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ABSTRACT

The phase diagram for MgSiO3 was estimated using the entropy, enthalpy, thermal ex-
pansivity, and volumes of all the phases. Entropy at the various P-T conditions in the phase
diagram was estimated using statistical thermodynamics and spectroscopic data at ambient
and high pressures for each of the phases. Nearly complete 1 atm polarized Raman spectra
of end-member MgSiO3 orthoenstatite and new high-pressure Raman data on orthoenstatite
(Pbca) to 24.5 GPa and majorite to 33.6 GPa are presented. Both of these minerals exhibit
profound changes in their spectra as pressure is increased and the pressure dependence of
the Raman modes changes substantially at 5 GPa for orthoenstatite and 26 GPa for ma-
jorite. These, like MgSiO3 perovskite, appear to change symmetry even at room temper-
ature. The slopes for the following transitions are reported: clinoenstatite (C2/c) to majorite,
212 bar/K; majorite to ilmenite, 46 bar/K; ilmenite to perovskite, 246 bar/K, majorite to
perovskite, 26 bar/K. A volume change of 0.6 cm3/mol for the orthopyroxene to high-
pressure clinopyroxene transition was estimated using the previously measured phase
boundary and the present entropy data. Clapeyron slopes are overestimated by 20 to 100%
if the pressure dependence of DS across the transitions at various P-T conditions is not
included in the thermodynamic calculations.

INTRODUCTION

Thermodynamic parameters have been used to check
the consistency of phase equilibrium data as well as to
extrapolate the phase boundaries beyond the usually lim-
ited P-T space of the experiments (for example, Akaogi
et al. 1989; Chopelas et al. 1994a). The ability to accu-
rately predict phase boundaries among candidate mantle
minerals aids in modeling of mantle compositions and
temperatures at the seismic discontinuities and in mod-
eling the topography of phase boundaries due to lateral
temperature variations. Very often, large uncertainties in
the slopes of phase boundaries exist due to the limited
number of data taken over a too narrow P-T range in
phase equilibrium experiments. The required long extrap-
olations of these phase boundaries render them unsuitable
for the purpose of modeling the Earth’s mantle. Estimates
of the phase boundaries using the thermodynamic param-
eters complement phase boundary measurements at high
P and T.

The required parameters for estimating phase bound-
aries are change in enthalpy, DH, change in entropy, DS,
heat capacity, CP, and change of volume DV across the
phase transition. Enthalpies are measured by calorimetry
(for example, Akaogi and Ito 1993b; Akaogi et al. 1989)
and entropies and heat capacities are derived from spec-
troscopic measurements using statistical thermodynamics.
Volumes are derived from compression measurements at
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room temperature and thermal expansivity systematics
(Chopelas and Boehler 1992b). This study presents new
spectroscopic data for orthoenstatite and majorite, and
uses these and previous data for perovskite (Chopelas
1996), ilmenite (Hofmeister and Ito 1992; Reynard and
Rubie 1996), and clinoenstatite (Chopelas and Boehler
1992a) in the MgSiO3 system to estimate entropy and heat
capacities. The MgSiO3 phase diagram is then predicted
using these new data with the previous calorimetric and
volumetric data.

EXPERIMENTAL METHODS

For all Raman measurements on MgSiO3 polymorphs,
synthetic end-member orthoenstatite (Smithsonian no.
137311) was heated in the diamond cell to the appropriate
temperature at various pressures to produce clinoenstatite
(17 GPa), majorite (18 GPa), ilmenite (18 GPa), and pe-
rovskite (21 GPa).

Polarized Raman spectra of orthoenstatite were col-
lected at one atm from approximately 1 mm single crys-
tals oriented using its natural crystal faces. Typical laser
powers at the sample were about 10 to 20 mW. For all
measurements at high pressures, a chip from the same
orthoenstatite was loaded in a diamond cell where the
diamonds had 250 mm diameter culets. The sample and
micrometer-sized ruby chips were placed in the 100 mm
diameter gasket chamber, which was then filled with high
purity dry argon in a single-cylinder, 0.3 GPa gas pres-
sure vessel using a membrane compressor. To obtain the
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FIGURE 1. Polarized Raman spectrum of MgSiO3 orthoenstatite (Pbca space group). Symmetries and polarization of incoming
and outgoing laser beam relative to the crystal axes are indicated. The Raman shifts are listed in Table 1. These are raw spectra; no
baseline corrections were needed.

different polymorphs, the orthoenstatite sample was heat-
ed with a CO2 laser (Boehler and Chopelas 1992) at the
pressures named above. Further measurements at various
pressures were then undertaken, usually first by compres-
sion in small pressure steps, then by decompression. For
the orthoenstatite pressure run, the initial pressure was 3.5
GPa and spectra were taken at several intermittent pres-
sures up to the final pressure of 24.5 GPa, after which
spectra were taken at decreasing pressures down to at-
mospheric pressure. Pressure cycles for the other poly-
morphs were as follows: clinoenstatite, decreased pres-
sure from 17 GPa to 1 atm; majorite, increased pressure
from 18 GPa to 34 GPa then reduced to 11 GPa; ilmenite,
19.6 GPa; perovskite, in several runs increased from 21
GPa to 45 GPa then decreased to 17 GPa and also syn-
thesized at 65 GPa then decreased to 40 GPa after which
the spectrum disappeared (Chopelas 1996). The Raman
spectra were excited with either the 488.0 nm or the 457.9
nm line of a Spectra Physics 2025–5 argon ion laser. The

laser light entered the diamond cell at an incident angle
of 258 and was focused to a 10 mm spot on the sample.
Typical laser powers at the sample ranged from 10 to 20
mW, too low to cause heating. The degree of heating was
monitored by (1) checking for peak shifting while chang-
ing the laser power and (2) by examining the anti-Stokes/
Stokes intensity ratios. The Raman signal entered the
monochromator through a pinhole to minimize interfer-
ence from the diamond fluorescence. Raman spectra were
analyzed using an ISA U1000 double monochromator
with a photon counting system. The spectra were sampled
at 0.8 cm21 intervals. All spectra were collected at 294 6
1 K.

THERMODYNAMIC CALCULATIONS

Setting the Gibbs free energy, DG,to zero in the fol-
lowing equation allows the calculation of the phase
boundaries:
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TABLE 1. Frequencies in inverse centimeters of polarized
Raman spectrum of MgSiO3 orthoenstatite

Ag B1g B2g B3g

83
134
153
193
206
239
261
279
302

—
161
197
223
241
283
297
308
339

115
135
147
156
197
234
263
296
315

—
133
168
197
208
237
245
284
309

323
334
343
384
402
422
446
457
473

349
385
398
417
458
486
519
527
580

353
360
386
403
421
466
487
516
541

338
353
361
380
394?
408
421
445
468

528
540
553
630

595
630
—

663

581
—
—

656

478
500
521
548

665
687
853
886
927
937

1014
1034

686?
749
892
897
928

1027
1044
1057

685?
752
854
—

931
1024
1044

—

738
751
—

903
931

1016
1030
1063

Notes: Peaks marked ‘‘?’’ are uncertain in this polarization.

TABLE 2. Vibrational models for MgSiO3 minerals

Lower
limit

Upper
limit

Number
of modes gi

Pbca Orthoenstatite
0
0
0

83
110
120
140
168
223
245
323
350
380
398
516
580
656
853
886

1014

65
67

110
90

120
140
168
223
245
323
350
362
390
447
553
630
752
903
937

1035

1
1
1
3
3
5

10
12
12
28
12
12
8

32
20
16
16
12
16
20

0.2
0.3
1.23
2.32
3.26
3.3
1.46
1.75
1.23
1.25
1.93
1.1
1.1
0.7
0.7
0.6
0.63
0.36
0.55
0.62

C2/c Clinoenstatite
0
0
0

120
165
216
229
380
680
714
829

1005
1023

95
104
172
155
484
280
416
577
682
716
831

1007
1026

1
1
1
2
6
2

11
20
2
2
5
4
3

0.80
0.80
2.4
1.10
1.7
0.90
1.4
0.64
0.57
0.46
0.43
0.54
0.62

I41/a Majorite
0
0
0

136
350
195
458
803

70
70

140
400
400
400
723

1081

1
1
1

60
36
33
60
48

0.75
0.75
1.3
1.42
1.305
1.305
0.86
0.86

R Ilmenite3
0
0
0

287
337
595
735

168.7
184.5
301.3
337
595
700
799

1
1
1
2

13
10
2

0.75
0.75
1.3
1.6
1.35
1.1
1.1

Pbmn Perovskite
0
0
0

240
335
440
590
700
890

130
150
223
335
440
540
680
780
891

1
1
1

12
12
15
9
7
2

0.85
0.85
2.5
1.8
1.1
0.95
0.75
0.75
0.75

Notes: The first three modes in each of the models represent the acous-
tic modes. The remainder are optic mode continua. Einstein oscillators are
simply assigned very narrow frequency ranges that facilitated the calcu-
lations at high pressures. The mode Grüneisen parameters, gi, are used
to obtain the pressure shifts of the frequency ranges using the bulk moduli
listed in Table 6.

P

0 0 0DG 5 0 5 DH 2 TDS 1 DV · dP (1)P,T P,T P,T E
0

where DH the enthalpy of transition, T is the temperature,
DV the change in volume across the phase boundary, and
P the pressure. The enthalpy is measured by calorimetry
and the volumes are estimated from elastic constants, an
equation-of-state, and the thermal expansivity. The entro-
py DS in most previous phase boundary calculations was
estimated by selecting one point along a measured phase
boundary, solving for entropy using Equation 1 and then
calculating the remaining phase boundary using this val-
ue. If the point chosen does not lie on the true phase
boundary, meaningless results are obtained.

Statistical thermodynamics and data from vibrational
spectroscopy allow entropy to be obtained independently.
First, with a good vibrational model density of states for
the mineral, the constant volume heat capacity CV can be
estimated from

` xe
2C 5 3Nk x g(v) dv (2)V E x 2(e 2 1)0

where N is the number of atoms in the unit cell, k is
Boltzmann’s constant, n is the frequency of vibration, x
is hn/kT, h is Planck’s constant, and g(n) is the density
of states. Then CV can be converted to the constant pres-
sure heat capacity CP using

2C 5 C 1 TVa K (3)P V T
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FIGURE 2. Comparison of the spectroscopically derived con-
stant pressure heat capacity CP and that measured by calorimetry
(Krupka et al. 1985a; Krupka et al. 1985b). The spectroscopic
value, dashed line, falls nearly on all the data in the figure.

FIGURE 3. Spectrum of orthoenstatite at various pressures.
The intensity of the peaks at 1 atm varies slightly from those
between 3.5 and 8.7 GPa because the crystals were at slightly
different orientations. However, all spectra within the diamond
cell were taken at nearly the same orientation. The arrow at 8.7
GPa indicates where the new peak appears at higher pressures
and the asterisk at 6.1 GPa indicates a prominent peak that grad-
ually disappears until it is no longer visible above 12 GPa. At
12 GPa the transformation process is nearly complete.

where a is the thermal expansivity and KT is the isother-
mal bulk modulus. To obtain entropy, Equation 4 is in-
tegrated over temperature:

T1 CPdS 5 dT (4)E T0

where T1 is the temperature of interest.
However, in the earlier papers using this method, (e.g.,

Akaogi et al. 1989), DS was held constant under different
pressure and temperature conditions although DH and DV
were varied for P and T. Variations of DH with temper-
ature were estimated using the heat capacity obtained
from Equation 3 in

T

0 0DH (T ) 5 DH (T ) 1 DC · dT (5)0 E P

T0

In this study, changes in volume are estimated by first
using the bulk modulus and its pressure dependence in
the third-order finite strain equation-of-state (Birch 1978)
to compress the volume. Then the volumes are corrected
for temperature with the 1 atm thermal expansivity, which
is adjusted for pressure using thermal expansion system-
atics (Chopelas and Boehler 1992b). This method circum-
vents the need to compress the materials at high temper-
atures where the bulk moduli are poorly known. Thermal
expansivity was checked for internal consistency using
the Maxwell relation, (]S/]P)T 5 2(]V/]T)P, where the
pressure dependence of the entropy is derived from the
spectroscopic data, as described previously (Chopelas
1996).

ORTHOENSTATITE

Orthoenstatite belongs to the Pbca space group (D2h)
with eight formula units (Mg2Si2O6) per unit cell. The 80
atoms per unit cell require 240 vibrations (3n, where n is

number of atoms per unit cell) at any one point in the
Brillouin zone. All atoms in the formula unit are unique
and of C1 symmetry: the vibrations are distributed evenly
among all the symmetry species. The irreducible repre-
sentation for orthoenstatite is:

G 5 30A (R) 1 30B (R) 1 30B (R) 1 30B (R)1g 1g 2g 3g

1 30A 1 30B (IR) 1 30B (IR) 1 30B (IR)1u 1u 2u 3u

where R and IR denote Raman or infrared activity, re-
spectively, of the various vibrational symmetries. Thus,
there are 30 vibrations in each of the four Raman sym-
metries for a total of 120 Raman active modes. The po-
larized single crystal Raman spectra of the orthoenstatite
sample (Fig. 1) reveals 112 of these modes (Table 1) on
a very low background fluorescence. The mode at 83
cm21 is not easily obtainable by most spectrometers (es-
pecially those with multichannel devices requiring inter-
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FIGURE 4. Plot of Raman mode frequencies vs. pressure. (a)
Frequencies between 83 and 450 cm21. (b) Frequencies between
400 and 800 cm21. (c) Frequencies between 800 and 1150 cm21

up to 24.5 GPa. The closed symbols represent data taken on
increasing pressure and the open symbols on decreasing pressure.
Note that at approximately 5 GPa, the pressure dependence of
many of the modes decrease and new modes grow in at about
8.7 GPa. This process has about a 3 GPa hysteresis.
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TABLE 3. Slopes in cm21/GPa and mode Grüneisen
parameters of the vibrational modes in MgSiO3

orthopyroxene

Frequency
(cm21)

1 atm

Slope g

Above 5 GPa

n0

intercept Slope

83
115
134
153
166
197
237
239
245

1.8
3.5
4.16
2.1
2.2
3.4
3
1.4
3.3

2.32
2.36
3.33
1.46
1.52
2.11
1.35
0.63
1.44

87
135
162
169
185
214
237
249
278

0.45
0.22
0.44
0.55
0.8
1.0
1.2
1.15
1.05

261
302
343
402
422
446
457
487
519

3.6
2.6
6.2
4.3
3
2.6
3
3.8
5.2

1.48
0.921
1.93
1.14
0.76
0.26
0.30
0.83
0.87

310
320
362

441
465

1.1
1.5
2.5

0.8
2.65

540
553
580

2.5
3.1
4.2

0.50
0.60
0.44

665
687
886
927
937

1014
1034

4
3.7
3
4
6
6.2
5.9

0.65
0.58
0.36
0.46
0.67
0.65
0.61

698
717
857

1042
1055

2.75
2.05
2.55

2.1
3.3

TABLE 4. MgSiO3 clinopyroxene (C2/c space group) table of
Raman frequencies and their pressure
dependencies

n0* in cm21 Slope
1/n0 (]n/]P)T,P50 3

104 g†

172.5
216.5
229
253
315
320
366
378
451.5
528
529
681
751
829
914

1006
1024

1.0
1.71
1.63
0.87
2.13
3.90
3.31
5.57
2.84
3.44
1.0
3.19
2.91
2.94
2.27
4.50
5.20

0.58
0.79
0.71
0.34
0.68
1.22
0.90
1.5
0.63
0.65
0.19
0.47
0.39
0.35
0.25
0.45
0.51

0.71
0.99
0.99
0.43
0.83
1.5
1.1
1.8
0.78
0.80
0.23
0.58
0.48
0.43
0.30
0.54
0.62

Notes: Slope units are cm21/GPa.
* Frequencies were extrapolated to room pressure.
† The bulk modulus 5 123 GPa (Angel et al. 1992). This value cancels

out in the calculation of the thermodynamic parameters.

mediate slits and exit slits on the monochromator to be
open 12 to 25 mm, which does not allow simple mea-
surement of vibrational modes near the excitation laser
line). This mode is a Raman fundamental because its in-
tensity changes as the crystal is rotated, and its frequency
shifts as pressure is applied to the sample (see below). A
mode very near this frequency was also seen in the Fe-
bearing orthoenstatite (Chopelas, unpublished data) and
b-Mg2SiO4 (Chopelas 1991), a material also containing
Si-O-Si linkages. In A1g, all 30 of the predicted modes
were found, and in each of the B symmetries, nearly all
of the modes were found. The modes were distributed
similarly in each of the symmetries, suggesting that this
is also the case for the u symmetries that are either spec-
troscopically inactive or infrared active.

Because so many Raman active modes exist, an ac-
curate frequency distribution can be simply obtained by
constructing a histogram of the modes vs. frequency. The
model need only be altered to consider such things as the
acoustic modes, the stretching vibrations that separate out
from the main vibrational continuum, and the modes that
shift quite differently with pressure than the others (i.e.,
those containing predominately Mg translational charac-
ter). This information can be easily obtained from sym-
metry considerations. From factor group analysis (Fateley
et al. 1971), 48 vibrations are attributed to the translation
of Mg cations, 6 in each symmetry. These are grouped
in with SiO4 translations, rotations, and internal bending
modes. They can be determined by either cation substi-

tution or measuring their shift with pressure, which will
be greater because the Mg cations are in a more com-
pressible part of the pyroxene structure. Two Si-O-Si
bonds and four Si-O bonds are present for each Si2O6 unit
in the silicate chain. The Si-O-Si bonds give rise to two
symmetric and two antisymmetric vibrations, and the four
Si-O bonds give rise to four vibrations, a total of eight
per Si2O6 unit. Because eight Si2O6 units exist per unit
cell, there are a total of 64 Si-O stretching vibrations per
unit cell, 16 symmetric and 16 antisymmetric of the
bridging bonds and 32 stretches of the non-bridging
bonds. The nonbridging bonds vibrate at higher frequen-
cies than the bridging bonds. The resulting frequency dis-
tribution or density of states based on this information is
listed in Table 2 (top) and yields a Cp in exact agreement
with available calorimetric data (Krupta et al. 1985a,
Krupta et al. 1985b) (Fig. 2).

HIGH-PRESSURE RESULTS

The pressure shift of the thermodynamic parameters
can be calculated using the high-pressure Raman results,
shown in Figure 3. The frequencies are plotted vs. pres-
sure in Figure 4. In Figure 4, at 5 GPa nearly all modes
show a change in slope, indicating that the compressional
mechanism has changed. Above this pressure, at about
8.7 GPa, the prominent orthoenstatite peaks weaken in
intensity, while new peaks start to grow in. At 12 GPa,
the orthoenstatite peaks are gone, and the new spectrum
still appears to be that of a chain silicate but of a different
structure. At the highest pressures of this study, the final
spectrum appears very similar to that of diopside and the
C2/c clinoenstatite previously reported (Chopelas and
Boehler 1992a). All these effects are reversible with a
slight hysteresis. At higher temperatures, the stable phase
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FIGURE 5. Comparison of the spectroscopically derived heat
capacity (solid line) for MgSiO3 majorite to that measured by
calorimetry (points) by Yusa et al. (1993).

TABLE 5. Pressure dependence of the majorite Raman modes

Frequency
(cm21)

Slope
(cm21/
GPa) gi

Line above
26.6 GPa

Fre-
quency
(cm21)†

Slope
(cm21/
GPa)

136
195*

226

1.61
1.2

1.97

1.77
0.90

1.32 190 1 3.45 P

196
200
222

0.92
0.72
1.98

277*
311*
334

1.7
1.9
2.53

0.97
0.92
1.14 276 1 5.06 P

234
255
273
308
332

1.25
1.9
1.69
1.73
2.17

367*
398*

458

2.32
2.34

1.83

0.95
0.54

0.60

355
365
397
428
456

2.05
2.6
2.7
2.1
1.62

602
648

2.51
2.34

0.625
0.542

494
516
533
554
599
647

1.44
1.61
2.11
2.5
2.49
2.31

690
802

889
931

4.2
3.39

3.93
4.2

0.90
0.63

0.66
0.67

936 1 1.86 P 800
853
885
930
964

1065

3.8
3.9
3.8
3.7
3.9
4.1

* Data taken from 17 to 24 GPa and at ambient conditions, see Fig. 7.
† Data of Rauch et al. (1996) to 21 GPa, no data plot was published so

it is difficult to assess sources of the minor differences.

FIGURE 6. Plot of MgSiO3 majorite Raman spectrum at five
different pressures. At 28.3 GPa, a new mode begins to grow in,
indicated by the arrow. At the highest pressure, 33.6 GPa, this
mode becomes one of the most prominent in the spectrum. A
second relatively strong mode has grown in around 200 cm21,
also indicated by an arrow, and many of the minor modes be-
tween 200 and 600 cm21 have disappeared. As the pressure is
reduced to 26.6 GPa (top spectrum in the figure), these two new
prominent peaks disappear. The spectrum at 33.6 GPa strongly
resembles that of cubic garnet.

is high-pressure clinoenstatite, meaning that the phenom-
enon observed here is the thermally hindered transfor-
mation to this structure. In any case, calculation of the
thermodynamic parameters based on the model in Table
3, first section, are not extended beyond 5 GPa. The stable
phase above this pressure is actually the C2/c structure.

CLINOENSTATITE

The next high-pressure polymorph of orthoenstatite is
the unquenchable high-pressure clinoenstatite, space
group C2/c, the same structure as diopside. If the pressure
on this phase drops below about 5.1 GPa, it reverts to
low-pressure clinoenstatite, space group P21/c (Angel et
al. 1992). The irreducible representation for high-pressure
clinoenstatite is 14 Ag(R) 1 16 Bg(R) 1 13 Au(IR) 1 15
Bu(IR). The spectrum of this phase is nearly identical to
diopside at the same pressures (Chopelas and Boehler
1992a) except that a few of the modes are substantially
increased in frequency due to the substitution by the
much lighter Mg for the Ca. The density of states for the
high clinoenstatite phase in Table 2 (second section) was
based on that for diopside, which used the nearly com-
plete spectral information (Etchepare 1970; Chopelas, un-
published work). Only 6 of the 30 Raman fundamentals,
2 Ag and 4Bg, are related to the Mg cations, so very few
of the 60 vibrations will be affected by the substitution
of the Ca by the Mg in the high clinoenstatite phase.

The model for diopside was tested to see if it yielded
a heat capacity that agreed with calorimetric measure-
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FIGURE 7. Plot of the majorite Raman mode frequencies vs. pressure (a) between 130 and 730 cm21 and (b) between 690 and
1210 cm21 from 1 atm to 33.6 GPa. The dashed lines represent weak modes that disappeared above 26 GPa and did not reappear
as the pressure was reduced. However, the few data points that do exist for these modes extrapolated to the values measured at 1
atm on a sample produced in a large volume press (measured in our laboratory). The hollow points are the new modes that grew
in above 26 GPa and disappeared again as the pressure was decreased below this point.

FIGURE 9. Comparison of the spectroscopically derived heat
capacities of MgSiO3 ilmenite (solid lines, one for CV and one
for CP as indicated on Fig. 9) to that measured by calorimetry
(points) (Ashida et al. 1988).

FIGURE 8. Spectrum of MgSiO3 ilmenite produced in the
CO2 laser heated diamond cell at 19.6 GPa compared to that
taken at room conditions. These data agree well with previous
Raman high-pressure data (Reynard and Rubie 1996).
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TABLE 6. Thermal properties of the MgSiO3 phases

Ortho-
ensta-

tite

Clino-
ensta-

tite
Perov-
skite Majorite Ilmenite

K0T (GPa)
K ′

0T

a298 (106/K)
V (cm3/mol)0

298

96a

14.9a

43b

31.32

123.0a

5.6a

29c

30.43d

263e

4f

18b

24.51

160g

4.5g

20b

28.58

210h

4.0f

16.7b

26.35

Notes: a. Hugh-Jones and Angel (1994); Note for orthoenstatite: Flesch
et al. (1998) report polycrystalline ultrasonic values of K 5 104 GPa, K9
of 10.9, and K0 of 21.6 GPa21 up to 10 GPa pressure. I chose the single
crystal values, but both yield nearly the same volumes in the equation of
state for the pressure range of interest. b. Calculated from the Maxwell
relation and (]S/]P)T in this study, see Chopelas (1996). c. Assumed close
to forsterite. d. Angel et al. (1992). e. Weidner et al. (1993). f. Assumed.
g. Yagi et al. (1992). h. Weidner and Ito (1985).

TABLE 7. Enthalpy changes for phase transitions in MgSiO3 in
kJ/mol

Cen to Maj
Maj to Ilm
Maj to Pv
Ilm to Pv

33.0 6 3.0*
25.0 6 5.3†
79.7 6 5.2†
54.7 6 6.6†

* This work.
† From Yusa et al. (1993).

ments (Krupka et al. 1985a, 1985b), then the modes af-
fected by the cation substitution were accounted for. The
model density of states for high clinoenstatite could not
be checked against any calorimetry because it is not a
quenchable phase. However, the present calculated entro-
py change (22.8 J/mol·K) for the ortho to clinoenstatite
transition at 5 GPa yielded a very reasonable 20.6 cm3/
mol volume change when the measured Clapeyron slope
of 31 bar/K (Pacalo and Gasparik 1990) was used to cal-
culate this volume change. This volume change is con-
sistent with that inferred from single crystal compression
data on clinoenstatite, and the entropy change is in line
with that obtained by thermodynamic modeling of the
enstatite-diopside join at low pressure (Angel et al. 1992).

Details of the high-pressure Raman spectra and the
pressure dependencies of the Raman modes were pub-
lished by Chopelas and Boehler (1992a). The frequencies
and pressure dependencies are listed in Table 4. To facil-
itate comparisons among the various minerals in this
study, mode Grüneisen parameters were calculated using
a bulk modulus of 123 GPa (Hugh-Jones and Angel
1994). In the thermodynamic calculations, the bulk mod-
ulus was canceled but was needed for estimating volumes
at high pressures.

MAJORITE

Garnets in the tetragonal distortion, space group I41/a,
have many more active infrared and Raman modes than
garnets in the cubic structure. For tetragonal garnets, the
irreducible representation is 25Ag(R) 1 27Bg(R) 1
28Eg(R) 1 32Au(IR) 1 31Bu 1 33Eu(IR). Thus, nearly all
of the vibrational modes of this garnet should be seen by
infrared and Raman spectroscopy. However, no single-
crystal spectra exist for tetragonal majorite garnet, but
many modes have been measured by both infrared and
Raman spectroscopy (McMillan et al. 1989). A vibration-
al model for majorite was adapted from the model for the
cubic garnet pyrope (Hofmeister and Chopelas 1991a)
and considering (1) that sixfold-coordinated aluminum is
replaced with sixfold-coordinated Si and Mg, and (2) the
mode distribution found in the 1 atm data. Because the
spectroscopic data is fairly incomplete, fewer ranges were

used (Table 2, third section). The resulting heat capacity
at one atmosphere matched that of the available calori-
metric data (Yusa et al. 1993) very well (Fig. 5).

HIGH-PRESSURE RESULTS

Calculating thermodynamic properties of majorite gar-
net to mantle conditions requires high-pressure spectro-
scopic data. Raman spectra were taken at 1 atm and from
11 to 33.6 GPa, which is well above the stability pressure
of this phase. Frequency increased linearly with pressure
from 1 atm to about 26.6 GPa. Above 28.3 GPa, two new
peaks begin to appear in the spectrum and several of the
minor peaks disappear (Fig. 6). At higher pressures, the
spectrum of majorite resembled the spectrum of cubic
garnets (Hofmeister and Chopelas 1991b) because of fur-
ther intensity changes. Upon decompression, the new
prominent peaks disappeared below P 5 26.6 GPa (Fig.
6). The pressure dependence of the modes are listed in
Table 5, including the peaks that appeared above 26.6
GPa (Fig. 7). These compare well with lower pressure
results by other investigators (Rauch et al. 1996). The
density of states used in Equation 2 was shifted according
to the pressure dependencies of the Raman modes below
26.6 GPa.

ILMENITE

Ilmenite, space group R,3 with two formula units in
the primitive cell, yields 30 normal modes of vibration at
any one point in the Brillouin zone distributed at the zone
center as follows: 5Ag(R) 1 5Eg(R) 1 5Au(IR) 1 5Eu(IR).

Raman and infrared data from the literature and high-
pressure data from this study and the literature (Hof-
meister and Ito 1992; Reynard and Rubie 1996) were
used to establish a simple model of the vibrational spec-
trum. Previous work from this laboratory (Boehler and
Chopelas 1992) extended the pressure data to nearly 20
GPa and the values for the mode frequencies were nearly
those that lie on the extrapolated lines from other work
(Reynard and Rubie 1996). Thus, no obvious changes in
the spectrum (Fig. 8) or the pressure dependencies of the
modes are seen here. The model density of states (Table
2, fourth section) reproduced the heat capacity values
from calorimetry (Ashida et al. 1988), showing deviations
of the calculated values by only 3% from the experimen-
tal values (Fig. 9). A similar discrepancy was seen be-
tween calculations based on IR data (Hofmeister and Ito
1992) and attributed to experimental uncertainty as this
calorimetric study also yielded Cp values for pyroxene
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FIGURE 10. MgSiO3 phase relations: Cen 5 clinoenstatite,
Maj 5 majorite, Ilm 5 ilmenite, and Pv 5 perovskite. b repre-
sents b-Mg2SiO4; g 5 g-Mg2SiO4; and St 5 stishovite, phase
boundaries with these phases were not calculated in this study.
The dashed lines represent the results if the pressure effects on
the entropy change DS for the transition are not included, and
the solid lines represent the results if the pressure effects on DS
are included in Equation 1. Table 9 lists the slopes of each of
the transitions estimated here.

TABLE 8. Heat capacities at 300 and 1000 K for MgO-SiO2

phases

Phase 300 K 1000 K Phase 300 K 1000 K

Forsterite
b
g
Pv 1 MgO

119.0
114.1
113.2
120.2

174.6
173.1
172.5
181.5

Oen
Cen
Maj
Ilm
Pv

81.7
80.4
80.5
78.0
82.8

127.5
125.2
122.7
123.1
123.9

Note: Calculated using Equations 2 and 3 with the vibrational models in
Table 2 and from previous work (Chopelas 1990, 1991; Chopelas et al.
1994a).

lower than previous calorimetry. The mode Grüneisen pa-
rameters listed in the density of states model (Table 2)
reflect those of the high-pressure measurements.

PEROVSKITE

Details of the thermodynamic properties from vibra-
tional spectroscopy at ambient conditions and high pres-
sures have already been published (Chopelas 1996; Cho-
pelas et al. 1994a). For completeness: In Pbnm MgSiO3

perovskite, there are four formula units per unit cell giv-
ing a total of 60 vibrations at any one point in the Bril-
louin zone. At the Brillouin zone center, these modes are
distributed among the following symmetry species:
7Ag(R) 1 7Bg(R) 1 5B2g(R) 1 5B2g(R) 1 8Au 1 8B1u(IR)
1 10B2u(IR) 1 10B3u(IR). Thus, there are three acoustic
modes (B1u, B2u, and B3u symmetry), 24 Raman modes,
and 25 infrared modes. Recent infrared data (Lu et al.
1994) provided peak positions for the expected 25 infra-
red modes. The Raman data for MgSiO3 perovskite is
incomplete where only 11 modes have been identified
(Durben and Wolf 1992). However, recent polarized sin-
gle-crystal spectra of GdAlO3 and YAlO3 (Chopelas et al.
1994b) revealed 22 of the 24 expected Raman modes,
thus providing valuable clues for the distribution of the
modes in MgSiO3 perovskite. The final density of states,
Table 2 bottom, based on the above information, yields
heat capacity CP values in good agreement with recent
calorimetric measurements (Akaogi and Ito 1993a) as

previously reported (Chopelas et al. 1994a, Chopelas
1996).

High-pressure spectra of perovskite (1) yield informa-
tion on how the density of states changes with pressure,
and (2) reveal that there is a profound change in com-
pression mechanism at about 40 GPa. This has been con-
firmed by recent measurements on perovskite to 100 GPa
(Serghiou et al. 1998). For the thermodynamic calcula-
tions on perovskite, the pressure shifts of the modes be-
low 40 GPa were used.

All of the MgSiO3 polymorphs investigated in this
study, except ilmenite, exhibit some sort of non-quench-
able phase change. For ilmenite, the experimental pres-
sures did not exceed the stability pressures for this ma-
terial and thus were too low to provide a driving force.
However, for all other phases, the dominant peaks in the
spectrum disappear or new dominant peaks appear and
the pressure dependencies of most modes change quite
dramatically, decreasing often to less than half their pre-
vious values. This type of behavior appears to be the rule
rather than the exception for MgSiO3 phases.

PHASE DIAGRAM CALCULATIONS

In addition to the data on the MgSiO3 polymorphs,
thermodynamic data on b-Mg2SiO4, g-Mg2SiO4, and stish-
ovite are needed to complete the phase diagram for
MgSiO3. The b to g phase transition already has been
calculated using the methods in this report (Chopelas et
al. 1994a) and the phase boundaries with stishovite are
not included here.

Tables 6 and 7 lists the enthalpies, thermal expansivi-
ties, bulk moduli and their pressure dependencies, and the
molar volumes at room conditions, which are needed to
complete these calculations using Equations 1 to 4. A first
attempt was made to constrain the phase diagram without
the phase equilibrium data, but in most cases the uncer-
tainties of the enthalpies were too high and the phase
boundaries were not at all consistent with observations.
In these cases, points were chosen on the phase bound-
aries and the enthalpies were estimated using the previous
volume and present entropy estimates. In all cases, the
resulting enthalpies were well within the uncertainty lim-
its given in calorimetric results (listed in Yusa et al.
1993). For the unquenchable clinopyroxene phase, this
was the only way to obtain a phase boundary using Equa-



243CHOPELAS: CLAPEYRON SLOPES OF MgSiO3 PHASES

TABLE 9. Slopes resulting from taking DS as a constant or DS
as a function of pressure

Transition

Slope (bar/K)

Constant DS DS(P )

Oen-Cen
Cen-Maj
Maj-Ilm
Ilm-Pv
Maj-Pv

50
25.4
68

236
46

31
212

46
246

26

tion 1. The new results are shown in Figure 10. Garnet
disorder was not taken into consideration in the calcula-
tions because the disorder appears to be very small in
MgSiO3 garnet as observed by two different measure-
ments (Angel et al. 1989; Phillips et al. 1992). Slopes for
the various phase changes in this diagram are listed in
Table 8. The present results show linear Clapeyron slopes,
whereas the previous results show pronounced curvature
over the large P-T range in their diagram (Yusa et al.
1993). Sources for this fundamental difference were
sought and the following were noted. In the previous
work, values of DV were altered for different P-T con-
ditions, whereas values of DH and DS were not. Upon
closer examination of the interrelationships among these
thermodynamic parameters, the phase boundary curva-
ture in the previous calculations can be understood.

Changes in DH due to temperature (and pressure) var-
iations can be evaluated using the heat capacity in Equa-
tion 5. Looking at the heat capacities of several poly-
morphs in this system (Table 8), at two different
temperatures the heat capacities between phases with the
same chemical formula do not vary by much. This means
that the change in enthalpy across phase transitions varies
by an amount smaller than the stated uncertainties for DH
at any given point in P-T space. Therefore, assuming a
constant enthalpy, change for all P-T space will not affect
the results significantly.

Changes in DS for the transitions due to temperature
and pressure variations can be evaluated by using the vi-
brational models. This has been done for several materials
(Chopelas 1990, 1991, 1996; Chopelas et al. 1994a). An
interdependence between entropy and volume in a given
phase at different P-T conditions can be seen by consid-
ering the equation for the entropy of a gas:

V2
DS 5 nR ln (6)

V1

where n is the number of moles and R is the universal
gas constant. Although the materials here are solids, this
simple relationship shows that entropy and volume are
not independent variables. The changes in DS are quite
small (on the order of a few percent) but are large enough
to change the topography of a phase diagram calculation
over long extrapolations. Close examination of the rela-
tionship between S and V for the forsterite to b-phase
transition (Chopelas 1991) showed that DS/DV changed
by an amount much smaller than the experimental error
over a large temperature and pressure range. A further
illustration is shown in Table 8, which lists the slopes of
the various transitions examined in this study while either
keeping DS constant or while varying it as a function of
pressure for use in Equation 1. The Clapeyron slopes are
overestimated by 20 to 100% if DS is held constant. Ne-
glecting the changes in DS will also lead to exaggerated
curvature in the phase boundaries. It is clear that if one
alters DV for pressure and temperature in Equation 1, one
must also alter DS.
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