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ABSTRACT

Below 6 GPa, MgGeO, transforms with increasing pressure from an orthopyroxene, to
a clinopyroxene, and finally to an ilmenite structure. Thermodynamic parameters for
MgGeO, (opx — cpx) and MgGeO; (cpx — ilm) have been constrained by high-temperature
solution calorimetric experiments, lattice vibrational calculations, and phase-equilibrium
studies. The enthalpy and entropy of MgGeO, (opx — cpx) determined in this study are
—3440 + 681 J-mol-' and — 1.5 to —3.0 J-mol-'-K~, respectively, which are comparable
in magnitude to values for other phase transitions among pyroxenes and pyroxenoids. The
values of AHY,; and AS %, for MgGeO, (cpx — ilm) determined from calorimetry and lattice
vibrational calculations are 7808 + 561 J-mol-! and —7.5 + 1.5 J-mol~*-K~', respec-
tively. These values are consistent with new experimental reversals of the MgGeO, (cpx
- ilm) phase boundary, P (in GPa) = 1.913 + 0.0018T (in K).

INTRODUCTION

In recent years, great progress has been made in the
study of high-pressure phase transitions among silicates
(e.g, Tto and Takahashi, 1987). However, although phase
relations among high-pressure silicate phases have been
roughly mapped out, detailed reversals of phase-equilib-
rium boundaries remain largely unattained, and some
compounds cannot be quenched to ambient conditions.
Germanates are often used as geochemical models for
silicates since they show similar transitions as silicates
but at much lower pressures.

The MgGeQ, polymorphs have been used as analogues
for the MgSiO, polymorphs and transform with increas-
ing pressure from the structure of orthopyroxene to cli-
nopyroxene to ilmenite. Two studies have reported the
phase relations among the MgGeO, at high pressures and
temperatures. The results presented by Kirfel and Neu-
haus (1974) are shown in Figure 1A. They found that the
orthopyroxene stability field is limited to low pressures
and temperatures, whereas clinopyroxene is stable at high
temperatures and pressures. At higher pressures, clino-
pyroxene transforms to ilmenite. Ozima and Akimoto’s
(1983) topology for the orthopyroxene-clinopyroxene
boundary differs greatly from that of Kirfel and Neuhaus
(Fig. 1B). They found that orthopyroxene is stable at high
temperatures and low pressures and has a greater stability
field than that reported by Kirfel and Neuhaus (1974).

The purpose of this study is to resolve these discrep-
ancies and to derive a self-consistent set of thermody-
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namic parameters for the orthopyroxene to clinopyrox-
ene boundary as well as the clinopyroxene-ilmenite phase
boundary. The method used is similar to that reported
by Ross and Navrotsky (1987). The previous experi-
ments are analyzed for internal consistency, and the set
of enthalpies and entropies of transition consistent with
each data set is determined. These results are compared
with independent determinations of the enthalpies of
transition from high-temperature solution calorimetry as
well as independent calculations of entropies of transition
from lattice vibrational models. In addition, the results
from a new phase-equilibrium study of the clinopyrox-
ene-ilmenite boundary are reported. Finally, the use of
MgGeO, polymorphs as analogues for MgSiO; poly-
morphs is discussed.

EXPERIMENTAL METHODS

Sample synthesis

Orthopyroxene (about 2 g) was synthesized from a mixture of
reagent-grade MgO and GeO, heated at 1273 K for 20 h. The
product was examined by powder X-ray diffraction and con-
firmed to be orthopyroxene; all of the lines in the pattern cor-
respond closely in d spacings and intensities to an “orthoensta-
tite-type” MgGeO, belonging to space group Pbca with a = 18.80
A, b=895A, and ¢ = 5.34 A (Ozima and Akimoto, 1983).
Clinopyroxene (about 250 mg) was synthesized from the ortho-
pyroxene in a girdle anvil press operated at 2 GPa and 1273 K
for 8 h. Microscopic examination of the run products showed
that they included traces of Pt from the Pt capsules. The Pt was
carefully removed by hand so that none was visible optically or
could be detected by X-ray diffraction. Powder X-ray diffraction
confirmed that the run products were pure clinopyroxene, and
all peaks in the pattern showed excellent agreement with the d
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Fig. 1. Previous phase relations proposed for the MgGeO,

polymorphs: (A) Kirfel and Neuhaus (1974) and (B) Ozima and
Akimoto (1983).

spacings and intensities reported by Ozima and Akimoto (1983)
for a C2/c clinopyroxene with a = 9.60 A, b =8.93 A, ¢ = 5.16
A, and g = 101°. Iimenite (about 260 mg) was synthesized from
orthopyroxene at 6 GPa and 1273 K for 8 h using the girdle
anvil press. As in the clinopyroxene runs, traces of Pt were re-
moved by hand from the recovered samples. Powder X-ray dif-
fraction and optical examination confirmed that the run prod-
ucts were pure ilmenite, with no reactant remaining.

Calorimetry

Calorimetric runs were made using a twin Calvet-type micro-
calorimeter (Navrotsky, 1977). Enthalpies of solution for the
three polymorphs were measured in molten lead borate, 2PbO-
B,0;, at 973 K. At that temperature each MgGeQ, phase persists
unchanged in the calorimeter prior to dissolution. The clinopy-
roxene and ilmenite samples dissolved rather sluggishly and in-
completely, even when using sample containers with perforated
Pt-foil bottoms (Navrotsky et al., 1980). Therefore a layer of
alumina (about 20-25 mg) was placed in the bottom of the sam-
ple container, and the 15 to 25 mg of MgGeO, sample was sprin-
kled on top of the alumina base. The readily dissolving alumina
helped to introduce the sample into the flux, greatly reducing the
dissolution time and promoting complete dissolution of the ger-
manate. The heat of solution for pure alumina was measured,
and the heats of solution for MgGeO, clinopyroxene and ilmen-
ite were calculated by subtracting AH,,, ..., from AH,,. Heats of
solution of MgGeO, orthopyroxene, clinopyroxene, and ilmenite
are shown in Table 1.

Spectroscopy

All vibrational spectra presented for the MgGeO, polymorphs
were obtained on polycrystalline samples. Infrared spectra were
obtained using a Nicolet 7199 optical bench and a Nicolet 1280
data processor. Far-infrared spectra between 100 and 400 cm—!
were obtained with a liquid He—cooled Ge-bolometer (Infrared
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TasLe 1. Enthalpies of solution of the MgGeO, polymorphs,

orthopyroxene, clinopyroxene and ilmenite, in 2PbO-
B,O; at 973 K

Orthopyroxene Clinopyroxene limenite

Mass AR, Mass AH, Mass AR,

(mg) (J-mol™) (mg)  (J-mol) (mg)  (J-mol™)

22.81 31112 18.70 36660 19.33 29547

22.00 32342 15.10 35150 20.52 29535

22.08 32510 15.06 36832 16.47 29259

22.52 32541 16.81 35405 14.00 27953

21.85 31966 15.64 37305 16.68 28593

23.15 35054 14.36 37999 16.53 27619

23.38 35903

25.66 31539

20.88 35271

22.95 32455

20.46 33627

33120 + 486" 36560 + 448* 28752 + 339*

* Average; error represents one standard deviation of the mean.

TaBLE 2. Peak positions, in wave numbers (cm~1), from infrared
and Raman spectra of MgGeO, orthopyroxene, cli-
nopyroxene, and iimenite structures

Orthopyroxene Clinopyroxene limenite
Infra- Infra- Infra-
red Raman red Raman red Raman
107
118 st 121
130
138 w
145w
157 w
165 171
181 187
190 198 204 st
206 217
232 226 w 227 230 w
247 236 256 265 266 w
256 268 271w
283 276 sh 280 sh 280
295 br 293 290 294
316 327 314 br 328 315
337 344 341 348 332
343 362 sh 358 368
377 369 380 br 378
387 br 402 417 405 st 403
414 408 sh 425 sh
426 422 434 w
437 445 449
455 br 460 br 460 466 453
488 sh 477 475
495 498 w 482 br 488 w
517 sh
539 541 555 578 st 550
552
580 573 st 602 603
613 w
714 711 707 703 695 st
737 745 w 746 br 734 w 722 st
787 784
798 w 797
821 sh
841 w 830 816
864 865 st 859 st
876 st 880 st
908 sh 903 sh

Note: w = weak; st = strong; br = broad; sh = shoulder.
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Fig. 2. Vibrational spectra of MgGeQ, orthopyroxene: (A) far-infrared, (B) mid-infrared, (C) low-frequency Raman, and (D)

high-frequency Raman.

Laboratories) from 1.0 to 2.0 mg of powdered samples mounted
on polyethylene plates with Vaseline petroleum jelly. Mid-in-
frared spectra were obtained above 400 cm~! using a HgCdTe
liquid N,—cooled detector from KBr discs with 0.5 to 1.0 mg of
sample per 50 mg of KBr. Raman spectra of the MgGeO, poly-
morphs were measured with a micro-Raman spectrometer con-
sisting of a Spex 1877 triple spectrograph, an optical-scanning
multichannel analyzer (osma; Princeton Instruments) and an Ar*
laser for sample excitation (Mao et al., 1985). All samples were
stable under high laser power. Far-infrared, mid-infrared, and
Raman spectra of MgGeQO, orthopyroxene, clinopyroxene, and
ilmenite are shown in Figures 2, 3 and 4, respectively, and peak
positions are listed in Table 2.

Phase-equilibria experiments

The phase-equilibria experiments at high temperatures and
pressures were carried out with sam-8s, a high-pressure appara-
tus consisting of a 250-ton press with a cubic anvil device of the
DIA type, at the Stony Brook High Pressure Laboratory. Anvils
with a 6-mm edge length were used in the experiments for study-
ing the pressure and temperature regime from 3 to 6 GPa and
1000 to 1500 K, respectively. The cell assembly consisted of a
pyrophyllite cube, prefired at 973 K for 10 min, inside of which
a cylindrical graphite furnace fitted with a sleeve and two inserts
of NaCl served as a capsule for the sample. The run temperatures
were measured in the central part of the sample with a Pt-Ptg;Rh,

thermocouple without any correction for the pressure effect on
the electromotive force of the thermocouple. The uncertainty in
the temperature readings was =5 K. Sample pressure versus ram
load has been calibrated at room temperature with the Bi I-II
(2.55 GPa), Th I-1I (3.67 GPa), Ba I-II (5.5 GPa), and Bi III-V
(7.7 GPa) transitions and at 1273 K using the quartz—coesite
(Bohlen and Boettcher, 1982), Fe,SiO, olivine-spinel (Yagi et
al., 1987), and CaGeO, garnet—perovskite (Susaki et al., 1985)
transitions (Gwanmesia, 1987). The uncertainty in pressure is
estimated to be £0.1 GPa.

Starting material for each run was 50-50 mixture of MgGeO,
clinopyroxene and ilmenite. The samples were held at the de-
sired pressure for a time interval of 45 to 240 min, depending
on temperature, and then quenched under pressure. After the
run, the quenched sample was examined by powder X-ray dif-
fraction and optical microscopy. Run times were long enough to
ensure complete conversion to either clinopyroxene or ilmenite.
The individual runs are summarized in Table 3.

REsuLTS

Orthopyroxene to clinopyroxene transition

The results from the two previous experimental studies
of the MgGeO, orthopyroxene to clinopyroxene phase
transition are presented in Figure 5A. Kirfel and Neu-
haus’s (1974) experiments were synthesis runs using poly-
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Fig. 3. Vibrational spectra of MgGeO, clinopyroxene: (A) far-infrared, (B) mid-infrared, (C) low-frequency Raman, and (D)

high-frequency Raman.

crystalline orthopyroxene (in all runs but one) as the
starting product. Ozima and Akimoto (1983) attempted
high-pressure, high-temperature reversals with single
crystals of MgGeO, orthopyroxene and clinopyroxene
grown from a Li-Mo-V oxide flux as starting materials
and quenched their runs to ambient conditions. Kirfel
and Neuhaus (1974) observed a narrow stability field for

TaBLE3. Results of MgGeO; clinopyroxene-ilmenite phase-equi-
libria experiments

Pressure Tempera- Time

(GPa) ture (K) (h) Run product
3.55 1098 8 Clinopyroxene
3.82 1098 22 Clinopyroxene
4.35 1098 24 limenite

4.08 1098 22 limenite

3.82 1382 6 Clinopyroxene
4.88 1382 5.5 limenite

4.35 1382 3 Clinopyroxene
4,61 1382 3 limenite

4.88 1523 1 limenite

4.48 1598 1 Clinopyroxene

Note: Starting compositions were 50-50 mixtures of clinopyroxene and
iimenite. The uncertainties in the pressures and temperatures are +0.1
GPa and +=5 K, respectively.

orthoenstatite-type MgGeO, below 1 GPa and a shallow
negative slope, —0.0008 GPa-K~!, for the phase bound-
ary. Ozima and Akimoto (1983), however, observed a
larger stability field for orthoenstatite-type MgGeO; and
a steeper, positive slope, 0.0263 GPa-K-!, for the phase
boundary. The P-T boundaries reported by Kirfel and
Neuhaus (1974) and Ozima and Akimoto (1983) are P
(in GPa) = 1.499 — 0.0008 7 (in K) and P (in GPa) =
—28.50 + 0.0263 T (in K), respectively. We have ob-
tained quantitative estimates of AH® and AS° for the
MgGeO, orthopyroxene to clinopyroxene transition from
a self-consistency analysis (Gordon, 1973) of the P-T runs
reported by these workers. This method is described in
detail by Ross and Navrotsky (1987), who were the first
to apply self-consistency analysis to the study of high-
pressure phase transitions. Parameters used in the anal-
yses are given in Table 4, and results are shown in Figure
6. As expected, no values of AH® and AS® are consistent
with both Kirfel and Neuhaus’s (1974) study and Ozima
and Akimoto’s (1983) study. The data reported in each
study, however, were found to be internally consistent.
Values of AH° and AS® consistent with Kirfel and Neu-
haus’s (1974) study and Ozima and Akimoto’s (1983)
study. The data reported in each study, however, were
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Fig. 4. Vibrational spectra of MgGeOQ, ilmenite: (A) far-infrared, (B) mid-infrared, (C) low-frequency Raman, and (D) high-

frequency Raman.

found to be internally consistent. Values of AH® and AS®
consistent with Kirfel and Neuhaus’s (1974) data are
slightly positive and range from 400 to 1675 J-mol-! and
0.4 to 1.3 J-mol—'-K-!, respectively. Ozima and Aki-
moto’s (1983) data are consistent with negative and much
larger values of AH® and AS°, which can range from
—12550 to —52300 J-mol-' and —14.6 to —48.9 J-
mol—'-K~1, respectively.

Navrotsky (1981) noted that transitions among pyrox-
enes and pyroxenoids generally have small values of AH®,
AS°, and AV and that AH°® and TAS? appear to be com-
parable in magnitude at temperatures of 1000 to 1500 K.
In addition, density appears to increase in the order py-
roxenoid, orthopyroxene, clinopyroxene; and the ther-
modynamic data suggest that when the clinopyroxene is
the phase with the lowest enthalpy, it is also the phase
with lowest entropy. Kirfel and Neuhaus’s (1974) data
are consistent with these trends in the following ways.
The values of AH° and AS® that are consistent with their
data are quite small, AH® and TAS° are the same mag-

nitude at 1000 K, and clinopyroxene is stable at higher
pressures than orthopyroxene (i.e., it has a greater density
than orthopyroxene). However, they find that clinopy-
roxene is stable at higher temperatures than orthopyrox-
ene, suggesting it is the phase of higher entropy. The val-
ues of AH® and AS® found to be consistent with Ozima
and Akimoto’s (1983) data are much larger than those
reported for other pyroxene and pyroxenoid phase tran-
sitions (Navrotsky, 1981). However, AH° and TAS® are
approximately equal at 1000 K, clinopyroxene is stable
at higher pressures than orthopyroxene, and orthopyrox-
ene is stable at higher temperatures, suggesting that or-
thopyroxene is the phase of higher entropy.

The results from high-temperature solution calorime-
try provide an independent measure of the enthalpy of
the MgGeO, orthopyroxene to clinopyroxene transition
at room pressure and 973 K. At this temperature, Kirfel
and Neuhaus (1974) found that orthopyroxene was sta-
ble, whereas Ozima and Akimoto (1983) found that cli-
nopyroxene was stable. The results from the calorimetric
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experiments (Table 1) indicate clinopyroxene is the phase
of lower enthalpy and is stable energetically relative to
orthopyroxene at 973 K, which is consistent with Ozima
and Akimoto’s (1983) study. However, the calorimetric
value of AHY,,, —3440 = 661 J-mol-', is only one-third
of the smallest value found to be consistent with Ozima
and Akimoto’s (1983) study (Fig. 6). This value, on the
other hand, is similar to that found for other pyroxene
and pyroxenoid transitions (Navrotsky, 1981).

Two methods can be used to determine the entropy of
the MgGeO, orthopyroxene to clinopyroxene phase tran-
sition. First, AS° can be calculated from lattice vibration-
al models formulated from the infrared and Raman spec-
tra of the two polymorphs using Kieffer’s (1979)
methodology. MgGeO; clinopyroxene belongs to space
group C2/c, has four formula units in its primitive unit
cell and hence has 60 vibrational degrees of freedom,
three of which are acoustic modes. Orthopyroxene be-
longs to space group Pbca, has 16 formula units, and 240
degrees of freedom, three of which are acoustic modes.
The spectra of MgGeQO; orthopyroxene and clinopyrox-
ene (Figs. 2 and 3) show bands extending from 700 to
900 cm ! that are commonly assigned to Ge-O stretching
motions within the tetrahedral GeO, groups (e.g., Tarte,
1962). The bands between 570 and 600 cm~*' may be
attributed to motions of the bridged oxygens within the
pyroxene chains. The overall distribution of optic modes
in orthopyroxene and clinopyroxene is similar; both have
one set of modes at low frequencies between 100 and 600
cm~! that is distinct and separate from the high-frequen-
cy [GeO,] stretching regime between 700 and 900 cm~!
(Figs. 2 and 3). The lowest-frequency optic modes ob-
served in MgGeO, orthopyroxene and clinopyroxene are
107 cm~! (Fig. 2) and 121 cm™!, respectively. Kieffer-
type lattice vibrational models for the two polymorphs
are shown in Figures 7A and 7B. The general approach
to vibrational modeling is the same as that described ear-
lier (Ross et al., 1986), with each model being consistent
with the observed acoustic, crystallographic, and spectro-
scopic data. The models have at least one continuum
spanning the low-frequency modes from 98 cm ' (ortho-
pyroxene) and 121 cm~' (clinopyroxene) up to 570 cm !
(orthopyroxene) and 600 cm ! (clinopyroxene) (Fig. 7A,
7B). The top of the longitudinal acoustic branch, which
disperses to 98 cm—! at the Brillouin zone boundary, was
chosen as the low-frequency cutoff for the continuum of
MgGeO, orthopyroxene since it is unlikely that there is
a gap between 98 and 107 cm~! (lowest-frequency optic
mode observed) in the vibrational density of states. The
high-frequency modes between 700 and 900 cm~! are
represented either with Einstein oscillators or a second
continuum (Figs. 7A and 7B). Approximately 25-27% of
the optic modes are assigned to this high-frequency re-
gion, in keeping with Kieffer’s (1980) mode-partitioning
scheme for chain silicates and Ross et al.’s (1986) frac-
tionation scheme. Parameters used for converting C, to
C, are given in Table 4. The vibrational models predict
that MgGeO, orthopyroxene has a greater entropy than
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(1983) phase boundary.

clinopyroxene and estimates of AS® at 298 and 1000 K
range from —1.5 to —2.5 J-mol~!-K~! (Table 5).

Three major factors contribute to a high vibrational
entropy of a crystal (Ross et al., 1986). These are (1) the
size of the primitive unit cell, which dictates the contri-
bution from low-frequency acoustic modes, (2) the con-
centration of the entire optic-mode distribution to low
and moderate frequencies found, for example, in highly
coordinated phases such as perovskite, and (3) the oc-
currence of optic modes at low frequencies. Since the
overall distribution of optic modes between MgGeO,; or-
thopyroxene and clinopyroxene is similar, the difference
in entropy between the two phases is due primarily to
factors (1) and (3). There is a greater contribution to the
entropy from the acoustic modes in MgGeO, clinopyrox-
ene; this effect, however, is offset by factor (3), the larger
population of optic modes at low frequencies in ortho-
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pyroxene. The latter is responsible for the higher entropy
of MgGeO, orthopyroxene relative to MgGeO; clinopy-
roxene.

A second estimate of the entropy of transition can be
calculated from combining the calorimetric determina-
tion of the enthalpy of transition with a known point on
the P-T boundary. Given that AH3,, is —3440 = 661 J-
mol-! and the transition temperature is between 1123
and 1173 K at 1 atm (Yamanaka et al., 1985), then AS?®
is approximately —3.0 + 0.6 J-mol~'-K~'. This value is
in good agreement with the value determined from the
vibrational models. The greater entropy of MgGeO, or-
thopyroxene (the high-temperature phase), and hence the
negative value for AS? (opx — cpx), means that the slope
of the P-T boundary for the transition must be positive,
which is consistent with Ozima and Akimoto’s (1983)
study but not that of Kirfel and Neuhaus (1974). How-
ever, although the magnitude of AS? is similar to entro-
pies of transition reported for other pyroxene and pyrox-
enoid phase transitions (Navrotsky, 1981), it is much
smaller than the range of AS°’s derived from Ozima and
Akimoto’s (1983) study.

The calculated phase boundary based on the indepen-
dent determinations of AH? from high-temperature so-
lution calorimetry and AS° from Kieffer-type lattice vi-
brational models is compared with Ozima and Akimoto’s
boundary in Figure 5b. The slope of the calculated
boundary, 0.0021 GPa-K-!, is significantly smaller than
that determined by Ozima and Akimoto (1983), 0.0263
GPa-K-!. This discrepancy is too large to be explained
by systematic errors in the calibration of the high-pres-
sure apparatus used by Ozima and Akimoto (1983). A
potential source of error in this study could come from
the prediction of AS® from the vibrational models. The
entropy of transition, and hence dP/dT, could have been
underestimated in the vibrational calculations if a mode
below 98 cm~—! was not included in the models of Mg-
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Fig. 7. Kieffer-type lattice vibrational models of (A) MgGeO,
orthopyroxene, (B) MgGeO; clinopyroxene, and (C) MgGeO,
ilmenite.

GeO, orthopyroxene, either because it was too weak to
be observed or because it was an inactive mode. Calcu-
lation shows that if, for example, a mode at 60 cm~' was
present in MgGeO; orthopyroxene, ASY,; would increase
to —11 J-mol-'-K-! and dP/dT to 0.009 GPa-K~'. Such
an increase would have to be accompanied by an increase
in AH3,, to approximately —12,000 J-mol~! in order to
approach consistency with Ozima and Akimoto’s (1983)
study (Fig. 6); that is, the calorimetric determination of
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TaBLE 4. Molar volumes, thermal expansion, and bulk modulus
data of MgGeO; polymorphs
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TaBLe 5. Heat capacities and entropies calculated from vibra-
tional models (shown in Fig. 7)

12 o K
Phase (cm®-mol~7) (x10-%-K) (GPa) K
Orthopyroxene 33.868(5)* 4.06(2)¢ 1158 44
Clinopyroxene 32.695(5)4 3.61(28)c 115F 4+
limenite 29.091(14)2 2.20° 187(2)° 4+

Note: Sources indicated by superscript letters. (A) Ozima and Akimoto
(1983). (B) Kirfel et al. (1978). (C) Calculated from Yamanaka et al.'s (1985)
data. (D) Ashida et al. (1985). (E) Kandelin et al. (unpub. ms.). (F) Assumed
to be the same as MgGeO, orthopyroxene. (G) Sato et al. (1977); (H)
Assumed. Errors given (in parentheses) where available.

AHY,5, —3440 + 661 J-mol!, would have to be in error
by 130, which is unrealistic. Moreover, our low values of
AS° and AH are consistent with values observed for oth-
er pyroxene and pyroxenoid transitions (Navrotsky, 1981).
In addition, the second determination of AS°, —3.0 +
0.6 J-mol—!, shows excellent agreement with the vibra-
tional calculations. In conclusion, we cannot account for
the discrepancy between this study and that of Ozima and
Akimoto (1983). We would note, however, that some of
their reported orthopyroxene to clinopyroxene reversals
lie within the stability field of the ilmenite polymorph of
MgGeO,; (see below). Further work, preferably an in situ
determination of the orthopyroxene to clinopyroxene
phase boundary, is needed.

Clinopyroxene to ilmenite transition

At higher pressures, MgGeO, clinopyroxene trans-
forms to the ilmenite structure. The results of Kirfel and
Neuhaus’s (1974) experimental study are shown in Figure
8A. These experiments were synthesis runs using, in most
cases, MgGeO, orthopyroxene as the starting material,
and the P-T boundary was found to be P (in GPa) =
—1.80 + 0.0056 T (in K). Self-consistency analysis of
their data set shows that the data are internally consistent
and gives values of AH? and AS® from 13800 to 2090 J-
mol~! and from —12.5 to —27.2 J-mol—'-K-!, respec-
tively (Fig. 9). Parameters used in the self-consistency
analysis are given in Table 4.

Since Kirfel and Neuhaus’s (1974) experiments are pre-
dominantly synthesis runs, independent determinations
of AH® and AS° provide valuable crosschecks on the high-
pressure experiments. The enthalpy of this transition cal-
culated from the heat of solution data (Table 1) is 7808
#+ 561 J-mol~'. This value is much greater than those
found to be consistent with Kirfel and Neuhaus’s (1974)
experimental data (Fig. 9). An independent determina-
tion of AS® can be obtained from Kieffer-type lattice vi-
brational models of the two polymorphs. The vibrational
models for MgGeO, clinopyroxene (Fig. 7B) are charac-
terized by two separate optic continua or one continuum
and a set of Einstein oscillators that span the two regions
where the bulk of the vibrational modes occur, between
121 and 600 cm~' and at higher frequencies between 700
and 900 cm~! (Fig. 3). In addition, the acoustic modes
represent 5% of the total vibrational modes. MgGeO, il-
menite, on the other hand, belongs to space group R3,

Model T(K) Cr (J-mol) S° (J-mol—'-K-1)

A. MgGeO, orthopyroxene

1 298 87.88 77.00
700 121.03 168.18
1000 128.10 212.68

2 298 87.68 76.86
700 120.96 167.92
1000 128.06 212.41
B. MgGeO, clinopyroxene

1 298 86.92 75.41
700 119.92 165.77
1000 126.61 209.82

2 298 87.19 75.53
700 120.08 166.10
1000 126.70 210.18

C. MgGeO;, ilmenite

1 298 87.52 69.54
700 117.64 159.46
1000 122.81 202.42

has two formula units in its primitive unit cell, and hence
has 30 vibrational degrees of freedom. Thus, the acoustic
modes represent 10% of the total number of vibrational
modes. The Raman and infrared spectra of MgGeQ, il-
menite (Fig. 4) show that the bulk of the vibrational modes
are distributed uniformly between 204 and 722 cm-!.
Because Mg and Ge are both in octahedral coordination
in the ilmenite structure, there are no high-frequency
modes above 722 cm~! and no noticeable breaks in the
frequency distribution of the ilmenite spectra. The most
appropriate vibrational model (Fig. 7C) is therefore a
simple one consisting of a single optic continuum span-
ning this range of frequencies. The heat capacities pre-
dicted from this model (Table 5) show excellent agree-
ment with Ashida et al.’s (1985) data (Fig. 10). The
entropy of transition at 1000 K for MgGeO, clinopyrox-
ene to ilmenite, based on a number of vibrational models,
is —=7.6 £ 1.5 J-mol—'-K~'. MgGeQ, clinopyroxene has
the greater entropy because the presence of modes at low
frequencies, extending to 121 cm~', outweighs both the
contribution to the entropy from the acoustic modes and
from the concentration of modes below 722 cm~! that
are found in MgGeO, ilmenite. The latter, however, are
responsible for the value of the entropy of transition being
less negative than one might expect. The value of AS®, in
fact, determined from these models is much lower than
the values found to be consistent with Kirfel and Neu-
haus’s (1974) study (Fig. 9).

In the past, studies on the Mg,SiO, polymorphs (Aka-
ogi et al., 1984), the CaGeO, polymorphs (Ross et al.,
1986), and the Mg,GeO, polymorphs (Ross and Navrot-
sky, 1987) have successfully constrained thermodynamic
parameters of phase transitions by combining the phase
studies with independent determinations of AH° and AS?®
from calorimetric and lattice vibrational calculations. The
MgGeO, clinopyroxene to ilmenite transition is remark-
able in that independent determinations of AH° and AS®
are inconsistent with Kirfel and Neuhaus’s (1974) study.
In order to resolve these discrepancies, we re-examined
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Fig. 8. The MgGeO; clinopyroxene-ilmenite boundary: Ex-
perimental data of (A) Kirfel and Neuhaus (1974) and (B) this
study. The calculated boundary based on the calorimetric data
and vibrational calculations is shown as a solid line in (B).

this transition with reversal experiments at high pressures
and temperatures (Fig. 8B). A self-consistency analysis of
the new experimental data defines a set of enthalpies and
entropies of transition that range from 1918 to 9368 J-
mol—' and from —5.8 to —11.7 J-mol—'-K~!, respective-
ly (Fig. 9). The calorimetric determinations of AHY,;,
7808 = 561 J-mol!, and ASY,; estimated from lattice
vibrational models, —7.6 = 1.5 J-mol-'-K~!, both lie
within the set of values consistent with the new phase-
equilibrium study (Fig. 9). The most striking difference
between this phase boundary, P (in GPa) = 1.913 +
0.0018 T (in K), and that of Kirfel and Neuhaus (1974),
P (in GPa) = —1.80 + 0.0056 7 (in K), is its much shal-
lower slope (Fig. 8b).

In conclusion, thermodynamic parameters for the
MgGeO, clinopyroxene to ilmenite transition have been
tightly constrained from a combination of high-temper-
ature solution calorimetric experiments, lattice vibration-
al calculations, and phase-equilibria experiments. The
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Fig. 9. Results from the self-consistency analyses of (A) Kir-
fel and Neuhaus’s (1974) and (B) this study’s experimental data
for MgGeO, clinopyroxene-ilmenite. The box outlines the val-
ues, including error bars, of AHS,; determined from calorimetry
and ASY,, calculated from Kieffer-type vibrational models.

values of AH?, AS°, and AV® for this transition are 7808
+ 561 J-mol-!, —7.6 = 1.5 J-mol-!-K~!, and —3.61
cm?-mol-', respectively. This study shows that caution
must be exercised when extracting thermodynamic pa-
rameters from phase studies in which the runs are syn-
thesis rather than reversal experiments.

DISCUSSION

It is interestng to compare the present thermochemical
data for the MgGeO,; polymorphs with those of the
CdGeO, polymorphs (Table 6). At | atm, CdGeO, adopts
a pyroxenoid structure rather than a pyroxene structure
because the former can accommodate larger octahedral
cations more easily than the pyroxene structure. With
increasing pressure, CdGeO, pyroxenoid transforms first
to a garnet structure, then to an ilmenite structure, and
finally to a perovskite structure (Susaki and Akimoto,
1983). There is a suggestion that MgGeO, transforms to
the perovskite structure under some high-pressure and
high-temperature conditions (Liu and Bassett, 1986). Thus
the sequence of transitions in MgGeO, is similar to those
in CdGeO, except that MgGeO, has no garnet stability
field. The enthalpy, entropy, and volume changes for the
CdGeO, pyroxenoid-ilmenite transition (Table 6) have
been calculated from the data for the pyroxenoid-garnet
and garnet-ilmenite transitions (Akaogi and Navrotsky,
1987). The thermochemical data for CdGeO, presented
by Akogi and Navrotsky (1987) show reasonably good
agreement with phase studies of Susaki and Akimoto
(1983). The pyroxene (or pyroxenoid) to ilmenite tran-
sition involves a large structural change from a structure
with chains of corner-linked [GeO,] tetrahedra cross-
linked by M (M = Mg,Cd) cations in octahedral coordi-
nation to a structure with alternating layers of [MO,] and
[GeO,] octahedra that share edges within the layers and
faces between the layers. Consequently, a large volume
decrease is associated with this transition; the volume
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GeO, ilmenite as a function of temperature from the vibrational

model (dashed curve) with experimental data from Ashida et al.
(1985) (solid circles).

changes in MgGeQO, and CdGeO, are —3.61 cm?-mol-!
(11%) and —7.06 cm®-mol-! (17%), respectively. One
might expect such a transition to be energetically very
costly, but both MgGeO,; and CdGeO, have moderate,
positive enthalpies of transition, 7808 and 9271 J-mol—!,
respectively. The entropies of the pyroxene (pyroxenoid)—
ilmenite transition are also similar. MgGeO, has a AS° of
~7.6 J-mol-'-K-' and CdGeO, has a AS° of —9.7 J-
mol~'-K~!. Thus dP/dT for the metastable CdGeQ, py-
roxenoid-ilmenite transition would be positive, similar
to dP/dT for MgGeO; pyroxene-ilmenite (Table 6).

In the introduction, we noted that germanates are often
used as geochemical models for silicates. Previous studies
of the MgGeO, orthopyroxene to clinopyroxene phase
transition have been undertaken in order to elucidate the
nature of the orthoenstatite to low clinoenstatite transi-
tion in MgSiO;. The analogy, however, is not a good one
because low clinoenstatite differs structurally from
MgGeO, clinopyroxene and belongs to space group P2,/
¢, not C2/c. The difference in volume between low cli-
noenstatite and orthoenstatite is —0.01 ¢cm?-mol-!, two
orders of magnitude smaller than AV® for the orthopy-
roxene to clinopyroxene transition in MgGeQ,, —1.173
cm®-mol~!. Moreover, the enthalpy and entropy of tran-
sition for MgSiO, (opx — cpx) are substantially smaller
than those determined for MgGeO, in this study. The
enthalpy of transition for MgSiO; (opx — cpx), for ex-
ample, is 167 J-mol~' (Navrotsky, 1981) compared to
—3440 J-mol-' for MgGeO,. The entropy of transition
is essentially zero in MgSiO; (Navrotsky, 1981) as com-
pared to —3.0 J-mol-'-K-' in MgGeO,. Recently, how-
ever, Pacalo and Gasparik (1987) have reported reversals
of a phase boundary at pressures and temperatures ex-
ceeding 6.0 GPa and 1173 K between orthoenstatite and
a high-pressure polymorph of MgSiO, that is possibly a
C2/c high clinoenstatite phase. The slope of their phase
boundary, 0.0034 GPa-K~! (Gasparik, pers. comm.), is
very similar to that of the MgGeQO, orthopyroxene to cli-
nopyroxene transition, 0.0026 + 0.0013 GPa-K—!, de-
termined in this study. These findings indicate that
MgGeO, orthopyroxene and clinopyroxene may provide
better analogues for this high-pressure transition in
MgSiO, than for the orthoenstatite to low clinoenstatite
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TABLE 6. Thermochemical data for pyroxene (or pyroxenoid)—
iimenite transition in MgGeO, and CdGeO,

AS° AV® dapP/dT
Com- AH® (J-mol—'- (cm?- (x102
pound (J-mol- K1) mol)  GPa-K) Ref.*
MgGeO, 7808 +562 —-76+15 —361 2004 a
CdGeO, 9271 £ 1683 —-97 37 —7.06 1405 b

* a = this study; b = Akaogi and Navrotsky (1987).

transition. Additional data on silicate pyroxenes at high
pressures and temperatures will enhance our overall un-
derstanding of the pressure, temperature, and composi-
tion relations of the pyroxene polymorphs.
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