and
TODHEIDE, 1959: GEHRIG ¢t al.. 1979: GREENWOOD, 1973;
Jacoss and KERRICK, 1981: ZIEGENBEIN and JOHANNES.
1974; SHMULOVICH et 2l.. 1982).

HALBACH and CHATTERJEE (1982) considered some ad-
ditional data for water and proposed a different modification
of the Redlich-Kwong mode!l. Their equation is applicabie
over a range of pressure and temperature which is broader
than the range covered by the Kerrick-Jacobs equation. For
COa., the Redlich-Kwong model was similarly modified by
BOTTINGA and RICHET (1981). In order to use the mixing
rules as proposed by KERRICK and JACOBS (1981), the func-
tional dependence of the coetlicients of the Redlich-Kwong
equation of state for all species must be the same. In this
regard, the Halbach-Charterjee and Bottinga-Richet equations
are not compatible. A further complication is added if the
P-V-T relation of one or more of the pure species (e.g. CO,
CH,. H; and O,) has been modeied using a non-Redlich-
Kwong formulation. Virial equations of state have been used
commonly in chemical literature. Recently, Ross and others
(e.g. ROSS, 1979; ROSS and REE, 1980) have used corre-
sponding states formulation for several gases. For compu-
tational convenience, SAXENA and FEer (1987) found it de-
sirable 10 use equations of state which are explicit in pressure
and not in volume.

Although KERRICK and JACOBS® (1981) mixing model is
quite successtul in reproducing the existing experimental data,
the mixing rules are empirical and it is necessary to use the
coefficients for the pure species. This study is based on an
entirely different approach 10 modeling the mixing properties.
In this approach. it is not required t0 use the same coefficients
as have been used in modeling the P-V-T relations of the
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pure species. Success of such an approach couid permit one
1o seiect and combine the best avaiiabic cquations for the
pure species including those discussed by HELGESON (1981)
for water.

MIXING MODEL
Selection of pure potentials

GUGGENHEIM (1952) defined the regular solution energy parameter
W3 as the energy of the mixing reaction.of a 1-1 pair with.a 2-2 pair

ass
Wiz = 3z = %(Tyy + )] (n

where T, 'z and I';; are comparable to the intermolecuiar potentials
respectively fora 1-1. 2-2 and 1-2 pairs. = is the coordination number
(PRAUSNITZ & al.. 1986, p. 295). For a simple nonpolar molecule,
GUGGENHEIM (1952) suggested that [, may be calcuiated from:

Ty = d¢e{(a/r)2 = (a/r)] (4

where ¢ is the distance at which the repulsive and attractive terms
in the energy just cancel each other. ¢ is characteristic energy and »
is length scale which may be refated 1o characteristic volume (V') by
(4/3)r° = VIN,, where V, is Avogadro’s number. GUGGENHEIM
(1952} has given exampies of calcuiation of the second virial coefficient
from Eqn. (2) and an excellent fit is obtained by Lennard-Jones and
by Keesom potentials (quoted in GUGGENHEIM, 1952, pp. 161-163,
Fig. 8.3) for several nonpolar gases. )

In Eqn. (2) we have used the Lennard-Jones® (LJ) potential, which
is one of the most used two-parameter potentials for smail nonpolar
molecules. The LJ potential model permits interpenetration of two
molecules completely, provided that they have enough energy. The
molecules consist of point centers surrounded by “soft™ elecron
clouds. Kihara (sce PRAUSNITZ ef al, 1986) proposed a modet in
which the point center is replaced by impenetrable (hard) core. Ac-
cording to such a model:

T = defilo — 2a)iir — 200" - {{c — 2a)/(r — 20"}
for r>2a (3)

where g (=a®s/(2 + 2a*)) cstheradmsof:hcspheru:ﬂ molecular
core. Since it is 2 three-parameter function, Kihara's potential is quite
successful in fitting thermodynamic data for a large number of non-
polar flusds. PRAUSNITZ ef al. (1986) have discussed specific cases in
which the LJ potential succeeded only pardy while the Kihara po-
tential succeeded totally.

For polar molecules. such as water, the potential energy isa function
not only of intermolecular separation but also of relative orientation.
For such potentials, Stockmayer potential model (see PRAUSNITZ o1
al., 1986) has been rather successful. This potential is:

T = 4e(o/r)? = (o/)*] = w¥Ir*3dBr, B, B)- 43)
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The collision diameter ¢ is the intermoiecular distance where the
potential energy due to forces other than dipole-dipole forces becomes
equal to zero. The last term in Eqn. (4) is characteristic of a dipole-
dipole interaction with u as the dipole moment and §, a known func-
tion of the angles 8, 8; and 8y which determine the relative orientation
of the two dipoies. As discussed by PRAUSNITZ er al. (1986), with
rising temperatures, the crientations become random and at moder-
ate to high temperatures, the last term in Eqn. (4) becomes
—~3ud i} {(r*kT) where k is Bolzmann's constant and T is absolute
temperature. According 10 TIEN and LIENHARD (1971, p. 264), Kee-
som’s mode! of a rigid spherical molecule containing a dipole is

S, 6y, 82, &3 = &) = =/ N6, By, B3 — &) [&)]

where 8 and ¢ refer to the four angles defining the relative orientations
of the two dipoles (see PRAUSNITZ e1 al., 1986, p. 51 for an illustration)
and & is a factor is given by

b = 208 8, cos & — sin 0, sin 6; cos (B3 = &y). ©6)

Stockmayer (in TIEN and LIENHARD. 1971) improved upon it by
combining it with the relatively short range Lennard-Jones potentials
25 follows:

T = def(o/r)? = ta/ry] — u¥or. (%))

The second term was found by averaging u5/r°. Note, however. that
PRAUSNITZ e1 al. {1986) have preferred 10 combine with the T term
in its explicit form.

In this work the oniy polar species are water and CO. The laner
has a very small divole moment and it has been ignored. For water.
there is no significant difference 1f we use either Eqn. (4) or Eqn. (7)
tocalculate T In addition to dipole moments. certain molecules may
show multipoles. CO, which has 20 dipole moment does have a

quairuoole ‘moment. Such effects have not been taken
into account in this studv.

PRAUSNITZ (pers. commun.. 1987) pointed out two other
possible problems in using the model being proposed here. The
Stockmayer potenual is not valid at small r because the dipole-dipole
term corresponds 10 an rthat is large relative to the charge separation
of the dipole. For mixing of Hi0-CO:, this is not a problem at low
pressures but if the data are to be used at very high pressures. cor-
responding to the Earth’s mantle. we do not know how the potential
will be atfected. A second problem concerns the mixing of unequal
size moiccules. GUGGENHEIM's (1952) interchange energy parameter
ts strictly valid to mixtures with components of the same size. If the
unlike molecules ditfer significanus n size or shape. the molecular
arrangement in the mixture may te significantiy ditferent trom that
for the pure liquids. This would give rise :0 2 nonideal entropy of
mixing. in the simple model being used here. the excess entropy of
mixing contribunon cannot be inciuded. We shall wake note of this
weakness in the mode! when comparing the observed and calculated
solution properties.

Mixing nules

The mixing rules used. in this study. have little theoretical basis
but have proven very useful for many binary mixtures as discussed
in several books (e.g. GUGGENHEIM. 1952: TIEN and LIENHARD,
19712 PRAUSNITZ ¢t of.. 1986). The mixing rules are:

r2 2 Yry - rn) @®
vz = Yalay + ax) )
a2 = (e} (iG)

where the subscript 11. 22 and 12 denote. respectively. the 1-1, 2-2
and 1-2 pasrs, The rules are most appropnate (or mixtures with species

of equal size. Simufarty, the d »nless dipole «® can be
expressed as a geometne mean:
PP AL ()

which when substituted in Egns. (3) or (3) vield the potential for
zon-potar paurs and thereatier by substituttag tn (1), the solution
interaction parameter i4,,.

S. K. Saxena and Y. Feit

For a pair of polar (1)-nonpolar (2) molecules, as discussed by
TIEN and LIENHARD (1971), we have:

o = Yoy + o)f* and ¢z = (1) (12)
where
&= 1 + Yatulilen/en)'” a3
and where, in turn:
&% = puflenal)' (14)

and a% is the polarizability (a) of the nonpolar molecule divided
by

Solution model

Once the basic interaction energy parameter W, is calculated, a
solution models available, .g. quasi-chemical. Wilson. NRTL. UNI-
of a solution, such as acrivity of a component. We have many binary
solution models available, e.g. quasi-chemical. Wilson. NRTL. UNI-
QUAC (see ACREE. 1984; PRAUSNITZ er al.. 1986). After extensive
exploration of the various modets, we found that a simple modification
of the van Laar equation, vields a good reproduction of the experi-
mentai mixing dara on HxO and CO;. According 0 the van Laar
equation, which is simplified Wohl’s equation in which three and
higher body interactions have been negiected. the excess free energy
of mixing G™ is given bv:

G® = RTM2a X\ X2ohq/ (X1 + X2q2) (15)

where 2a; is equal 10 W;; and ¢, and ¢, are effective volumes, or
cross sections of the molecules: g, is 2 measure of the “sphere of
influence™ of molecule / in the solution and .X; is the mole fraction
of the molecule i In calculating ¥, (Eqn. 1), we use the empiricaily
-established value of 10 for the coordination number (PRAUSNITZ &t
al., 1986, p. 294), First ‘principle calculation of ¢ is not available.
Ermpirically, it has been established (see PRAUSNITZ er of.. 1986) that
for nonpolar molecules of similar shape, the ratio of the g’s is the
same as the ratio of the pure-component fluid molar voiumes. Al-
though water is polar. we assumed that the ¥}, as estimated for a
polar-noapolar pair will take care of this effect. For the activity-coef-
ficients (v). we have:

In i = @Wiil + @ X /@ X (16)
and .
In 72 = @M1 = g X/ X\ ). ()]
In the model of this study we have adopted:
aiq: = /b us)
and
gl (414

where V; and % are, respectively. molar volumes of molecules |
and 2.

The mode! involves one empirical parameter (q; + g2) (not counting
the mixing rules and qi/qz, which have been widely used in chemical
applications) and is very convenient for computation of component
activities in both binary and multicomponent solution. The activity
cocfficient in a ternary solution (with components 1, 2 and 3) isgiven
by:

in'n
x,,a.,(:’z) + X34, "") XX,

(\'. + \',"'—-‘+x, An¥®
412 A,

A
o)

d=qh Ay =2y

Ay = @by Ay =l

Ay = @iy dn = @by, 20)

For v;, we may use Eqa. (20) by changing the subscripts | with 2,
2 with 3 and 3 with {. Similacly. for v; exchange { with 3, 2 with |
and 3 with 2. A multicomponent model may be generated similarly
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Table 1. Paramatars for tha interaction energy calculation

» e * o3
a o(A) ¢/k(K) » (Debye) a(A”) References

1. H,0 - 2.650 380.00
2. co, 0.615 3.760 426.16
3. &q, 0.283 3.565 227.13
4. - 3.760 100.20
S. 0.308 3.109 194.30
6. - 2.960 36.70

8 8

1.85 - Tien & Lienhard (1971)

2.65 Prausnitz et al.(1986)
2.60 Prausnirz et 21.(1986)

0.10 1.95 Tien & Lienhard (1971)

1.60 Prausanitz et 21.(1986)
0.79 Tien & Lienhard (1971)

or we may prefer to use the compurationally convenient muiticom-
ponent Kohler formuiation:

(RTI0 Y)a2. ..o = Z (X, + X X1 = f; = [UAGT)®
4
= S+ X - AXAGEY"
*
+ Z(f+/XRTIny); (i*j% k) (21)
7

where /; and f; are weighted mole fractions using weighting factors
based on the excess properties of the binary systems, X; and X; are
the mole fractions in the multicomponent system and the binary
functions are denoted by an asterisk.

RESULTS AND DISCUSSION
Fugacities

The data on the energy parameters used in calculating W,
are listed in Table | and some of the computed values of W,
for H,0-CO; are shown in Fig. 1. The volumes of the pure
compounds were determined from the P-V-T relationships
discussed previously (SAXENA and FEL, 1987):

It is possible to use the Redlich-Kwong equations of KER-
RICK and JACOBS (1981) or of HALBACH and CHATTERJEE
(1982) and BOTTINGA and RICHET (1981) instead of the
equations proposed by SAXENA and FEt (1987). Since the
volumes are functions of pressure and temperature, the W,

] \

300 L 1 (] [l [ 1
E1c] a73 773 373 73 1073 173 12373

T. K

Wy, 4/mo)

L]

FIG. 1. The temperature dependence of the binary interaction pa-
rameter Wy for CO,-H,. This parameter is used with the van Laar
equation to caiculate mixing propestics of the binary fluids, See text
for explanation.

are also functions of pressure and temperature. The W}s for
non-polar-non-polar mixing are negligible.

Figure 2 shows the activity-composition relation for CO,-
H,0 at 500°C and 2 kbar. The experimental data of SHMU-
LOVICH er al. (1982) and the model generated curves are
shown for comparison. Figure 3 shows the same relations at
400°C and 2 kbar. The experimental data do not match the
computed activity-composition refations. SHMULOVICH er al.
(1982) and KERRICK and JACOBS (1981), who used the Red-
lich-Kwong and the hard-sphere Redlich-Kwong models. re-
spectively, aiso faced this problem. The experimental data
in Fig. 3 seem to show that a symmetric modet for the solution
would fit better at low temperatures. This is contrary 0 the
‘binary H0-CO- relationships at low temperatures as re-
viewed by BOWERS and HELGESON (1983). In Fig. 3. the
model curve (dashed line) generated by KERRICK and JACOBS
(1981) is shown for comparison. Figures 4 and 5 show activity-
composition relations at 500 and 800°C, respectively. The
Kerrick-Jacobs model vields comparable results. Figure 6
shows the activitv-composition relation in CH-H-O. These
are closely similar to those of H.O-CO,.

Test of the models

It is important to show that the results can be used in
reproducing experimental phase equilibrium relations in sys-

10 T T T T T T
-8 % g
L 9 4
8 E
- F .
<
o Q W
E
[ . 2 L 3 - 1 1. S e
] 2 ] .8 E 10

FIG. 2. Activity-compusition refation in the binary HyO-CO; Ruid
at 500°C and 2 kbar. The experimental data (open triangies for Hy
and squares for COy) are from SHMULOVICH e al. (1982). The solid
curv:sF are calculated with the van Laar modei with ¥, as shown in

g 1.
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FIG. 3. Activity-composition reiation in the binary fH;0-C0; fuid

at 300°C and 2 kbar (solid curves). The fit of the calculated activities
0 the experimental data is poor. This misfit problem aiso occurs
with the HSMRX mode! of KZRRICK and SACOBS (1581) {(dashed
curves). See text for discussion.

tems involving muiticomponent fluids. We have computed
phase relations in systems that attest both t0 our modeis of

pure species asdiscussed in Part 1, and of the mixtures. Ther-
mochemical data used in the calculations are listed in Table
2. Calcite is considered as a solid solution of CaCO; and
MgCOs; the W); based on data from GOLDSMITH and NEW-
TON (1969) isc

Wepmg = 11175(2278) + 11.67(=0.41)T

- 0.132(=0.008)P (J/mol.).
For wustite solid soiution. the components are FeO (1) and
FeOy s () with W,; = =7229 and W, = —2142 (J/mol)(data
from FEI and SAXENA. 1986).

Figure 7 shows the equilibrium pressures and temperatures
for the reacticn:

(-] 2 .. .6 -8 1.0

F1G. 4. Comparison of the activity-composition relations in the
binary H,C-CO; fluid at 500°C at pressures of 2 and 10 kbar cal-
culated with the modei of this work (solid line) and with the HSMRK
model of KERRICK and JAcOBS (1981) (dashed lines).

FI1G. 5. Activity-composition reiations as in Fig. 4 at §00°C.

calcite + quartz = wollastonite + CO,

asa function of Xco, in H0-CO. fluids. The calculated curves
(solid curves) fit most of the experimental data well. One
discrepancy is in the equilibrium temperature at 6 kbar and
at Xco, = 0.86 (open square, KERRICK and JACOBS, 1981),
which is about 30°C lower than required by JACOBS and
KERRICK's (1981) data.

Figure 8 shows the equilibrium pressures and temperatures
for the reaction:

3 dolomite + 4 quartz + HyO = talc + 3 calcite + 3 CO;.

The experimental data are from METZ and PUHAN (1970,
1971) and were discussed by JACOBS and KERRICK (1981).
The open circles represent experiments that were started far
from equilibrium in H.O-rich fluid progressing 1o the reported
composition. These points, therefore. represent one side of
the pressure bracket. The solid circles represent the runs that
were overstepped by changing the temperature of the run
after a duration of time. The solid curves are caicuiated from

1- T 1 L 11 L4 L] L i 1]
84 <
/4
‘,'
L . i
O -
o [ |
R, ]
X
: 1 1 1 1 1L L L 1
(-] 2 v 3 8 8 1.0

FIG. 6. Activity-composition reiations in the dinary Cii.-H:0 cal-
culated from the model of this study at 500°C and at pressures of 2,
5 and 10 kbar.
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C-H-O system at high Pand T
Table 2. Th hemical data for ph used in this study
Name Vo(cn /mol) aHlygq(3/nol) Spgg(d/mol.X) ¥
Yormuls a b 3 d £
1.Water - -2.418140E+05 188.830 1
] 7.368 2.7468E-2 -2.2316E+5 -4.8117E-6 3.6174E+2
2.Carbon dioxide - -3.935100E+05 213.790 1
o, 87.820 -2.6442E-3 7.0641E-5 0.0000Z-0 -9.9886E+2
3.0xygen - 0.000000E+00 205.150 1
0, 48.318 -6.9132E-4 4.9923E¢5 0.0000Z+0 -4.2066Z+2
4.Craphite 5.298 0.000000E+00 5.740 1
c 63.160 ~1.1468E-2 7.4807E-S 1.8079E-6 -1.0323E+3
S.Iron 7.150  0.000000E+00 27.280 7
Pe(bcce) 28.175 -7.3180E-3 -2.8950E+S 2.5040E-S 0.0000E+0
( 800 0.00) -263.456 2.SS80E-1 6.1920E-7 0.0000E-0 0.0000E+0
(1000  0.00) -661.905 6.9630E-1 0.0000E-0 0.0000E+0 0.0000E+0
(1062  0.00) 1966.250 -1.7870E+0 0.0CO0E-C 0.0000E-G 0.0000EZ+0
(1060 0.00) -561.932 3.3410B-1 2.91202-8 0.0000E<0 0.0000E-0
(1186 899 60) 23.991 8.3600E-3 0.0000E+C 0.0000%+0 0©.0000%-0
(1665 836.80) 24.636 9.903SE-3 0.0000E<0 0.COCOE+C 0.0CO0E-0
6.Wustice(l) 15.970  -3.809000E+05 54.900 3
FeO, o 44.399 4.4413E-2 -4.5513E-S 0.C000E-0 0.0000E+0
( 955 334.70) -70.121 7.2534E-2 7.8182E-7 0.0000E+0 0.0000E-0
{2252 £.20} -211.265 1.43742-1 1.5417E.8 0.0CSCT.C  8.0C00E.C
7.%ustite(2) 12.25¢  -2.672700E-05 57.590 1
FeO 67.352 3.7580E-3 3.1570E-5 0.0000E+0 -3.8167E-2
8.Calcite 36.936  -1.207370E-06 91.713 1
Caco, 99.715 2.6920E-2 -2.1576E-6 0.0000E+C 0.0000E+0
9.Magnesite 29.000 -1.113111E+06 65.690 1
77.906 5.7740E-2 -1.7405E-6 0.0C00E+-C 0.0000E+0
10.Magnetite 44.526  -1.115548Z+06 150.648 3
Fey0, 73.556 2.2662E-1 1.0037E+6 0.0000E-0 0.0000E-0
( 848 391.00) -9.710 9.74062-2 1.25122+-8 0.0000E<0 0.0000Z+0
{1300 0.00) -193.057 1.9288E-1 2.26792-8 0.0C00E+0 0.0000Z<0
11.Hematite 30,274  -8.267820E+05 87.400 3
Fey0, 88.797 8.8825E-2 -9.1026E+5 0.0000E-0 0.0000C+0
{ 955 334.70) -1640.261 1.4507E-1 1.5636E+8 0.0000E-0 0.0000Z+0
(1250 0.00) -422.530 2.8748E-1 3.0834E+3 0.0000E-O0 0.00Q0Z+0
12.Quaret= 22.690  -9.107000E+05 41.460 2
520, 44.603 3.77548-2 -1.0018E-6 0.0000E-0 0.0000L+0
( 848 499.00) $8.928 1.0031E-2 0.0000EZ-0 0.0000E+0 0.0000E-0
13.Dolomite 64.390  -2.3278C0E-06 155.180 1
Carig(C0,), 547.880 -1.6759E-1 2.8400E+6 7.7076E-5 -6.5479E+3
14.Wollastonite  39.930 -1.634766E+06 81.028 1
0 161.996 -8.69802-4 -7.09352-5 0.00002-0 -1.14482+3
15.2ascacite 31.276  -1.546290E-06 66.270 1
gSi0 188.755 -5.331SE-3 4.3250E+2 0.0000E+0 -1.81292+3
16.Anchophyllite 264.460 ~1.2103852+07 501.684 1
Mg;S140,, (CH), 1354.287 0.0000Z+0 -8.6718Z+6 0.0000Z+0 -1.0273E+%
17.Tale 136.250  -5.503900E+06 257.327 1
H;SSi‘ow(O!l)z (see notes)

Notss for Table 2

For each phase there are two or more lines of data. The first line
contains enthalpy at 238.15 K (AH), entropy of the phase at 238.15 K
(S), and number of heat capacity expressions (N). The second line
contains the chemical formuls and the heat capacity coefficients a,b,c,d,

and f in the expression: Cp=aObT0cT'20dT20ﬂ'-'s

It there is a phase transformsation, the third and additional lines (one
for each transformation) contain temperature and enthalpy of
transformation (within the bracket) and the heat capacity coefficients.
In all cases, except for anthophyllite and talc, the temperature range
for the heat capacity is valid for the calciuations.
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FIG. 7. Equilibrium pressures and temperatures for the reaction
calcite + quartz = wollastonite + CO; in H;0-CO; calculated from
the thermochemica! data in Table I and the fuid model of this study
(solid curves). Experimental date: ZIEGENBEIN and JOHANNES (1974),
KERRICK and JACOES (1981). Open symbols: calcite + quartz are
suabie: Sclid symbols: wollsstonite is stable. Numbers indicate the
pressures (in kbar). The dashed lines show the reaction curve cal-
culared for ideal mixing of H;0-CO,.

the fluid modeis of this study. Note that the calculations show
both the validity of the Auid modeis as well as their consistency
with the thermochemical data listed in Table 2.

Applizations

The theory and data presented in the previous sections are
sufficient to permit phase equilibrium computation in the C-
H-O system. To do this we choose the equarions of state for
the pure fluids (e.g. SAXENA and FEL, 1987), caiculate the W,
from Eqas. (1) 10 (7) (data in Table 1) and Eqns. (8) to (14),
and compute activity coefficients from Eqns. (16) to (21). To
simplify the procedure, we have calculated W, as a function
of Pand T for the three non-ideal binary mixtures (H., CO.
and CH, each with water) as follows:

Weopso = 10(4702 — 42887 + 1.143
X 107372 + 0.1739P) (22)

FIG. 8. Calculated equilibrium pressures and temperatures for the
reacticn: 3 dolomite + 4 quarz -~ H,Q = talc + 3 calcite + 3 CO;.
All symbols (solid and open) represent experimental data of METZ
and PUHAN (1970. 1971); the open cizcies denote the P:T-X condition
beyond which no reaction occurred. The solid circles represent tem-
perature oversiepping experiments. The trtangles represent occurreace
of both products and reactants. Numbers indicate the pressures (in
kbar). See text for discussion.

Warso = 10(5020 — 3.682T + 1.27
X 107372 + 0.1693P) (23)
W“rﬂzo = |((5745 — 5.628T + 1.586
X 107372 + 0.1829P) (29)
For the actvity-coefficieats (), we use Eqns. (16) 10 (19).
The P and T applicability of these equations is limited to a
high pressure of 10 kbar and a temperature of 1200°C.
Figure 9 shows the etfect of changing the fluid composition

{by adding CO- to water) on the equilibrium pressure and
temperature for the reaction:

anthophyilite = enstatite + quartz + water.

At 2 pressure of 5 kbar. the temperature of anthophyllite
break-down changes from 560°C for nearly anhydrous con-

References:

1,2,3,4,8,9,12,13,14 (Robie et al., 1978); S (Barin and Knacke, 1978);
6,7 (discussed in Fei and Saxena, 1986); 10,11 (Hass, pers. com. 1884,
sa¢ zlzc Fel and Saxens, 1986) 15 (S and CP from Haselton, 1979, AH

from Brousse ot al., 1984); 16,17 (Cp from Krupks et al.,1985, AH and

S estimated by Chatterjee, 1987). The heat capacity expressions for
anthophyllite and talc have been redetermined from the data of Krupks
et al.,(1985) to be consistent with the high temperature constraints on
Cp as discussed by Holland (1981), Berman and Brown (1985) and Fet

and Saxena (1987). The cp expression for tale is:

S 9..-3

C_ =681.233 ~ 5.6?15:&103'1‘-' - 8.3277x10°T

P
The data in the system Fe-Mg-Si-O as listed above has been tested
for internal consistency by Fel and Saxena (1986). However ail the data
taken together have not been tested. A great care is necessary in
using data from different sources. [t is not uniikeiy that some of the
fits of the caicuisted curves are coincidental.
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C-H-Osystem athigh Pand T st

P, Kbos
Iy
T

T.%C

FIG. 9. Caiculated equilibrium for the reaction: anthophyilite
= epstatite + quartz + H,O. The shift in equilibrium is shown asa
function of changing fluid composition of the binary H0-CO; fluid;
?angmbmmmcmm&cqnﬂihmmﬁ:ﬁcn

ditions to 800°C when the water pressure is equal to the total
pressure. The thermochemical data of anthophyllite (heat
capacity from KRUPKA er al., 1985, and estimated enthalpy

from CHATTERJEE, 1987) fit in the experimental phase equi-
librium of the assembiage anthophyilite, enstatite and quartz
as discussed by DAY er al. (1985).

An example of a multicomponent phase equilibrium in
the C-H-O system is given in Table 3, which shows 2 gas
phase composition in equilibrium with graphite.

Table 4 shows another exampie of a computation in the
Mg-Si-C-H-O system at 5 kbar and 700°C. The method of
Gibbs free energy minimization (ERIKSSON, 1975; SAXENA
and ERIKSSON, 1985) has been used here to illustrate the
power of such computational techniques. All possible phases
expected to form in the system are inclnded in the calculation,
except those for which there are no thermochemical data
(chrysotile and antigorite). Only six major gas species are
included. Activities of solids, even if not formed, may be
computed as a help in estimating the temperature of their
formation; in the example, enseatiee will form if'temperature
is increased and talc if decreased. Actual moles of various
species are given so that other useful data such as heats of
reactions may be calculated. The information on molar com-
position of the gases is useful in mass and heat transfer studies,

Table 3. Multicomponant fluid phase equilibrium in water + graphite

at a tempersturs of 300 °C and a prassurs of 5 kbar(Initisl
smount 100 moles of water snd 20 moles of graphite).

Spacies Zquilibriom Equilibrium Fugacicy
acles pressure(bar) (bar)

’,0 83.66 4146.97 4276.29

<0, 7.9 393.64 663.66

= 7% 7.53 373.15 632.99

co 0.46 22.63 37.60

0, 3.94E-19 1.958-17 3.5s5E-17
1.28 63.61 106.09%

C{graphite) 4£.07 - -

Table 4. Phase equilibrium in the Mg-S5i-C-H-O system at 5 xbar & 700 °C

Phases Input Equilibrium Zquilibrium Fugscity(bar)
(woles) amount(moles) prassure(bsr) or activity

Cases

1,0 100.0 99.32 4333.9 4396.7

c0, 0.0 9.726 bioks .6 938.6

a, 0.0 0.18 8.1 19.9

co 0.0 0.08 3.8 8.0

0y 10.0 1.722~20 7.92-19 1.98-18

Hy 1.0 2.112-01 9.6 20.5

Solids

lhﬁl.uzoz 0.0 22.22 - 1.000

Mg310,4(Cpx) 0.0 0.00 - 0.818

”10:(0’8) 0.0 g.00 - 0.919

Mg, S1,0,, (OH), 0.0 .11 - 1.000

1gCO, 0.0 0.00 - 0.128

130 30.0 0.00 - 0.028

310, (Quarts) 20.0 0.00 - 0.526

Mg(OH), 0.0 0.00 - 0.028

C(Graphite) 10.0 0.00 - 8.272

Mg432,0yq(0H3, c.o e.00 - 0.962
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GEOLOGICAL NOTES

PHASE EQUILIBRIUM IN A SYSTEM OF CHONDRITIC COMPOSITION:
IMPLICATIONS FOR EARLY MANTLE-FLUID COMPOSITIONS'

S. K. SAXENA AND Y. FEI

Department of Geology. Brooklyn College. Brookiyn. NY 11210
Department of Earth and Environmental Sciences. Gracduate School. CUNY, NY 10036

ABSTRACT

The chemical composition of the fluid that could exist in the Si-Mg-Fe-C-H-O system has been calculated
at various pressure and temperature conditions in a growing mantle of carbonaceous chondritic composi-
tion. The results show that the fluid in such 2 primitive mantle was dominantly methane, with subordinate
amounts (<10% by volume) of hydrogen and water. Such a composition is stable over a broad range of
pressure and temperature. The phase equilibrium assemblage consisting of olivine, pyroxene. graphite or
diamond. and iron is an appropriate model composition of the present earth in its undifferentiated form. The
possibility that primitive mantle fluids were dominated by methane requires a reconsideration of the compo-
sition of the core and the role of methane in understanding the process of differentiation and evolution of the

mantle.

INTRODUCTION

At present. the composition of the earth’s
atmosphere is partiaily the result of over 4
b.y. of evolution of the planet’s interior. This
evolutionary process involves dvnamic activ-
ities which are forming the earth’s crust and
mantle and shaping its mountains and oceans.
The present distribution of the earth’s mass
into core. mantle. crust and a hydrosphere
may be the result of such activities operating
in an initially homogeneous plane: (accreting
coid. e.z.. Ringwood 1979) or in an initially
heterogeneously assembled planet (Turekian
and Clark 1975: Saxena and Eriksson 1983).
In either case there is agreement that fluids
have played a very important role in differ-
entiating the earth’s interior and in forming
its hydrosphere and atmosphere.

The conclusions of several geochemists
(e.g.. Holland 1984: Safronov and Vitjazev
1986: Wetherill 1980: Ringwood 1979) on the
processes leading to the formation of the
earth are as follows. The earth formed by
the accumulation of preassembled materials.
If the planet was created in one stage (cold
accretion) with a system composition resem-
bling carbonaceous chondrites. a very large
quantity of volatiles must have evolved either

! Manuscript received November 16. 1987: ac-
cepted May 28, 1988.

[JournaL oF GeorLogy. 1988, vol. 9. p. 601-607]
© 1988 by The University ot Chicago.
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during or immediately after accretion. which
for phyvsical reasons is difficuit to accept.
Many comparisons of rare gas compositions
of the meteorites with the earth’s mantle and
atmosphere are available. Manuel's (1978)
data on Xe and Kr show that these gases
are depleted significanty in the atmosphere
relative to the carbonaceous chondrites. If
the earth had assembled. not in one stage
but through many intermediate steps (e.g..
Wetherill 1976). the present volatile inven-
torv of the earth could tind acceptable expia-
nations.

Although we are not certain what propor-
tion of volatiles (relative tc carbonaceous
chondrites) was incorporated into the grow-
ing earth, it is certain that significant amounts
of gases were somehow trapped in the con-
densed parts of the growing planet. By com-
paring isotopic ratios (e.g., *He/*He) of es-
caping volcanic gases, xenolith diamonds,
and volcanic glasses with that of the atmo-
sphere (Craig et al. 1975: Jenkins et al. 1978;
Kurz et al. 1975; Ozima and Zashu 1983),
Holland (1984) concluded that the major por-
tion of the rare gases, and of other volatiles as
well. was trapped directly together with the
solids in infalling objects. This conclusion is
important since it permits us to consider
solid-fluid phase equilibrium relations during
the accumulation and growth history of the
earth. which may have taken as long as 10°
years (Safranov and Vitjazev 1586; Wetherifl
1980). providing sufficient time for equilib-
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rium processes to operate locally. During the
growth of the planet, the chondritic and other
types of meteoritic components (including
metallic Fe-Ni and organics) were certainly
among the materials that fell on the surface.

One of Holland’s (1984) conclusions is that
after the initial loss of part of the volatiles to
an early atmosphere during accretion, vola-
tiles have been added gradually to the atmo-
sphere and hydrosphere by degassing of the
earth’s interior. This provides the motivation
for computing phase equilibrium relations in
a primitive mantle composition involving
C-H-O fluids. Some of our current concepts
of the mantle composition and its oxidation
state are described below.

The question whether the earth’s primitive
mantle equilibrated with metallic Fe has been
in the forefront of planetarv chemistry (Ring-
wood 1979; Brett 1984). The enigma is associ-
ated with some of the observed distributions
of the siderophile elements such as Ni. Co.
Ir. and Au which are not as depleted in the
peridotite silicates (Jaqoutz et al. 1979) as
they would be if equilibrium with Fe was es-
tablished. Another aspect of this problem is
that if silicates and Fe were equilibrated in
the presence of C-H-O fluids. the oxygen
fugacity of the mantie would have a well
defined value. A succeeding question is
whether such an oxygen fugacity is consis-
tent with other observations on mantle miner-
als. According 0 Ringwood (1979). Fe’~/
Fe~ ratios of fresh oceanic basaltic glasses
and of unaitered primary mantie minerals
(from xenoliths and peridotites) could be con-
sistent with a Fe’~/Fe”~ ratio of 0.05 to 0.1
for primary pyrolite: those equilibrated with
metallic iron at high temperature are iower by
an order of magnitude. The recent resulits of
Christie et al. (1986) indicate a very low Fe*~/
Fe*™ ratip in the MORB (mid oceanic ridge
basait) glasses. Ringwood (1979) concluded
that if the mantle had equilibrated with
metailic iron. the volatiles degassing from the
mantle would be dominated by CO and H»
rather than CO- and H-O. He further consid-
ered the total redox state of the Earth to be
such that it may be possibie for oxygen to be
dissolved in iron and form the core of an ap-
propriate density. More recently. Ringwood
(1987) proposed that oxygen is indeed the
most likely element dissolved in the Fe-Ni
core.

There are relatively few experimental stud-
ies of petrological systems involving fluids
(see Woermann and Rosenhauer 1985). Most
such studies have been confined to a max-
imum pressure of 40 kbar in simple systems
with one-component or binary fluids. It is,
therefore, important to study fluid phase-
solid phase equilibrium relations of 2 model
mantle by using pressure-volume-tempera-
tre (P-V-T) models of fluids and thermo-
chemical data on solid phases. The P-V-T re-
lations appropriate for the fluids in the
C-H-O system have besn modeled by Saxena
and Fei (1987a, 19875) from the available ex-
perimental data (static low pressure (e.g..
Burnham et al. 1969) and high pressure shock
wave data (e.g.. Ross and Ree 1980)]. With
the availability of thermochemical data on the
Fe-Mg-Si-O system (see Fei and Saxena
1986: Berman et al. 1986) and the P-V-T rela-
tions in the C-H-O system (Saxena and Fei
1987a. 1987b). it is possible to compute rele-
vant phase equilibrium data. However, at
present we are restricted in our ability to
compute phase equilibrium relations in sys-
tems involving melts. Therefore this study is
confined to caicuiation of sub-solidus phase
equilibrium. The elements Mg, Fe. Si. C. O.
and H make up over 95% of the maatle. Solid
phases with Al. Ca. Na. and K constitute a
verv small proportion of the chondritic as-
semblage and do not aifec: the Quid composi-
tion significantlv. The presence of S in the gas
would modify the fluid composition: how-
ever. the sulfur content of the carbonaceous
chondrite is about one-tenth of the oxygen
content. and it will be distributed between
FeS and HaS.

Recent studies of the oxidation state of the
shallow parts of the mantle have been con-
ducted by Mattioli and Wood (1986) and Eg-
gler (1983) using thermobarometric methods,
and by Arculus and Deiano (1981) and Ulmer
et al. (1986) using experimental measurement
of intrinsic fO- in minerals. These studies
have produced contradictory resuits. The
thermobarometric results favor an oxidized
upper mantle: the fO- intrinsic measurements
indicate a rather reduced fluid composition.
The uncertainties of the two methods have
been subject to extensive discussions (Wood
and Virgo 1987: Arculus and Kersting 1987).
This study does aot contribute directly to the
problem except insofar as it provides a set of
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initial mantle conditions on the composition
of fluids in an undifferentiated primitive
meteorite, which might eventually help us
understand the nature of the present mantle
fluids.

THERMODYNAMIC DATA

Formulation of the thermodynamic equa-
tions of equilibrium are given in Fei and Sa-
xena (1986). The heat capacity expression
used is that of Fei and Saxena (1987).

The pressure-temperature dependence of
moiar voiume is best modeled through the
use of the Birch-Murnaghan equation (see
Jeanloz and Kaittle 1986). This V(P. T) equa-
tion does not inciude the temperature depen-
dence of the bulk modulus. Such data are
available for very few substances. It is ex-
pected that in computing AG. such effects
will largely be cancelled.

The pressure-volume-temperature data of
several gases (Ha, O», CO, CHs. N>, and CO-)
were used by Saxena and Fei (1987a) to ob-
tain P-V-T equations for fluids. The equation
for hydrogen was subsequently modified
(Saxena and Fei 198856). These equations are
valid over restricted ranges of pressures and
temperatures as specified in Saxena and Fei
(19874. 19886) and have been used in this
study. The equations are not suitable for cal-
culations at low pressure (<1 kbar and tem-
peratures (<500 K); for such calculations
other models (e.g.. Bowers and Helgeson
1983) should be used.

The data on solution parameters and the
method of calculating the mixing properties
of fluids are given in Saxena and Fei (1988a).
The P and T applicability of the mixing calcu-
lations have been tested to a high pressure of
10 kbar and a temperature of 1200°C. In this
range, the computed deviations from ideal
mixing using the models of Kerrick and
Jacobs (1981) and Jacobs and Kerrick (1981)
are closely similar to those calculated by Sa-
xena and Fei (1988h). At pressures and tem-
peratures above this range. the model is only
applicablie to the range specified for the pure
species (see fig. 9 Saxena and Fei 19875).
Here 100 the behavior of the interaction po-
tential W;; at high pressures is not well under-
stood.

The thermodynamic data on 23 species
used in the computational work are listed in

£Nn2
v

table 1 available from The Journal of Geology
free of charge upon request.

The data on thermal expansion and bulk
modulus are the same as used by Fei and Sa-
xena (1986). For hydrous phases such data
are not available. For solid solutions the data
are: olivine (Wood and Kleppa 1981), or-
thopyroxene (Chatillon-Colinet et al. 1983)
and wustite (Fei and Saxena 1986). Other
minerals are considered as ideal. We have
used sets of data for enstatite and forsterite
(Fei and Saxena 1986: Saxena and Chatterjee
1986) which are different from some other
sets (e.g.. Berman et al. 1986); the effect of
differences in data sets is discussed later in
this work. The method of free energy minimi-
zation is used in the computation of phase
equilibrium (Eriksson 1985: Saxena aud
Eriksson 1983).

PHASE RELATIONS IN A CHONDRITIC
COMPOSITION

Our evaluated thermochemical data permit
us to compute phase equilibrium relations in
the system Fe-Mg-Si-C-H-O for mode! primi-
tive earth chemistries and physical condi-
tions. Table 2 shows computed phase equi-
librium data for a system of chondritic
composition: the elemental composition for
St, Fe. Mg. and C is from Wasson (1974) to
which various amounts of water is added. We
have calculated equilibrium compositions for
many different contents of water: the one dis-
played in table 2 is for a fixed water content
of 16.2 moles. This particular result is se-
lected because the composition of olivine
closely matches the observed composition in
the present mantle. However, as shown in
figure 1. olivine may vary in composition
over a2 wide range without affecting the con-
clusions presented here. Although the as-
sumption that the olivine composition in the
growing mantle was about the same as the
observed composition of olivine in perido-
tites is not necessary. Without such an as-
sumption. however. it will be difficult to ex-
plain the match between the distribution of
iron and silicates in the core and the mantle,
discussed by Ringwood (1966) and calculated
from the results in table 2. The equilibrium
assemblage consists of olivine, orthopyrox-
ene. iron. and graphite or diamond. The com-
position of the fluid in the primitive undif-
ferentiated mantle (i.e., in equilibrium with
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TABLE 2

PHASE EQUILIBRIUM IN A CARBONACEOUS CHONDRITE

P =10kbar, T = 123K

P = 60 kbar. T = 1700 K

Equilib. Mole Equilib. Mole
Phase Moles Fraction Moles Fraction
Fluids
HO 75 8.80E-3 3.44 04
CO, 5.80E-4 6.80E-6 1.20E-3 1.40E-$
CH, 77.00 91 76.70 90
co 1.40E-2 1.60E-4 2.00E-2 2.40E4
0. 4.16E-20 4.90E-22 2.60E-15 3.10E-17
H, 7.24 8.50E-2 5.08 .06
Olivine
Mg.SiO 193.6 .88 384.9 .88
Fe.SiO, 2.5 12 52.2 12
DPyroxene
MgSiO, 672.6 .86 675.1 .86
FeSiO, 106.2 .14 106.4 .14
Pure Phases
Fe 738.7 741.5
C(graphite) 622.9
C(diamond) 623.2

Note.—Iaput (moles): HO 162. MgO 60. MgSiOy 1000. C 700. Fe 900.

T T
U -
™ |Carbonaceous Chondrite! Teny
- +Ha0 .
wal | -
~
e L | 4
® !
2
T '8or p
L Pt+OpxrFe~C -
T =1700K
103 -
P =60 kbar
i 1 1 1 A 3 1 3 1 ]
2 . ) )

X3

Fic. 1.—Phase equilibrium relations in a CI
chondrite (composition from Wassen 1974). The
fluid phase is about 90% methane and 895 hydrogen
with remaining species CO, CO,, and H,0. The
composition of olivine and pyroxene varies with
water input. P = 60 kbar, T = 1700 K. QFM
gua:&of;yaﬁzeandmagneﬁwbuﬂ'er)isa:logﬂ)z

Fe and C) at two different sets of P and T
conditions are shown in the table. The fluid
composition is dominated by methane (nearly
90%) and hydrogen (6 to 8%). Figure 1 shows
that such fiuid composition is possible with
coexisting silicates which may vary in Fe/Mg
ratio over a wide range.

TABLE 3

PHASE EQUILIBRIUM IN A CARBONACEOUS
CHONDRITE WITH WATER AND CO-

P =60kbar. T = 1700 K

Fluid Mole

Phases Fraction Solid Phases

H. .10 Olivine (Xyg = .67
CO, 7.50E-5 Pyroxene (Xyg = .69)
CH, .85 fron

CO 5.40E-4 Diamond

(09 1.60E-16

H, .06

Norte.—input (moles): HyQ 162. CO; 162. MgO 60, MgSiO) 1000,
Fe 900. C 538.

It is interesting to examine the phase rela-
tions when the input fluid composition is not
pure H,O but a mixture of H,O and COa.
Table 3 shows the results of calculating phase
equilibrium in a chondritic system which con-
tains variable amounts of H,O and CO.. We
note again that the gas phase is dominantly
CH,. The silicates, however, are more oxi-
dized than those observed in the upper mantle
sampies. Diamond is a stable phase, and there-
fore we may further reduce the content of car-
bon in the system without affecting our resuits.
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DISCUSSION AND CONCLUSIONS

The calculated mineral proportions in table
2 represent the assemblage at depth in an un-
differentiated proto-earth including both the
present mantle and the core. The proportion
of orthopyroxene and olivine are different
from those found in the upper mantle perido-
tite because the proportion is a function of
the silica content of the system: the more
silica (and the fluid) there is. the more

olivine will form in a system of otherwise:

fixed composition. The fluids in equilibrium
with the early earth remain aimost unchanged
with variable olivine/pyroxene ratios. how-
ever.

It may be argued that the results shown in
tables 2 and 3 may change substantiaily if we
use (a) a different set of thermochemical data
and (b) a different modei for fluid mixture. As
discussed elsewhere (Fei and Saxena 1986:
Saxena and Chatterjee 1986; Berman et al.
1986). the enthalpies of enstatite and forster-
ite may vary over a range of values. Similarly
somewhat different sets of Fe-Mg solution
parameters may be used for olivine. Fet and
Saxena (1986) found it necessary to use a
W/R (W = Margules interaction parameter.
R = gas constant) value of ~ 1000 J/mol to fit
the distribution of Fe and Mg in coexisting
minerals at high pressures (100—450 kbar). In
this work. we have used a W/R value corre-
sponding 1o a symmetrical model fitted 10 the
data of Wood and Kleppa (1981). Computed
results using different sets of data give almost
identical resuits. however. Use of the data of
Berman et al. (1986) for enstatite and forster-
ite, a negative value of W/R for the Fe-Mg
olivine, or an ideal gas mixture all confirz: the
conclusion about methane being the domi-
nant species.

We have considered high pressure and high
temperature phase equilibrium in a svstem of
chondritic composition; such a composition
is considered important in the formation of
the proto-earth. The fluid composition, there-
fore, refers to the time prior to the differentia-
tion of the earth into a core and mantle and
implies that the fluid in the accreting material
was highly reducing permitting the formation
of iron and diamonds. This conclusion is con-
tradictory to Ringwood’s (1987) hypothesis of
oxygen as the light component of the core.
Many light elements can dissolve ir iron, and
Ringwood (1979, 1987) does not make it clear

why oxygen should be the preferred element.
In a growing proto-earth, the oxygen fugacity
would be governed by the overall composi-
tion of the fluid phase and muitiple reaction
equilibria. Any hypothesis on equilibrium
composition of an iron-melt must involve an
experimental or computational study of the
entire system.

If there is any fluid in the deep mantle, it
must be rich in methane. This statement does
not contradict the possible occurrence of
fluids of various compositions in the shallow
(~150 km) mantle. Such a conclusion has an
important bearing on our models of the evolu-
tionary history of the earth. As temperatures
rise in the growing mantle. iron wouid meit
in equilibrium with carbon and a methane-
dominated fluid. which would rule out any
possible oxygen dissolution in the melt and
oxygen as the light element in the core: car-
bon would be favored (cf. Sato 1978). The
methane-rich fluid would affect the melting of
silicates (Eggler and Baker 1982) and the for-
mation of early magmatic bodies and planetary
differentiation. Its role would be less and less
importantin the succeeding evolutionary stages.

The methane-dominated fluid trapped in
the growing mantle wouid continue to in-
fluence the subsequent petrogenetic history
of the mantle until it all finallv escaped to the
atmosphere. One argument against the in-
volvement of methane with the upper mantle
and the rocks of granulite facies is the occur-
rence of the CO--rich inclusions (see Roedder

"1984 and Newion 1986. 1986;. Lamb and Val-

ley (1984) find that many of the Adirondack
granulites with reduced oxide minerals were
not exposed to CO- in high concentration at
the peak metamorphic temperatures. The dis-
cussion of metamorphic fluids cannot be ade-
quately presented here—the material is cov-
ered in two recent books (Walther and Wood
1986: Roedder 1984). As discussed by Valley
et al. (1983), it is quite likely that the fluid
phase becomes highly variable in composi-
tion as the mantle fluids ascend and react
with the upper mantle and the lower crustal
material (see discussion in Green et al. 1986).
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INTERNALLY CONSISTENT THERMODYNAMIC DATA AND

EQUILIBRIUM PHASE RELATIONS IN THE SYSTEM MgO-SiO,
AT HIGH PRESSURE AND HIGH TEMPERATURE

Yingwei Feil and Surendra K. Saxena
Department of Geology, Brooklyn College, Brooklyn, NY 11210
and Department of Earth and Environmental Sciences,
Graduate School, CUNY, New York, NY 10036
Alexandra Navrotsky
Department of Geological and Geophysical Sciences,
Princeton University, Princeton, NJ 08544

Abstract

Thermochemical and thermophysical data for phases in the system MgO-SiO, are critically
evaluated, refined and supplemented by calculating phase equilibrium relations from the

available calorimetric data. Lattice vibrational models are used to further constrain the

entropies and heat capacities. Phases in the data base are MgO, SiO, (coesite, stishovite),

Mg,SiO, (olivine, B-phase, spinel), and MgSiO; (pyroxene, garnet, ilmenite, and
perovskite). The internally consistent data set reproduces the experimentally determined
phase relations in the system at pressures to 30 GPa and to melting temperatures.

1. Present address: Geophysical Laboratory, Carnegie Instimution of Washington, 2801 Upton Steet, N.W.,

Washington, D.C. 20008.
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Experimental Determination of Element Partitioning and Calculation of Phase Relations
in the Mg-Fe-Si-O System at High Pressure and High Temperature

Yingwei Fei, Ho-Kwang Mao and Bjorn O. Mysen
Geophysical Laboratory, Carnegie Instiation of Washington,
2801 Upton Street, N.W., Washington, D. C. 20008

Abstract

The Mg-Fe partitoning between coexisting phases, magnesiowustite (Mw) and
olivine (&), Mw and B-phase, Mw and spinel (y), and Mw and perovskite (Pv), have been
determined experimentally with piston-cylinder apparatus, the multi-anvil device and the
diamond-anvil cell technique at pressures between 2 and 28 GPa and temperatures between
1473 and 1773 K. The solution parameters of each solid solution were obtained by fitting
the experimental data simultaneously using the Margules formulation. The optimized
solution parameters (in J/mol) are WM¥y,. £, = 16100, WM¥p, /. = 26300 - 5.56T;
Wyg.pe = 4500 + 130P, W, . = 6500 + 130P; WPy, . = 1000, Whp, ;. = 2000;
Whyg-re = 3900 - 1.10T, W¥g, yq, = 3900; and wP “Mg-Fe = 4130 - 1.37T + 110P,
WP Mg =-4050 - 2.45T + 150P where P is in GPa and T in K. These parameters are

consistent with solution calorimetry and phase equilibrium data.

Phase relations in the Mg-Fe-Si-O system are calculated by using the Margules solution
model combined with internally consistent thermodynamic data of the pure phases. The
computed phase diagrams are in good agreement with those experimentally determined.
The results indicate that the depth and width of the phase transformations of olivine to B-
phase and of spinel to perovskite plus magnesiowustite are compatible with the seismic

observation of the 400 km and the 670 km discontinuities, respectively .
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