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,8-Mg2Si04: Insights into its high-temperature thermodynamic properties

and the ,8- to a-phase-transformation mechanism and kinetics

BRUNO REYNARD,! FOUZIA TAKlR,! FRAN<;OIS GUYOT,2,. GABRIEL D. GWANMESIA,2
ROBERT C. LIEBERMANN,2 AND PHILIPPE GILLET3

IGeosciences Rennes CNRS UPR 4661, Institut de Geologie, Universite de Rennes I, 35042 Rennes Cedex, France
2Center for High Pressure Research and Mineral Physics Institute, State University of New York at Stony Brook,

Stony Brook, New York 11794-2100, U.S.A.
'Laboratoire des Sciences de la Terre, Ecole Normale Superieure, CNRS URA 726, 46 Allee d'ltalie, 69364 Lyon Cedex 07, France

ABSTRACT

We performed in-situ Raman spectroscopy and X-ray diffraction experiments at high
temperature and ambient pressure to investigate the intrinsic anharmonic properties of
{J-Mg2Si04 and the mechanism and kinetics of its back-transformation to forsterite. High-
temperature Raman spectra of {J-Mg2Si04 and its back-transformed products were record-
ed up to 1200 K. {J-Mg2Si04 persists metastab1y up to 800-900 K, and the Raman fre-
quency shifts with temperature were determined. Between 800 and 1000 K, new peaks
are observed at about 670 and 1020 cm-I. Above 1000 K, a direct transformation to
forsterite occurs. The peaks that appear between 800 and 1000 K are attributed to a
defective spinelloid that forms as an intermediate phase during the back-transformation
of {J-Mg2Si04 to forsterite. Similar features are observed in the Raman spectrum of par-
tially transformed ')'-Ni2Si04 heated at 1073 K and ambient pressure for 10 min. These
results indicate that a two-step mechanism, possibly martensitic, is operative in the back-
transformation of the {J-and ')'-phases to olivine at low to moderate temperatures and for
a large overstepping of the equilibrium conditions.

The kinetics of the {J-to a-Mg2Si04 back-transformation were monitored between 1023
and 1120 K at ambient pressure using X-ray powder diffraction. For the kinetic data
obtained in air, two regimes are evident from an Avrami analysis. The first regime is
characterized by an exponent n

""
2 for a low transformed fraction (X < 0.5); the second

has n
""

1 for higher transformed fractions. For this second regime, an activation energy
of 432 :t 64 kllmo1 is derived for the growth process from the kinetic data. A smaller
data set collected in vacuum indicates much slower transformation rates and suggests a
significant effect of the O2 or H20 partial pressures on the kinetics.

Intrinsic mode anharmonic parameters can be calculated from the Raman frequency
shifts with temperature and used to correct vibrational heat capacity models for intrinsic
anharmonic effects. These corrections are slightly higher for the {J-phase than for forsterite
but the difference is within the experimental error. This indicates that, within the resolu-
tion of our experiments, no significant effect of intrinsic anharmonicity on the location
and slope of the a-{J phase transition can be predicted.

INTRODUCTION

{J-Mg2Si04, a high-pressure polymorph offorsterite (a-
Mg2Si04), is believed to be a major phase of the Earth's
mantle at depths between 410 and 520 km. The density
and seismic-wave velocity jumps at the 410 km discon-
tinuity are attributed to the a-{J transformation in olivine-
rich models of the mantle (e.g., Akaogi et al. 1989; Kat-
sura and Ito 1989). Yet few studies have characterized
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the high-temperature properties of the {J-phase. Suzuki et
al. (1980) measured its thermal expansivity at 1 bar up
to 1073 K by X-ray diffraction. In a high-temperature,
single-crystal X-ray diffraction study, Tsukimura et al.
(1988) determined the thermal expansion as well as the
back-transformation reaction up to 1100 K. Watanabe
(1982) measured the specific heat up to 700 K. In this
study, we present an in-situ high-temperature Raman
spectroscopic study of {J-Mg2Si04. The purpose of the
study is twofold: to measure the intrinsic anharmonicity
of the {J-phase and present new data on the mechanism
of the back-transformation to forsterite. The determina-
tion of intrinsic anharmonicity is important because it
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influences the high temperature (> 1000 K) thermody-
namic properties, such as the specific heat and the entro-
py (Gillet et al. 1989, 1991). In particular, it is essential
for phase diagram calculations at high temperatures to
determine whether intrinsic anharmonicity is different in
the {J-phase and forsterite.

The mechanism and kinetics of the {J- to a-Mg2SiO.
transformation are important for understanding the pres-
ervation of wadsleyite in meteorites, and the microstruc-
tures contained therein (e.g., Price et al. 1983; Price 1983;
Madon and Poirier 1983), as well as the possible occur-
rence of wadsleyite as ultradeep inclusions in diamonds.
The study of the {J-to a-Mg2SiO. transformation at 1 bar
also provides the opportunity to investigate a reaction
closely related to the olivine-spinel transformation sensu
lato in a condition far from equilibrium and in the ab-
sence of deviatoric stresses usually present in high-pres-
sure experiments. Indeed, in addition to heterogeneous
nucleation and growth mechanisms, it has been proposed
that the olivine-spinel sensu lato transition occurs by
shear-assisted ("martensitic") mechanisms involving spi-
nelloids (Poirier 1981a, 1981 b; Hyde et al. 1982; Madon
and Poirier 1983). To investigate the nature of the tran-
sition mechanism and kinetics, experimental studies of
the olivine-spinel sensu lato phase transition have been
performed in analog systems, such as Mg2GeO. (e.g.,
Vaughan et al. 1982, 1984; Rubie and Champness 1987;
Will and Lauterjung 1987; Burnley and Green 1989),
Ni2Si04 (e.g., Boland and Liebermann 1983; Rubie et al.
1990), Fe2SiO. (Lacam et al. 1980), and C02SiO. (Rems-
berg et al. 1988), and in the (Mg,Fe)2Si04 system (Boland
and Liu 1983; Madon et al. 1989; Guyot et al. 1991;
Brearley et al. 1992). In general, experiments performed
in diamond-anvil cells with large deviatoric stresses (La-
earn et al. 1980; Boland and Liu 1983; Madon et al. 1989)
provided evidence for a martensitic mechanism, whereas
experiments conducted in large-volume apparatus
(Vaughan et al. 1982, 1984; Boland and Liebermann 1983;
Rubie and Champness 1987; Remsberg et al. 1988;
Brearley et al. 1992) under lower deviatoric-stress con-
ditions gave no evidence for a martensitic mechanism but
rather showed evidence for an incoherent nucleation and
growth mechanism. Burnley and Green (1989) showed
that the martensitic mechanism is actually favored by
high nonhydrostatic stresses with respect to an incoherent
nucleation mechanism activated under low differential
stress conditions. The study of the {J-to a-Mg2SiO. trans-
formation may help to decipher the respective effects of
non equilibrium and nonhydrostaticity.

EXPERIMENTAL METHODS

Sample synthesis

Pure synthetic forsterite powder was used as a starting
material. This powder was compressed and heated in a
uniaxial split-sphere apparatus (USSA-2000), using the
cell assembly described in Gwanmesia et al. (1990). The
powder was first compressed slowly up to 15 GPa. Tem-
perature was then increased slowly up to 127 3 K and held

for 1 h. The experiment was quenched by switching off
the input current, and then the pressure was slowly de-
creased. Quenched samples appear as cylinders of well-
sintered material about 1.5 mm in diameter and 2 mm
long. Samples were confirmed by X-ray diffraction to be
pure {J-Mg2Si04. The Ni2SiO. spinel is the same sample
used by Reynard (1993) for infrared spectroscopic mea-
surements.

Raman spectroscopy

Raman spectra were recorded on a multichannel XY
DILOR microprobe at the University of Rennes. The Ra-
man signal was excited using either the 488 or 514.5 nm
lines of an Ar Spectra-Physics laser. Spectra were col-
lected in the 1800 backscattering geometry through an
Olympus ULWD 50 objective (focal distance 8 mm, nu-
merical aperture 0.63). The laser light is focused onto a
spot < 5 Mm in diameter on the sample. The Raman light
is focused into a double-subtractive spectrometer and an-
alyzed by a CCD EGG-Ortec detector. Raman spectra at
high temperature were obtained in two ways: First, it was
observed that the presence of poorly crystalline graphite
in the sample (broad bands at 1360 and 1590 cm-I) leads
to a temperature increase because of absorption of the
laser light. By varying the laser power it was possible to
obtain spectra at different temperatures (Expt. 1) with a
strong signal (the higher the laser power, the stronger the
signal and the higher the temperature). Rough estimates
of the temperature were obtained from the vibrational-
frequency shifts with temperature measured indepen-
dently for forsterite (Gillet et al. 1991) and {J-Mg2SiO.
(see below). Temperatures of -1200 ::!: 100 K were ob-
tained using this method. Second, high-temperature spec-
tra were obtained using a Leitz 1350 heating stage. Tem-
peratures were measured with a Pt-Pt 10% Rh
thermocouple calibrated against melting points of stan-
dard compounds. To avoid sample heating from the la-
ser, a low laser power was used (50 mW at the laser out-
put leading to <5 mW at the sample). No frequency shifts
were observed at lower powers (the temperature increase
was estimated to be <50 K), but this procedure has a low
Raman signal-to-noise ratio. This laser power was kept
constant to allow comparison between spectra obtained
at different nominal temperatures indicated by the ther-
mocouple readings. The frequency shift with temperature
obtained for the most intense Raman mode of the {J-phase
at 918 cm-I was used to estimate temperatures for the
spectra obtained using the high laser power (Expt. 1).

X-ray diffraction and TEM

High-temperature powder-diffraction spectra were ob-
tained using a SClNTAG X-ray diffractometer equipped
with a standard goniometer. High temperatures were pro-
duced by the resistive heating of a platinum strip on which
the crushed sample was placed. The temperature was
monitored by a Pt-Pt 10% Rh thermocouple. Some ex-
periments were conducted under a vacuum of 10-2 Pa.
The kinetics of the back-transformation of the {J-phase to
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FIGURE1. High-temperature Raman spectra. (a) Experi-
ments 2 and 3, from bottom to top: two spectra of untrans-
formed {3-Mg2Si04 at 294 and 695 K; onset ofthe transformation
at 827 K marked by the appearance of two broad peaks (labeled
by question marks) that cannot be attributed to either {3-Mg2Si04
or forsterite; at temperatures close to 1000 K forsterite peaks
(labeled a) appear and grow at the expense of all other peaks; at
1180 K, the transformation is nearly complete and forsterite is
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quenched. (b) Experiment I, from bottom to top: two spectra of
untransformed {3-Mg2Si04 at 300 and 900 K; onset of the direct
transformation at about 1100 K, no extra peaks at 670 and 1020
cm-1 are observed; partially transformed {3-Mg2Si04 at about
1000 K, extra peaks at 670 and 1020 cm-1 are observed;
{3-Mg2Si04 quenched from about 900 K, weak extra peaks are
observed as doublets at 665-685 and 1005-1025 em-I.

olivine were determined quantitatively. The relative pro-
portions of the {J-phase and olivine were estimated from
the X-ray spectra by summing the integrated intensities
of the distinct peaks for each phase, with the assumption
that the ratio of the abundances is similar to the ratio of
the summed intensities. Using the summed intensities of
several distinct peaks prevents any bias because of an-
isotropy or preferential orientation. Because this method
requires good counting statistics, it was impossible to per-
form in-situ experiments at high temperature. Therefore
we used the following procedure: (1) The sample was
heated quickly (within 2 min) to the desired temperature;
(2) it was maintained at this temperature for a short in-
terval (typically 15 min); (3) the power in the furnace was
then switched off, and the sample quenched within a few
seconds to temperatures at which the transformation rate
is nil at the scale of the experiment; (4) the X-ray spec-

trum was then collected from 15 to 40° 28 for 2 h. This
procedure was repeated until significant conversion to
forsterite was observed.

TEM studies were performed on a lEOL 2000EX op-
erating at 200 kV at the University of Rennes.

RESULTS

Raman spectroscopy

The Raman spectrum of {J-Mg2Si04 has been recorded
at both ambient (McMillan and Akaogi 1987) and high
pressures (Chope1as 1991). Our ambient temperature
spectra of {J-Mg2Si04 (Fig. 1) from 146 to 945 cm-I are
consistent with these previous studies. Outside this fre-
quency range, we did not observe the low-frequency peak
at 86 cm-1 (Chopelas 1991) and the weak high frequency
peaks at 1100 cm-1 (McMillan and Akaogi 1987) and
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FIGURE 2. Temperature dependence of Raman frequencies

of {J-Mg,SiO.. The highest temperature points were obtained
after back-transformation had started.

1020 cm -I (Chopelas 1991), possibly because of the low

signal-to-noise ratio in our spectra.
Two series of experiments were performed in the high-

temperature cell (Fig. la). In the first series (Expt. 2),
{J-Mg,SiO. was heated to 1180 K, in steps of70-100 K
and about 10 min at each step. In the second series (Expt.
3), the cell was heated to 830 K in steps of about 15-20
min each. Up to 900 K in Experiment 2 and 800 K in
Experiment 3, either no transformation was observed, or
it was sluggish in nature. Systematic frequency shifts with
temperature were shown in Figure 2. For the less intense,
low-frequency modes, the data obtained with high laser
power outside of the high-temperature stage (Fig. 1b, Expt.
1) are more reliable because of their higher signal-to-noise
ratio. They were combined with the data obtained in the
high-temperature cell in the following way: (1) The fre-
quency shift with temperature of the 918 cm-I band,
which has the greatest intensity, was chosen as a refer-
ence; (2) the frequencies ofa given mode at different tem-
peratures were plotted against the frequencies of the 918
cm-I mode measured on the same spectrum, yielding a
plot of the relative shifts which is independent of any
temperature estimate; (3) the slope of this relation is the
ratio of the temperature shifts of the two modes, and,
knowing the absolute shift of the 918 cm -I mode with

724

FIGURE 3. The mode frequencies obtained at different tem-
peratures in (Expts. 2 and 3) and out (Expt. 1) of the high-tem-
perature stage plotted relative to the most intense band of
{J-Mg,SiO. (918 em-I). (a) Plot of the intense mode at 723 em-I
shows good agreement between the two types of data. (b) The
weak mode at 234 cm-1 shows an improved accuracy in the
slope determination.

good precision, the absolute shift of the other mode can
be obtained. The reliability of this method is ensured by
the consistency between the frequency shifts obtained di-
rectly from the measurements in the high-temperature
cell and those obtained indirectly for the intense modes
(Fig. 3a). For the weakest modes, the shifts obtained by
merging the two sets of data are more reliable because
they are determined from more data points (Fig. 3b).
These data are summarized in Table 1.

Above 910 K in Experiment 2, a significant transfor-
mation to forsterite was observed on the scale of the an-
alyzed area «5 JLm), marked in particular by the ap-
pearance of two strong peaks of the olivine structure at
about 815 and 845 cm -I. It is difficult to follow the trans-
formation quantitatively because the analyzed volume is
small and the amount of transformation varies within the
sample. In the first spectrum, in which significant back-
transformation was observed, two weak peaks appeared
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TABLE 1. Raman mode frequency shifts with temperature in ~-Mg2Si04

Expts. 2 and 3 Expt. 1 All expts.

Vi 8v,/8T 8v,I8T Preferred value
(cm-') (cm-1. K-1) ~n ~n ~(cm-1.K-') (cm-1. K-1)

918 -0.020(2) 25 12 -0.020(2)
885 -0.028(5) 1.44 15 0 -0.028(5)
778 -0.029(3) 1.50 22 1.55 12 1.47(12) -0.029(6) -0.029(3)
723 -0.018(2) 0.93 25 0.94 12 0.92(8) -0.018(4) -0.018(2)
620 -0.015(3) 0.78 18 0.77 10 0.78(12) -0.015(4) -0.015(3)
585 -0.007(3) 0.33 16 0.47 9 0.33(11) -0.007(3) -0.007(3)
553 -0.022(3) 1.14 22 1.26 12 1.17(9) -0.023(4) -0.022(3)
443 -0.028(4) 1.42 22 1.58 11 1.45(13) -0.028(5) -0.028(4)
426 -0.017(3) 0.86 14 1.16 10 0.93(16) -0.018(3) -0.018(3)
398 -0.033(5) 1.70 10 1.51 12 1.44(19) -0.028(5) -0.028(5)
341 -0.30(10) 1.52 9 1.14 6 1.53(50) -0.030(12) 0.030(10)
262 0 8 1.04(22) -0.020(6) -0.020(6)
231 -0.017(3) 0.88 11 0.97 10 0.89(12) -0.017(3) -0.017(3)

Note: n is the number of measurements; ~isthe ratio of the temperature-induced frequency shift of a given band to the temperature-induced frequency
shift of the 918 cm-1 band, all assumed linear.

near 670 and 1010 em-I, which cannot be attributed to
either the {J-phase or the olivine. To observe the first step
of the transformation, the temperature was held constant
at 830 K in Experiment 3 for about 20 min. The resulting
spectrum is that of the {J-phase, with peaks superimposed
at 675 and 1010 em-I; the strong peaks offorsterite (am-
bient frequencies of 824 and 856 em-I) were not ob-
served in this spectrum (Fig. la). Upon cooling to am-
bient temperature, the decrease of the Raman linewidth
shows that these peaks are indeed doublets at 665-685
and 1005-1025 em-I, indicating the formation of an in-
termediate phase in the transformation process. In Ex-
periment 1, similar features were observed for laser heat-
ing temperatures estimated at 800-900 :t 100 K. For
temperatures above 1000 :t 100 K, direct transformation
to forsterite was observed; no extra peaks were evident.
At temperatures near 1200 :t 100 K, the transformation
to forsterite was nearly complete within about 1 min.

Ambient-temperature Raman spectra of untrans-
formed and partially back-transformed Ni2Si04 spinel af-
ter 10 min at 1073 K are presented in Figure 4. The
spectrum of the untransformed material is consistent with
a previous spectrum of Yamanaka and Iishi (1986). The
spectrum of the transformed sample corresponds to the
olivine form of Ni2Si04, possibly mixed with residual
spinel, with weak but significant bands superimposed at
710,751, 1000, and 1020 em-I. These peaks do not be-
long to either the olivine or spinel structures. Broad peaks
are also observed in the 300-600 cm-I range.

TEM

TEM observations on the {J-phase samples heated at
1120 K for 30 min show crystals ofuntransforrned {J-phase
surrounded by transformed areas from which powder dif-
fraction patterns are obtained (Fig. 5). Some of these pat-
terns were indexed with the forsterite lattice spacing.
However, it was also observed that these powder aggre-

(b) after 10 min at 1073 K

(a) unheated spinel

1050 850 650 450 250

Wavenumber (em'l)
FIGURE 4. Raman spectra of (a) untransformed 'Y-Ni,Si04,

and (b) the sample after 10 min at 1073 K and I atm. Peaks
labeled by question marks cannot be attributed to either the
olivine or the spinel structure. Notice also the broad feature at
about 500 cm -I, which may be attributed to structural disorder
in the sample.



1023 K 1053 K 1083 K 1053 K 1118 K
air air air vacuum vacuum

X X X X X

135 0.08 60 0.16 5 0.02 60 0.05 10 0.21
266 0.17 80 0.20 10 0.09 120 0.10 30 0.38
331 0.26 105 0.26 15 0.20 193 0.09 60 0.51
393 0.36 120 0.32 20 0.24 300 0.09
453 0.40 135 0.36 25 0.41
515 0.50 160 0.43 30 0.45
575 0.51 180 0.52 35 0.59
640 0.52 200 0.60 40 0.63
770 0.67 220 0.68 45 0.62

1045 0.76 240 0.70
270 0.75
300 0.77

---.-------

590 REYNARD ET AL.: HIGH-T STUDY OF j3-Mg2SiO.

FIGURE 5. TEM micrograph of partially back-transformed
j3-Mg2SiO. after 30 min at 1120 K. Diffraction pattern of the
center of a micrometer-sized grain (A) corresponds to a single-
crystal of untransformed j3-Mg2SiO., whereas diffraction pat-
terns of the rims (B) correspond to powder patterns of trans-
formed material.

gates were very sensitive to electron-beam irradiation and
recrystallized within a few seconds. Similar observations
were made by McMillan et a1. (1991) on a sample heated
at 850 K for 5 min. It is thus impossible to detect from
TEM the presence of an intermediate phase.

X-ray diffraction

,B-Mg2SiO. persists as a metastable phase up to 973 K
within the duration of the experiment. The evolution of
unit-cell parameters and volume were followed up to this
temperature. The accuracy of these measurements is lim-
ited because no internal standard was used to determine
precisely the position of the heated sample in the beam.
However, our average volumetric thermal expansion, 3.5
x 10-5 K-l, and the relative linear thermal expansions

of the unit-cell parameters agree qualitatively with the
results of Suzuki et al. (1980).

Above 973 K ,B-Mg2Si04 starts to revert to forsterite
within the time of the experiments (typically a few min-
utes to a few hours). The kinetics were obtained by mon-
itoring the evolution of the forsterite volume fraction with
increasing time (Table 2; Fig. 6). The effect of tempera-
ture on the back-transformation kinetics is quite dramat-
ic. As already noted, ,B-Mg2Si04 does not transform to
forsterite up to 973 K within hours, but it takes about 10
hat 1023 K and 5 min at 1118 K to obtain 50% forsterite.
A few back-transformation experiments were also per-
formed under vacuum. The effect was to slow down the
reaction (Table 2).

KINETICS AND MECHANISMS OF THE
BACK-TRANSFORMATION

Structural interpretation of the Raman data

At 910 K in Experiment 2 and at 830 K in Experiment
3 an intermediate phase is formed between the ,B-phase
and forsterite. This phase could be quenched and is char-
acterized by peaks located at 665-685 and 1005-1025
cm -1, which superimpose the characteristic peak of un-
reacted ,B-phase and of newly formed forsterite. The po-
sitions of these peaks match closely with those of the
tetrahedral chain vibrations in orthoenstatite (Chopelas
and Boehler 1992). However, the occurrence of orthoen-
statite is unlikely for the following reasons: (1) Orthoen-
statite is not observed in the starting material, either by
X-ray powder and electron diffraction or by Raman spec-
troscopy; it would have had to form during the back-
transformation; (2) Orthoenstatite can form by a meta-
stable disproportionation of the ,B-phase into MgSi03 and
MgO (which has no Raman spectrum), or it can form if
the sample is nonstoichiometric. This is unlikely because
of the slow diffusion rates at 830 K. The new peaks are
observed not only in samples in which partial transfor-
mation to forsterite has occurred but also in samples with
no transformation to olivine. Thus, the new peaks are
attributed to an intermediate "phase" or to the presence

TABLE2. Volume fraction of forsterite (X) transformed from j3-phase with time (in minutes)
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of defects in the {J-phase prior to the conversion to for-
sterite.

The frequencies of the new peaks are similar to those
of orthoenstatite, suggesting that the defect structure or
phase involves a high degree of polymerization of SiO.
tetrahedra. This intermediate phase could be a structur-
ally disordered {J-phase with a high density of planar de-
fects that have the w or t* structure, postulated by Hyde
et al. (1982) and Madon and Poirier (1983) as an inter-
mediate phase in the a-{J martensitictransformation.Be-
cause this phase or defect structure is closely related to
the {J-phase structure, it would be nearly indistinguish-
able on X-ray diffraction patterns. However, it can ex-
plain the irreversible change in lattice parameters near
825 K in the {J-phase observed by Tsukimura et al. (1988).
The occurrence of a similar phase has been proposed in
the high-pressure transformations of Mg2GeO. olivine
(Reynard et al. 1994) and may explain the high-pressure
transformation observed in forsterite by Raman spec-
troscopy (Durben et al. 1993). However, the peaks that
appear at high pressure in forsterite occur at about 750
and 950 cm-1 and not at 670 and 1020 cm-I. This dis-
crepancy may indicate that the structural modifications
observed at high pressure and ambient temperature in
forsterite and at high temperature and ambient pressure
in the {J-phase are different. These frequency differences
may also be due to the difference in local environment
around defects in forsterite and {J-phase and the different
conditions of the experiments, e.g., different Si-O-Si bond
angles in the tetrahedral chains could account for the dis-
crepancy.

The peaks at 665-685 and 1005-1025 cm-I are ob-
served only when the transformation occurs between about
800 and 1000 K. Indeed, the higher the temperature, the
weaker these peaks are and the greater the back-transfor-
mation that occurs to forsterite. In Experiment 1, direct
transformation to forsterite is observed within seconds at
estimated temperatures between 1000 and 1200 K. It
suggests that the transformation mechanism changes with
increasing temperature from one involving an interme-
diate defect phase at intermediate temperatures to a di-
rect nucleation and growth of forsterite at temperatures
above about 1000 K. These observations are consistent
with the in-situ high-temperature single-crystal X-ray dif-
fraction study of Tsukimura et al. (1988). At 825 K, they
observed a deterioration of the crystal quality, marked
by a broadening and weakening of the diffraction peaks
and by a discontinuous change of the unit-cell parame-
ters. At 1100 K, they observed a replacement of the dif-
fraction peaks from the {J-phase by powder rings of for-
sterite. Further structural characterization (e.g., Rietveld
analysis or single-crystal studies) is desirable to determine
the nature of the intermediate phases.

The weak features observed in the frequency ranges
700-800 and 1000-1050 cm-I in the spectrum of par-
tially transformed Ni2SiO. spinel also cannot be attrib-
uted to the olivine or spinel structure. Once again, the
observed frequencies indicate the presence of defects
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with n
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characterized by Si-O-Si linkages, such as those formed
during a martensitic transformation mechanism. In ad-
dition, the presence of broad bands at low frequencies is
consistent with the observation of decreasing diffraction
intensity and increasing site disorder in heated Ni2Si04
spinel, which can be explained by the presence of nu-
merous randomly distributed stacking faults involved in
the spinel to olivine back-transformation (Yamanaka
1986). Thus, such defects formed during the back-trans-
formation to olivine always have the spinel or iJ-phase
structure and are independent of the chemical system and
the starting material. If the formation of the defects is
actually caused by a martensitic mechanism, this can be
operative in any transformation involving an olivine
structure and a stable high-pressure spinelloid structure.

Analysis of kinetic data

The kinetic data obtained by X-ray diffraction on the
back-transformation of iJ-Mg2Si04 to forsterite were an-
alyzed using the classical Avrami equation (see Rubie and
Thompson 1985), in which the fraction of transformed
material, X, after time t is expressed as

X = I - exp( - kt")

where k is a reaction constant and n is a critical exponent,
both dependent on the reaction mechanism and intensive
parameters such as temperature and differential stress.
Average values of k and n were obtained from least-
squares analysis of the kinetic data at three temperatures
(Fig. 6a). The average n is approximately 1.5 for all tem-
peratures. However, plots ofln[ln(l/l - X)] vs. In t show
breaks in slope suggesting that the kinetic data at each
temperature can be separated into two regimes (Fig. 6b).
The first regime at the beginning of the transformation
(X < 0.5) is characterized by n > 1, and the second regime
at high transformed fractions is characterized by n ~ 1.
A decrease of n with increasing transformed fraction was

,),8

also observed by Rubie et al. (1990) in their study of the
olivine-spinel transition in Ni2Si04, which was conduct-
ed with relatively large overstepping of the equilibrium
conditions.

The first regime may correspond to the stage in which
the reaction kinetics are dominated by nucleation pro-
cesses [n = 4 for grain-boundary nucleation (Cahn 1956),
and n = 2 for nucleation and growth on planar defects
(Avrami 1939, 1940, 1941), which are suggested by the
Raman data]. The second regime may correspond to the
stage in which nucleation-site saturation occurs, and the
kinetics are dominated by growth processes, with a typ-
ical exponent of one (Cahn 1956). In practice, the expo-
nent n cannot be used to infer the reaction mechanism.
For example, an exponent of one is also characteristic of
a martensitic mechanism (Poirier 1981 b).

Following Rubie et al. (1990), the general rate equation
deri ved by Cahn (1956) could be used to optimize the
determination of the nucleation and growth rate from the
present kinetic data. We did not use this procedure be-
cause we have no evidence that the grain-boundary nu-
cleation and growth mechanism used in the rate equation
ofCahn (1956) is appropriate for the present case. How-
ever, if we assume n = 1 for the data corresponding to
the second regime described above, the temperature de-
pendence of the reaction constant K can be determined
(Fig. 6c). The temperature dependence of the reaction
constant is a function of (1) a term describing the thermal
activation of the transformation process and (2) a term
that is related to the overstepping of the equilibrium con-
ditions. The second term takes a different form in the
case of an interface-controlled polymorphic phase tran-
sition (Carlson and Rosenfeld 1981) vs. martensitic
transformation (Poirier 1981 b; Madon and Gillet 1984).
However, it is nearly constant in the pressure-tempera-
ture range investigated here. The reaction constant ex-
pression therefore reduces to a form that is characteristic
of a thermally activated process, i.e., the growth process.
Only the expression of the preexponential constant differs
from one mechanism to the other. From an Arrhenius
plot (Fig. 7), an activation energy of 432 ::!:64 kllmol is
obtained. This estimate, which is independent of an as-
sumed reaction mechanism, is remarkably close to the
activation energy of 438 ::!: 199 kllmol determined for
growth in the olivine to spinel transformation in Ni2Si04
(Rubie et al. 1990). The similarity may be fortuitous ow-
ing to the large uncertainties, as well as the differences in
the material, the sense of the reaction, and the experi-
mental conditions (e.g., grain size, air vs. buffered fo"
powder vs. sintered material, etc.). This large activation
energy is consistent with the Raman observations that
the iJ-phase transforms to olivine within one minute at
temperatures of -1200 K.

The data obtained in vacuum are too limited to allow
a determination of both the activation energy and the
preexponential factor. However, there is a significant dif-
ference in the kinetics of the back-transformation in air
and in vacuum. To give an estimate of this difference, we
assumed that the activation energy is similar in air and

(1)



TABLE3. Anharmonic and mode Gruneisen parameters for
{1-Mg2SiO.

Vi al
(em-I) "lIP "11/ (10-' K-I)

918 1.0(2) 0.83(1) -0.4(7)
885 1.5(3) 0.8 -1.2(12)
778 1.8(2) 1.07(1) -1.6(8)
723 1.2(2) 0.80(1) -0.9(7)
620 1.2(3) 0.69(2) -1.1(11)
585 0.5(2) 0.53(1) 0.0(7)
553 2.0(4) 1.34(1) -1.3(11)
443 3.0(6) 1.35(2) -3.5(20)
426 1.9(4) 0.97(2) -1.9(15)
398 3.4(9) 1.37(2) -4.2(32)
341 4.3(13) 1.36(3) -5.9(44)
262 3.8(11) 1.19(14) -5.3(42)
231 3.7(9) 1.25(2) -4.9(30)

. From Chopelas (1991).
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vacuum. This leads to a preexponential factor that is one
order of magnitude smaller at 10-' Pa than in air. This
suggests a significant effect of either the O2 or the H20
partial pressure on the kinetics of the back-transforma-
tion. Further experimental studies are needed to address
this problem.

HIGH-TEMPERATURE THERMODYNAMIC
PROPERTIES OF P-Mg2Si04

From the frequency shifts with temperature, the iso-
baric mode parameters (Mammone and Sharma 1979;
Gillet et a1. 1989) are given by

'YiP = (aln v,laln V)p = (l/a)(aln v,laT)p (2)

where Viis the frequency of the ith mode and a the ther-
mal expansivity. Using the isothermal mode Griineisen
parameters ('YiT)from Chopelas (1991), the intrinsic an-
harmonic mode parameters are given by (Mammone and
Sharma 1979; Gillet et a1. 1989)

ai = (aln v,laT)v = a('YiT- 'YiP)' (3)

Their absolute values (Table 3) are, on average, higher by
about 1 x 10-5 K -I than those for forsterite, but this
difference is within the experimental uncertainties. These
parameters are significantly different from zero for many
modes in both phases, indicating significant intrinsic an-
harmonic behavior. This behavior can be accounted for
in the expression for the constant-volume heat capacities
(Cv) at high temperatures to correct for intrinsic anhar-
monic effects (e.g., Gillet et a1. 1991; Fiquet et a1. 1992)

where the h and a subscripts refer to the harmonic and
corrected anharmonic heat capacities, respectively. In the
high-temperature limit (CVhi

""
kT), at which anharmonic

effects become significant, Equation 4 becomes

where ais the arithmetic mean ofthe anharmonic param-
eters. Because the mean anharmonic parameter for the
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FIGURE 8. Intrinsic anharmonic contributions to the entro-
pies and enthalpies of {1-Mg,SiO. (solid circles) and forsterite
(open circles). The corrections are greater for {1-Mg,SiO., but the
error bars for the two phases overlap.

;B-phase is 1.0 x 10-5 K -1 lower than for forsterite, the
anharmonic corrections to Cvare higher for the (J-phase.
However, when the uncertainties of the anharmonic pa-
rameters are taken into account, the effects of intrinsic
anharmonicity on the standard entropies [- -6nRa(T -
298.15)] and relative enthalpies [- - 3nRa(P - 298.152)]
are not significantly different for the ;B-phase and for for-
sterite (Fig. 8). Thus, it is difficult to quantify precisely
the effect of intrinsic anharmonicity on the position and
slope of the equilibrium curve between a- and (J-Mg2Si04.
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