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Abstract. The paper reports an attempt to study the topolo-
gies of the phase diagram for the MgO —SiQO, system at
high pressure and temperature using computer simulation.
Phase equilibria at MgSiO; stoichiometry is investigated,
demonstrating that the invariant point Gr + Ilm + Pv is sta-
ble at 21.6 GPa and 2270 K. A thermodynamic data base
for minerals in the MgO —SiO, system is established by
supplementing the calorimetric data for low pressure phases
and equations of state for low and high pressure phases
with data calculated from high pressure synthesis experi-
ments. A refined set of standard free energies of formation
and phase transformations in the MgO—SiO, system is
presented. The proposed phase diagram covers a wide range
of pressure (up to 25 GPa) and temperature (up to 2500 K)
and forms the basis for a geochemical interpretation of the
nature of seismic discontinuites in the mantle.

Introduction

The picture of phase equilibria in the mantle and in silicate
systems modeling its composition at pressures over 10 GPa
has not yet been clearly outlined. The binary MgO —Si0,
system fundamental to mantle petrology is known within
a wide range of temperatures and pressures (1000-2000° C,
10-30 GPa) as a result of experimental investigations due
to Ringwood (1975), Suito (1977), Akaogi and Akimoto
(1977), Yagi et al. (1979), Ohtani (1979), Liu (1979), Ito and
Yamada (1982), Ito and Navrotsky (1985), Sawamoto
(1986). Studies of individual phase transformations in this
system form the basis of a geochemical interpretation of
the nature of seismic discontinuites in the mantle. However,
the post-spinel transformations have been established as a
first approximation only and are still largely subject to de-
bate, while there is as yet no exhaustive picture of the phase
diagram of the MgO —SiO, system.

The availability of experimental data on phase equilib-
ria, parameters of equations of state, and calorimetry now
make it possible to calculate phase diagrams using the meth-
ods of chemical thermodynamics (Liu 1979, Kuskov et al.
1983 a, Ito and Navrotsky 1985, Kuskov and Galimzyanov
1986, Ostrovsky et al. 1986).

Galimzyanov and Kuskov (1988) have developed a con-
sistent approach to the problem of predicting the mineral
composition of the mantle, so that an analysis of the topolo-
gy of a phase diagram as a whole can be made instead

of an examination of univariant curves for individual equi-
libria. The construction of a phase diagram becomes a com-
pletely formalized procedure and the search for an internally
consistent diagram is realized by changing input data within
the uncertainty ranges.

The present paper reports the first attempt to use imita-
tion modelling as a method of study in the topology of
a phase diagram for the MgO —SiO, system at the P—T
parameters typical for the mantle transition zone. The meth-
od of direct minimization of Gibbs energy is used to con-
struct the diagrams. The input data are equations of state
for all phase of the system, standard free energies of forma-
tion of low-pressure phases, and the P— T parameters of
basic univariant equilibria. The approach has revealed to-
pologically stable variants of the P— T diagram for the
MgO —SiO, system for use in modeling the structure and
evolution of planetary shells, in order to connect the phase
transition of minerals to the observed seismic discontinuites
in the mantle, as well as in planning new experiments at
ultrahigh pressures and temperatures.

Phase Relations in the MgO —SiO, System
from Experimental Data

Since reviews of experimental studies relating to the MgO
—8i0, system can be found in Kuskov and Galimzyanov
(1986), we shall consider here only new information ob-
tained in recent years. The parameters of phase equilibria®
are given in Table 1.

Ito and Navrotsky (1985) have found that enstatite de-
composes into an association of p-spinel+ stishovite at
1000° C and 15 GPa, that is, 1.5-2.0 GPa below the pre-
vious determinations of Akaogi and Akimoto (1977) and
Liu (1979). The P—T parameters have been improved for
the reaction y+St=2 Ilm (P=19.5-20.5 GPa at 1100° C)
by Ito and Yamada (1982) and Ito and Navrotsky (1985).

It has been found that the univariant curves for [lm =Pv
and y=Pv+MgO have a negative slope (Ito and Yamada
1982), but the resolution available in these experiments did
not permit the P — T parameters of these two (most highest)-
pressure transformations to be distinguished. At tempera-
tures above 1700° C within the range 18 to 22 GPa, a gar-

! The following notation is adopted in the text; for polymorphic
modifications of Mg,SiO,: forsterite-a, S-spinel-f, y-spinel-y; for
polymorphic modifications of MgSiO;: enstatite-En, MgSiO; in
the structures of ilmenite, perovskite, and garnet-Ilm, Pv, Gr respec-
tively; for SiO, (stishovite)-St.
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Table 1. Phase relationships in the MgO —SiO, system from experimental evidence

Transformation P(1273 K), GPa P(T)=A+BT P,GPa: T K Apparatus type Reference
I Composition: Mg,SiO,
a=p 12.0 - 1 Rinwood 1975
12.3 6.4+0.0046 T 1 Akimoto et al. 1976
12.6 6.2+0.005T 1 Kawada 1977
143 9.840.0035T 2 Suito 1977
13.0 - 2 Malinovsky et al. 1981
B=y 18.6 7.84+0.0085T 2 Kawada 1977
16.0 - 3 Yagi et al. 1979
17 10.0+0.0055T 2 Suito 1977
16.1 10.6+0.0043T 2 Ohtani 1979
15.7 7.9+0.0061T 2 Sawamoto 1985
y=Pv+MgO 27 - 3 Liu 1976°
25.5 - 3 Yagi et al. 1979
253 27.8—0.002T 2 Ito Yamada 1982
1T Composition: MgSiO;
2En=4+St 17.5 13.740.003T 2 Akaogi and Akimoto 1977
17.0 - 2 Tto and Matsui 1977
17.5 - 3 Liu 19762, 1979
15.2 - 2 Ito and Navrotsky 1985
y+St=21Ilm 19-22 - 3 Liu 1976, 1979
20.5(1373 K) - 2 Ito and Yamada 1982
19.5(1373 K) - 2 Ito and Navrotsky 1985
Ilm =Pv 21.0-25.0 - 3 Liu 19767, 1979
253 27.8—0.002T 2 Ito and Yamada 1982

Apparatus types are numbered thus: (1) Bridgeman anvil, (2) multipunch device, (3) diamond anvil with laser heating

net-like modification of MgSiO; was discovered with tetra-
gonal symmetry and a slightly higher density than cubic
garnet (Sawamoto and Kohzaki 1985). Experiments of Kato
and Kumazawa (1986) at 20 GPa have shown stability of
the B-phase within the range 1700 to 2250° C; the associa-
tion B+ Ilm is stable up to temperatures of 1800° C, while
at still higher temperatures (2000-2100° C) S-spinel and a
noncubic garnet-like modification coexist.

Sawamoto (1986), Logvinov (1983), Malinovsky et al.
(1981) have refined the positions of the phase boundaries
a=pf and f=7y for the Mg,SiO, system (see Table 1); the
pressures they report are 0.5-1.5 GPa below those given
by Suito (1977).

The most reliable data are for the equilibria a-forster-
ite=fB-spinel and f-spinel =y-spinel; these can be used as
basic phase boundaries to compute phase diagrams for the
MgO —SiO, system.

However, there are some discrepancies with respect to
the P— T parameters of all transformations (Table 1) related
to the use of different equipment, different methods of pres-
sure calibration and temperature measurement, as well as
to measurement errors. It should also be taken into account
that the investigations were into the fields of phase synthesis,
not the true boundaries of phase equilibria. For this reason
one must analyse changes in the topology of the resulting
P—T diagrams due to varying input data within the limits
of experimental uncertainty. This can be taken into account
and investigated, during the operation if the construction
of the phase diagram is a completely formalized procedure.

Chemographic Approach

The topology of the phase diagram of the system MgO
—Si0, for pressures over 20 GPa and high temperatures
is not known. In this range of parameters five phases are
found experimentally Ilm, Pv, MgO, St, y. This multisystem
has a negative dimension of — 1, possesing not more than
five invariant points and nine univariant curves in P—T
coordinates. By using the chemographic approach it is pos-
sible to construct all topologically correct variants of P—T
diagram for this five-phase subsystem of MgO —SiO,. The
topological structure of the real diagram is sure to be met
among these variants.

If we admit only straight univariant lines, the number
of topologically different variants of the P— T diagram for
the system under consideration is equal to 20. This is less
than the maximal number of variants, equal to (n+3)
(n+2)+2 for the nondegenerative n-component (n=2) sys-
tem with n+ 3 phases (Mohr and Stout 1980). The degenera-
tive character of our subsystem is due to equal composition
of two phases — Ilm and Pv.

All 20 possible potential variants may be generated, hav-
ing one initial potential solution, by the transposition of
invariant points — the general chemographic procedure de-
veloped by Mohr and Stout (1980). These distinct topologies
are displayed in Figure 1. Invariant points are designated
by the symbol of the missing phase placed within square
brackets. Solid lines represent stable univariant reactions,
dotted lines — metastable reactions.
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Fig. 1. The set of 20 potential topologies for the chemography of five phases Ilm, Pv, MgO, St, y. Only seven of them (numbers 1-7)

agree with experimental constraints

Analysis of the variants makes it possible to choose sev-
en of them (from number 1 to 7 at Fig. 1) that agree with
the experimental sequence of phase transformations at
T~1273 K with increasing pressure

y+St—y+Ilm - y+Pv—-Pv+MgO.

It will be shown that the topological nonuniqueness which
still exists, can be considerably diminished by use of addi-
tional thermodynamic constraints.

Thermodynamics of Minerals in the MgO —SiO, System

Standard Thermodynamical Functions. The experimental
values of entropy (S9o00) and enthalphy of formation from
oxides (AHP 400) for low-pressure phases are given in Ta-
ble 2. '

a—Mg,Si0,. The data on AHY from the solution calori-
metry of forsterite (Brousse et al. 1984, Charlu et al. 1975,
King et al. 1967, Kiseleva et al. 1979) are fairly consistent
with one another within the experimental uncertainty. In
this work we adopted the mean value AHY, o000 = —60.86
+1.44 kJ-mol %,

MgSiO;(enstatite). In view of incompleteness or absence
of information relating to the thermodynamical properties
and the equation of state of clinoenstatite, we shall consider
a single modification of MgSiQ; (enstatite). The mean value
of AH? as given in Table 2 is practically identical with the
value AHP g00= —3523+1.28kJ-mol™! calculated by
Wood and Holloway (1984) from the P— T parameters of
phase equilibria and adopted in our work.

MgSiO,(ilmenite, perovskite, garnet). Ito and Navrotsky
(1985) have determined the heat of the phase transformation
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Table 2. Standard thermodynamical functions for low-pressure phases of the MgO —SiO, system

Mineral AH? | 400 kT -mol 1 Source 59000 J- K1 mol™? Source
Si0,(quartz) 0 116.02 Robinson
et al. (1982)
MgO 0 82.29 Robinson
et al. (1982)
a—Mg,Si0, —60.44+1.26 King et al. (1967) 277.61 Robinson
et al. (1982)
—62.51+1.13 Charlu et al. (1975)
—60.63+1.38 Kiseleva et al. (1979)
—59.85+1.88 Brousse et al. (1984)
—60.86+1.44 mean
—-60.86+1.44 adopted
MgSiO;(En)
Ortho —33.89+1.76 Brousse et al. (1984)
Ortho —3594+1.3 Chatillon-Colinet et al. (1983)
Clino —35.10+1.13 Kiseleva et al. (1979)
Ortho —36.86+0.71 Charlu et al. (1975)
Ortho —3515+13 Gasparik and Newton (1984)
Ortho —3523+1.28 Wood and Holloway (1984) 195.62 Wood and Holloway (1982)
—3536+1.34 mean
—-3523+1.28 adopted

orthoenstatite =ilmenite as AH%qq(En=1lm)=71.797
+3.140 kJ-mol~*. No thermochemical determinations are
available for modifications of MgSiO; in the perovskite and
garnet structures.

Si0, (coesite, stishovite). The change in the standard free
energy of the phase transformation quartz-coesite-stishovite
was calculated from the P— T parameters of phase equilib-
ria by Kuskov and Fabrichnaya (1987).

B,y-Mg,Si0,. Akaogi et al. (1984) have determined the
heat of phase transformations in Mg,SiO, by calorimetry
as AHY%, (@=£=2996+293; AHYu00(B=7)=6.82
+3.76 kJ-Mol™ ' and calculated changes in entropy of
phase transformations by two methods giving AS9qq,(
=B)=—11.72; AS%00o(B=7)=—544 J-K t-mol™! ac-
cording to Kieffer’s (1980) model; AS?,.5(a=p)= —10.46;
AS%,,3(B=7)=—6.28 J-K~!-mol ™! based on the P— T pa-
rameters of phase equilibria according to Suito (1977).

Equations of State. The potential method for construction
of the equation of state for solids is described in detail by
Kuskov et al. (1983 b) and Kuskov and Galimzyanov (1986).
The parameters of the equation of state (EOS) for minerals
are summarized in Table 3.

Computer Simulation of Phase Relations in the MgO —SiO,
System

Below we study changes in the topologies of phase diagrams
of the MgO —SiO, system and an internally consistent data
set based on different assumptions and input data.

Calculations Based on Thermochemical Determinations

Figure 2 presents the phase diagram for a simplified part
of the MgO —SiO, system that includes six phases (peric-
lase, stishovite, forsterite, f-spinel, y-spinel, enstatite). The

calculations are based on calorimetric determinations of the
heat of phase transformations in Mg,SiO, (Akaogi et al.
1984) and changes in entropy calculated in the same work
according to Kieffer’s model (1980):

AG®(a=B)=29960+11.72TJ-mol !
AG®(B=7y)=6820+544TJ-mol 1.

The data of Table 2 and the equations of state for the
minerals were also used in the calculations; the EOS for
y—1 was adopted for y-spinel.

The results of calculations for phase diagrams based
on the data from Akaogi et al. (1984) lead to discrepancies
with the experimental data. The diagram contains the stable
univariant equilibria o=y, 2 En=7y+ St and y=2 MgO + St
in a temperature range (1000-1600 K) in which they must
be metastable according to all the experimental evidence
available (Suito 1977, Akaogi and Akimoto 1977, Yagi et al.
1979, Ohtani 1979, Liu 1979, Sawamoto 1986, Akimoto
et al. 1976, Ito and Yamada 1982).

It should be emphasized that the use of thermochemical
information inconsistent with data for equations of state
and phase equilibria results in deformations in the stability
fields of minerals relative to those determined in the experi-
ment. The same can be said with respect to the calculations
reported by Ostrovsky et al. (1986). It should be noted at
the same time that the calculations of portions of the phase
diagram made by Ito and Navrotsky (1985) on the basis
of thermochemical determinations of AHS, as well as the
values of ASY calculated using the simplest EOS from data
on phase equilibria at a fixed temperature are in agreement
with the experimental data at pressures of 13-20 GPa.

Calculations Based on Fei and Saxena’s Data

Fei and Saxena (1986) have used the Murnaghan’s EOS
for minerals and the P— T parameters of a number of basic
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Table 3. Parameters of equations of state for minerals in the MgO —SiO, system at 1 bar and 298.15 K

MgO?* a~quartz® SiO, coesite® stishovite®
P 3.583  (0.001) 2648 (0.001) 292 (0.005) 4289  (0.005)
o 312 (05) 35 (05) 75 (0.5 165  (10)
c, 3778 (0.08) 4443 (021) 4498  (0.4) 4297 (0.08)
K. 163 0.5) 371 (0.5 96 (3.0) 316 (1.5)
K 45 (02 60 (02 84  (L0) 40 (1.0)
9 936  (10) 570 ) 675 (25 1190  (25)

Mg,SiO,

o B y—1 y—2
P 3213 (0.001) 3474 (0.01)° 3550 (0.01) 3549 (0.005)
, 26 (10) 206 (1.0) 190  (L0) 190  (10)
c, 11811  (0.16) 11012 (1.0) 10694  (1.0) 106.94  (1.0)
K. 1288 (L0 1740 (6.0 1840  (5¢° 210 )
K 51 (02 43 (05) 40 (05) 40 (0.5
0 763 ©) 893 (25 902 (25 900  (25)

MgSiO,

En® Ilm Pvf Gr
P 3.198  (0.005) 3795 (0.005) 41 (0.01) 3.556  (0.01)"
o 28 (25) 2 (5)° 25 (5 15 (5)
c, 8222 (0.08) 7929  (0.8) 795 (40) 795  (4.0)
K, 108 3) 212 ()0 250  (10) 170 (10y
K 5 (0.5) 4 (05 38 (0.5 40 (05
9 734 (30) 944 25y 985  (50) 800  (50)

ping-em® «-10°in K™%, C,in J-K~*-mol™ !, K, in GPa, f in K.

2 Kuskov and Galimzyanov (1986);

b Kuskov and Fabrichnaya (1987);

© Weidner et al. (1984);

4 Weidner and Ito (1985);

¢ Ashida et al. (1985) for MgGeO;(Ilm);

f Kuskov and Galimzyanov (1986), Knittle and Jeanloz (1987), Matsui et al. (1987), Kudoh et al. (1987);
¢ 0,04(Pv) is adopted 25-107° K~' because the calculations on the Debye theory give o;400(PV)
=44.10"¢ K !, which is consistent with averaged value of «(Pv)=40-10"% K ! according to Knittle

et al. (1986);
b Sawamoto and Kohzaki (1985);

! (Gr) is adopted as for Al,O; according to Suzuki (1975) and Anderson (1980);

i Babuska et al. (1978). Irifune (1987);

C, from Kuskov and Galimzyanov (1986) and Watanabe (1982); other data are from Kuskov and Gali-

mzyanov (1986).

equilibria for the calculations of standard free energies of
formation of high-pressure phases for the MgO —SiO, sys-
tem. Figure 3 shows the phase diagram for the MgO —SiO,
system which we have calculated on the basis of Fei and
Saxena’s (1986) data. A peculiar feature of this diagram
is curvature in the lines of univariant equilibria. The change
in the sign of the slope of dP/dT for the number of curves
is related to the change of sign in the AS, the latter being
due to the use of unsubstantiated values of the coefficients
in the polynomial dependence of the heat capacity on tem-
perature for phases with the ilmenite or perovskite structure.
The phase diagram calculated from the data of Fei and
Saxena (1986) is in disagreement with an experimental se-
quence of phase transformations at pressures above 23 GPa.
The fact that the equilibrium y=Pv+ MgO which Fei and
Saxena (1986) adopt as the basic one became metastable
(see Fig. 3) seems to be due to inconsistencies between the

information on MgSiO; with the structure of ilmenite. The
same equilibrium is metastable within the experimentally
studied range of temperature in the calculations of Os-
trovsky et al. (1986), while the univariant lines of the reac-
tion MgSiO;(Pv)=MgO+ SiO,(St) become stable in two
parts of the P—T diagram at once at T<1000K and
T>2000 K.

An Algorithm for Calculation and Adjustment
of the P— T Diagrams

The discrepancies that have emerged between direct experi-

ments and calculations based on thermochemical data re-

veal instability in the phase diagram of the MgO—SiO,
P

system with respect to variation of AGY; and | VdP for

the phases. °
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Fig. 2. Phase diagram of the MgO —SiO, system constructed from
the data of EOS of minerals (see Table 3) and thermochemical data
of Akaogi etal. (1984): AGH{a=p)=29960+11.72T, AG%(B=7)
=6820+5.44TJ -mol™ ! 1-equilibrium y=Pv4+MgO by Ito and
Yamada (1982)
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Fig. 3. Phase diagram of the MgO —SiO, system constructed from
the data of Fei and Saxena (1986) (the Murnaghan’s EOS are used)

The algorithm for calculation and adjustment of P—T
diagrams for multisystems with phases of constant composi-
tion is as follows (Galimzyanov and Kuskov 1988):

(1) Selection of AGY; values for low-pressure phases.
(2) Construction of equations of state for all phases.
(3) Calculation of missing information from standard free
energies of phase transformations from experimental equi-
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librium P—T parameters with subsequent conversion to
the AG?; of high-pressure minerals.

(4) Calculation of equilibrium phase composition of the sys-
tem for different P and T values using the method of minimi-
zation of Gibbs free energy and construction of P—T dia-
grams.

(5) Analysis of the effect of the uncertainty intervals of input
information on calculation results and the topology of P—T
diagrams as a whole.

Thus, the construction and adjustment of P—T dia-
grams requires three sets of input data: standard free ener-
gies of formation for low-pressure phases; equations of state
of all phases; P— T parameters of phase equilibria adopted
as basic ones. The condition that consistency has been
achieved is agreement between the calculated and experi-
mental sequence of phase transformations. Thus, for in-
stance, if polymorphic transformations in SiO, and a=p
Mg,SiO, are taken as basic equilibria, the P— T parameters
of the equilibrium 2 En=p+ St are determined uniquely.
The basic equilibrium f=7 must obviously take place at
higher pressures than 2 En= f + St. Equilibria involving the
modification MgSiO,; with ilmenite and perovskite struc-
tures taken as basic must be at lower pressures than the
equilibrium y=2 MgO +St. Note also that the results of
adjustment depend on the selection of parameters and the
method used for constructing the equations of state (Kuskov
and Galimzyanov 1986, Kuskov et al. 1983a, Galimzyanov
and Kuskov 1988).

A Simplified Model of Phase Diagram

First we construct a P— T diagram for the simplified part
of the system restricted to six phases (MgO, stishovite, for-
sterite ff-, y-spinel, enstatite). The basic equilibria will be

o—Mg,Si10, (forsterite) = § — Mg, SiO, (S-spinel) 1)
B—Mg,SiO, (B-spinel) =y — Mg, SiO, (y-spinel) @2

The P—T parameters of equilibria (1) and (2), as well as
the methold used for constructing the equations of state
are given in Table 4; the results of calculations can be found
in Figure 4.

Decomposition of y-spinel occurs at 2441 GPa and
1000-2000 K as shown in Figure 4a. But the equilibrium
y=2 MgO + St must be metastable according to the data
of Liu (1979), Yagi et al. (1979), Ito and Yamada (1982)
and the pressure of this transformation must be higher than
that of the decomposition of y-spinel into perovskite + peric-
lase in order that the experimentally established sequence
of phase transformations with increasing pressure could
hold: o — -y >Pv+MgO. From Figure 4a one can see
that the use of the P— T parameters of basic equilibria (1)
and (2) by Suito (1977) makes the line y =2 MgO + St lower
in pressure than y=Pv+ MgO according to Ito and Yama-
da (1982), whatever the variation of input constants and
the methods for constructing the EOS of y-spinel. Thus,
the P— T parameters of the basic equilibria a=p, =1y ac-
cording to Suito (1977) and y=Pv+ MgO according to Ito
and Yamada (1982) are inconsistent thermodynamically.

Computation shows that the lower the pressure for the
basic equilibria (1) and (2), the higher the line of y-spinel
decomposition into oxides; the P—T diagram of variant
1D shown in Figure 4b satisfies these requirements.

The variant 1D was based on the P— T parameters of
the basic equilibrium f=v taken from Sawamoto (1986)
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Table 4. Input information for construction of a simplified part of phase diagram and calculation of

free energies of phase transformations in the MgO — SiO,, system

Input information® EOS® method of AGY%, J-mol™! Variant

P(GPa)=4+B T(K) calculation of EOS

a=f Mg,SiO, ; Suito (1977) y—1 potential 26267+12.87T¢ IA

9.844+35-107°T 8008+ 6.06TC

B=y Mg,SiO, ; Suito (1977) y—2 potential 26267 +12.87T¢“ 1B
6803+ 3.187¢

104551073 T y—1 Murnaghan 25857+13.51 T IC
7999+ 6.19T6G

o= Mg,Si0,°

9.16+3-1073T y—1 potential 24418+ 11.72T* D

a=p Mg,SiO, ; 6410+ 649T®

Sawamoto (1986)

79+6.1.1073T

* AGY, for low-pressure phases used in calculating phase diagrams are given in Table 2

® Parameters of equations of state are given in Table 3

° The P(T) dependence given for the equilibrium o= f is explained in the text

The free energies of transformations are denoted by the indices: 4—a=f Mg,SiO,, 5— =y Mg,Si0,

P, GPa

2

10

1 o

L]
a 1000 1500 2000 T, K

1D

P, GPa

0F

1

1 1
b 1000 1500 2000 T,K

Fig. 4a, b. Topology of the simplified part of the phase diagram for the MgO—SiO, system according to the data of Table 4. (a)
Basic equilibria = and =7y, common for variants IA, B, C are denoted by solid lines. Variant {A: 2 En=f+St and y=2 MgO + St
are shown by solid lines. Variant IB: 2 En=8+St is the same line as in IA, y=2 MgO+St is shown by dashes and dots. Variant
IC: 2 En=p+St and y=2 MgO+St are shown by dashes. (b) Variant ID: 1-equilibria y=Pv+MgO and Ilm=Pv according to Ito
and Yamada (1982). Symbols are experimental points of Ito and Yamada (1982): m-y; m-y, Pv, MgO; 0O-Pv, MgO and Ito and Navrotsky

(1985): ®-En, @3-+ St, 8-y + St, @-En+ f+ St, R-f+ y+ St

at 1000-2000° C. At 1000° C the transition pressure for f=7
according to Sawamoto (1986) is 1.3 GPa below those in
previous determinations (Suito 1977, Yagi et al. 1979, Oh-
tani 1979). The phase transition a=f also takes place at
lower pressures compared to the values reported by Suito
(1977), Table 1. According to Table 1, the pressure of the
basic equilibrium «=p was adopted as equal to 13 GPa
at 1000° C, the slope of the curve was determined with the

help of equations of state and ASYge(z=p)=
—11.72J-K "' mol~? as calculated by Akaogi et al. (1984)
on Kijeffer’s model (1980), Table 4. The values of AH?. calcu-
lated from the basic equilibria for the transitions = and
B =1y are in agreement with Akaogi et al. (1984) (see Table 4)
within the uncertainty of the calculations and calorimetric
determinations.

In the variant 1-D (Fig. 4b) the pressure of y-spinel de-
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Table 5. Results of varying equilibrium P — T parameters for Ilm =Pv and y=Pv+ MgO

Variant Tim =Pv (1) AGY%, J-mol ™! 94 St=2 [lm
y=Pv+MgO (2) dP/dT,
P(T) of the transformations GPaK™*-10*
P,GPa, T K

1A (1)2611-2-1073T 47279— 6.32T i
(2)26.04—16-107°T 91671—12.18T

1B (1) 2627—2-107*T 47740— 6.31T 10
(2)2527—1-1073T 890790—-10.71T

Ic 1)260—2-1073T 47360— 6.38T 25
(2)240-00T 86570— 8.16 T '

II1A 1) 24.75—1-1073T 45190— 4787 144
(2)26.55—-2.107°T 93420—13.58T

IIIB (1)26.02—2-1073T 47360— 6.36T 10
(2)2782-3-107%T 97070—-1644T

1IIC (1)25.85—18-1073T 47150— 6.11T o1

(2)26.55—2-1073 T

93420—13.58T

composition into a mixture of oxides is a maximum and
amounts to 254 GPa at 1273 K, somewhat above that for
the reaction y=Pv+MgO. For the -equilibrium
2 En=p-St we have P=15 GPa at 1273 K, in agreement
with experiments (Ito and Navrotsky 1985), but about 1.5-
2.0 GPa below previous determinations due to Akaogi and
Akimoto (1977) and Liu (1979). The equilibrium «=En-
+MgO discovered by Logvinov (1983) is metastable in the
calculated phase diagram.

Thus, the internally consistent variant 1-D of the P—T
diagram for the simplified part of the MgO —SiO, system
satisfies the whole of experimental data at 1273 K and can
form the basis for calculation of the complete phase dia-
gram.

Model of the Complete Phase Diagram

To calculate the complete phase diagram of the MgO —SiO,
system, the input information for the variant 1-D is to be
supplemented by equations of state for two new modifica-
tions of MgSiO; in the structures of ilmenite and
perovskite” and the data on P— T parameters of basic equi-
libria involving these phases:

MgSiO, (IIm) = MgSiO, (Pv) 3)
7—Mg,Si0, = MgSiO, (Pv) + MgO )

Computation shows that if the pressure of the reaction y
+St=2 Ilm is taken to be P=20 GPa (Ito and Yamada
1982; Ito and Navrotsky 1985), and P=253 GPa at
1000° C for y =Pv+MgO (Ito and Yamada 1982) (Table 1),
then the experimental sequence of phase transformations
y+St=2 Illm, [lm=Pv, y=Pv+MgO breaks with increas-
ing pressure since the pressure of the Ilm=Pv transition

2 The phase of MgSiO; having garnet structure will be considered
below.

becomes higher than for y=Pv+MgO. At the same time,
a decrease in the pressure® of the phase boundary y=Pv
+MgO by 1.3 GPa produces a transformation sequence
that is consistent with experiment. Variation of the pressure
of the equilibrium y+St=2 Iim within the uncertainty has
little effect on the pressure transition of Ilm =Pv.

In modeling phase relations two variants of the position
of the invariant point (y, Pv, Ilm, MgO) have been consid-
ered, this point being outside the limits of the temperature
range 1173-1673 K studied experimentally by Ito and Ya-
mada (1982). Changes in the slopes of basic equilibria (3)
and (4) within the range 0 to —3-1073 GPa-K ~ ! with inter-
vals of 0.25-1073 GPa-K ™1 give rise to many variants that
have been reduced to six topologically inequivalent types
(see Table 5 and Fig. 5). The variants marked IIB and IIC
of the phase diagram are topologically equivalent to those
constructed previously (Kuskov and Galimzyanov 1986;
Kuskov et al. 1983a).

Phase Equilibria with MgSiO;(Garnet). For the range of
temperatures adjacent to the solidus one should take into
account a polymorphic modification of MgSiO, having gar-
net structure (Sawamoto and Kohzaki 1985). The calcula-
tions are based on experimental data relating to the stability
boundary of f+1Ilm and f+ Gr associations obtained by
Sawamoto and Kohzaki (1985) and Kato and Kumazawa
(1986). The slope of the En=Gr equilibrium curve is chosen
in such a way that the low-temperature part of the diagram
might not be altered by the appearance of Gr. The slope
of the equilibrium is adopted as positive in accordance with

3 This is related to the method of pressure calibration in experi-
ments (Ito and Yamada 1982) based on the P— T parameters of
the decomposition reactions of MgAl,0, and y—Ni,SiO, into ox-
ides. It follows from thermodynamical analysis that the equilibrium
pressures must be lowered by 1-1.5 GPa (Kuskov and Galimzyan-
ov 1984, 1986).
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Fig. 5. Topologies of the complete phase diagram for the MgO —SiO, system according to the data of Table 5. Symbols are the same

as in Figure 4: A-Ilm, a-Ilm + § 47+ St by Ito and Navrotsky (1985); A-f+Ilm, -8+ Gr by Kato and Kumazawa (1986). The uncertainties

of phase boundaries due to the errors of input parameters are calculated by error propagation formula (see Kuskov and Galimzyanov

1986) and indicated by error bars. The insets show the high-temperature part of the diagram taking into account the MgSiO,(Gr)
phase. The P—T dependence P(GPa)=14.34+1.107°T for transformation En=Gr is used in calculations; AGY,.s, =28736
+1297T7-mol~*

data of Akaogi and Akimoto (1977) and Irifune (1987). The for the entire uncertainty region of input parameters and
variants of the extended diagram shown in insets in Figure 5 consists of the following: (1) construction and fitting of a
are tentative because of lack of experimental information. set of phase diagram variants: (2) reduction of some set
of the variants to a single topological equivalent: (3) finding
the unique topological configuration of the phase diagram.

According to our calculations, the sequence of phase
The robustness and stability analysis of a phase diagram transformations for a composition intermediate between
as a whole requires calculation of a large number of variants  forsterite and enstatite is identical with increasing pressure

Discussion
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at 1273 K for all the six variants of phase diagram (see

Fig. 5):

Ent+a—En+f—p+St—>y+St—>y+Im—y+Pv—-Pv
+MgO.

As the pressure increases along the 2000 K isotherm,
the following sequence of phase associations will take place:

variant I1A, IIIC, En+ « —»En+f— f+St—» f+1lm
—y+Ilm -y +Pv->Pv+MgO

variants IIB, IIC,En+a—En+ - f+St > y+5t
—y+Pv-o>Pv+MgO

I
2500 T, K

variants IIIA, I1IB, En+ o —>En+ f - f4+St - f+1lm

—y+Ilm - lim +MgO - Pv
+MgO

Variants ITA and IIB have identical sequences of phase
transformations within the range 298-1800 K but are differ-
ent above 1800 K, while variants IIB and IIC are identical
along the 1800 and 2000 K isotherms. The variants IIB
and IIC are at variance with the experiments of Kato and
Kumazawa (1986), according to which the phase association
B+1Ilm is stable at 20 GPa and 2000 K. Variants 1IIA and
IIIB are equivalent within the range 1000-2500 K (variant
IIIB is not shown in Fig. 5) below 1000 K they differ in
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Table 6. Internally consistent data base of free energies of phase transformations and recommended
values of standard free energies of formation from oxides for minerals in the MgO —SiO,, system (Variant

IIA) at 1000-2000 K

Mineral Basic equilibria AG% J-mol™? AGP; J-mol ™!

P(GPa)=A+B T(K) for phase transitions
o—Mg,Si0, - - —60856+ 297T
En—MgSiO, - - —35230+ 2.68T
B—Mg,SiO, o=pf—Mg,Si0,

9.16+3-1073T 24418+11.72T —36438+14.69T
7—Mg,Si0, p=y—Mg,SiO,

79+6.1-1073T 6410+ 649T —30028+21.18T
Pv—MgSiO, 7—Mg,Si0,=Pv+MgO

2604—1.6-107%T 91663—12.18T 61635+ 9.0T
Ilm —MgSiO, Ilm =Pv—MgSiO,

2611—2-1073T 47280~ 6.32T 143554+15.32T
Gr—MgSiO; En=Gr—MgSiO,

1434+1.1073T 28736+12.97T —6494+1565T
Coes-SiO, o« —quartz==Coes

1.8+1-1073T 1590+ 49T 1590+ 49T
St—SiO, Coes =St

6.88+2.1.1073T 43438+ 9.08T 450284+-13.98T

phase sequences. Variant IIIB has the invariant point
y+Pv+MgO+St at 254 GPa and 800 K (Table 5), but in
the region of low temperatures the slow kinetics of the reac-
tions seems to prevent experimental tests of the equilibria
y+St=2Pv, y=2 MgO+St, and MgO +St=Pv. Variant
IIIC differes from IITA in sequences of phase associations
at temperatures above 1800 K.

Thus, we have come to three basic variants ITA, IITIA
and IIIC of the phase diagram to be subjected to further
experimental testing.

For the stability analysis of phase-diagram variants, the
most important is the equilibrium y+ St=2 Ilm which is
very sensitive to changes in the P— T parameters of basic
equilibria (3) and (4). Because the volume effect of the trans-
formation y+St=2Tm is very small (AV=
—0.93 cm®-mol™! at 1273 K and 20 GPa) a change within
the uncertainty of the slope for basic equilibria causes a
drastic change in the slope of the equilibrium under consid-
eration (Table 5), from highly positive (variant IIC) to highly
negative (variants IITA, ITIC).

Calculations (Fig. 5, Table 5) show that the greater the
absolute value of the slope of Ilm=Pv compared with
y=Pv+MgO, the greater is the positive value of the slope
of the phase boundary for y+St=2 Ilm; as the difference
in the slopes of basic equilibria decreases, the slope of
v+ St=2 Ilm becomes equal to zero or negative.

We adopted variant ITA as the “best” one, being consis-
tent with the totality of phase equilibria data. Variant IIA
is consistent with the experimental synthesis data of Ito
and Navrotsky (1985) for the transition y+ St=2 Ilm with
a slightly negative dP/d T* and with experiments at higher
temperature than 1800 K of Sawamoto and Kohzaki (1985)
for MgSiO; composition and Kato and Kumazawa (1986)
for MgSiO; composition and mixture forsterite + cnstatite.
In variant ITA the invariant point f+y+ Ilm+ St is stable
at 19 GPa and 1800 K, the invariant point Gr+ Ilm+ Pv
is stable at 21.6 GPa and 2270 K.

Conclusion

Thermodynamic and basic phase equilibria data are avail-
able for construction of the topologies of the complete phase
diagram in the MgO—SiO, system, but they are not yet
sufficient for determination of the single variant of the phase
diagram.

Nevertheless the topology of variant ITA satisfies all ex-
perimental data over a wide range of pressures (up to
25 GPa) and temperatures (up to 2500 K). A thermodynam-
ic data base for minerals in variant ITA of the MgO —SiO,
system is established by supplementing the calorimetric data
for low pressure phases and equations of state for low and
high pressure phases with data calculated from high pres-
sure synthesis experiments. A refined set of standard free
energics of formation and phase transformations in the
MgO —SiO, system is presented in Table 6.

The main result of imitation modeling is that we are
able: a) to reveal topologically stable variants of phase dia-
gram and yield internally consistent recommendation for
thermodynamic properties and P—T parameters for all
equilibria; b) to point out inconsistencies and deficiencies
in the experimental data and thus facilitate future experi-
mental research. A refined data base is useful for planning
of new experiments at high pressures and temperatures and
in generating phase diagrams of mantle compositions.

Acknowledgements. The authors are grateful to Lin-gun Liu for
discussion on high-pressure phase transitions in the MgO—SiO,
system.

Note added in proof. While this paper was in press Sawamoto (1987)
published his parameters of the triple point, llm + Gr + Py, in pure
MgSiO; as P=22.8 GPa and T=2330 K, which are in very good
agreement with the present results.

4 Ito and Navrotsky (1985) have obtained a highly negative slope
for this equilibrium in their calculations
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