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Abstract

New data on phase equilibria in the MgSiO; system relevant to the stability of Mg-Si-perovskite (perovskite) are
obtained in the laser-heated diamond cell using improved techniques for accurate pressure measurement and novel
heating techniques eliminating temperature gradients. The data of the MgSiOs-ilmenite (akimotoite)—perovskite phase
boundary, measured in the range of 19-25.5 GPa and 1800-2350 K, are consistent with the pressure and temperature
conditions generally assumed at 660 km depth and agree within the experimental uncertainties with earlier multi-anvil
quench experiments. The triple point wadsleyite+stishovite-akimotoite—perovskite is at 21 GPa and 2300 K. The slope
of the akimotoite—perovskite boundary is not well constrained by reversal experiments alone due to large hysteresis,
but results using glass starting materials yield a value of —0.004 £0.002 GPa/K. The slopes of the phase transitions to
Mg-Si-perovskite in both olivine and pyroxene systems are less negative than those required to cause layering in
mantle convection. At the pressure of the 660 km seismic discontinuity (23.8 GPa) the phase boundary between
akimotoite and perovskite yields a slightly lower temperature than that of the ringwoodite to perovskite+periclase
transition in the Mg;SiOy4 system (1900 = 100 K). Garnet (majorite) is not observed above 21 GPa.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It has long been recognized that the 660 km
seismic discontinuity is linked to the transitions
of open-structured silicate polymorphs to the
dense perovskite structure [4,5] in both MgSiO;
and Mg;SiO4 systems. The magnitude of this
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jump in seismic velocity may be due to a general
change of the silicon—oxygen coordination from 4
to 6 at this pressure (23.8 GPa). Therefore, the
pressure and temperature conditions of the phase
boundary of Mg-Si-perovskite are crucial for es-
timating mineralogy and temperature in the
Earth’s mantle at 660 km depth [5,6]. Moreover,
the Clapeyron slope of this phase boundary is of
importance for geodynamical considerations be-
cause it determines the latent heat of the transi-
tion [7-10].

The phase boundary of Mg-Si-perovskite in
both MgSiO; and Mg,SiO4 systems, extensively
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measured in the laboratory using diamond-anvil
and multi-anvil apparatuses, shows considerable
variations in pressure, temperature, and slope
[1-3,5,6,11-23]. The discrepancies may be mainly
due to different methods of measuring pressure
and temperature but phase kinetics may also
play an important role. In multi-anvil in situ X-
ray experiments the estimated pressures depend
strongly on the choice of pressure standard and
P-V-T equation of state used for pressure cali-
bration. For MgSiO; the akimotoite to Mg-Si-
perovskite transition pressures obtained from the
latest in situ multi-anvil X-ray measurements
[17,19-21] differ by as much as 2.5 GPa, depend-
ing on which equation of state of gold [24,25] or
NaCl [26] is used. The reported discrepancies may
not be solely caused by differences in the pressure
calibration but also be due to the unknown pres-
sure effect on the emf of W-Re thermocouples
used in these studies [22,23,27]. Similar discrepan-
cies for the Mg—Si-perovskite phase boundary be-
tween multi-anvil quench and in situ X-ray experi-
ments have been observed for the olivine system
[5,18,22,23] and for Al-bearing systems such as
pyrope garnet (Mg3zAl,Si301,) [28,29] and natural
pyrolite composition [22,27,30-32]. The uncertain-
ties in pressure and temperature in both multi-
anvil and diamond-anvil studies are discussed in
numerous papers [2,3,17,18,21,22,27,29,33,34].

It has been shown recently that both pressures
and temperatures can be measured accurately in
the laser-heated diamond cell [33], and new tech-
niques for measuring phase transitions of minerals
using micro-furnaces in a hydrostatic, inert pres-
sure medium have recently been developed [2].
This heating method essentially eliminates tem-
perature gradient within the sample. Our recently
reported measurements of the ringwoodite to
Mg-Si-perovskite plus periclase transition in the
Mg,Si04 system [2] show excellent agreement
with in situ synchrotron X-ray measurements in
the laser-heated diamond cell [3].

2. Experimental methods and results

In the present study we report new data on the
phase diagram of MgSiO3 in the range of 18.5-

25.5 GPa and 1800-2600 K measured for the first
time in the diamond cell. MgSiOs-glass samples
with dimensions 10-15 um were placed into me-
tallic (rhenium or iridium) micro-furnaces em-
bedded in an argon pressure medium and heated
with two yttrium-lithium—fluoride (YLF) lasers
(25 W Coherent and 50 W Quantronix, cw,
TEMO00) (Fig. 1A-D). Pressures listed in Table 1
were measured after heating from several ruby
chips distributed in the argon pressure medium.
These pressures have to be corrected for the ther-
mal pressure increase, APy,. We measured APy, at
20.4 GPa and 2000 K using both ruby and stron-
tium borate chips in the vicinity of the heated
micro-furnace and obtained +0.8 +0.2 GPa, the
same as in our previous study [2].

Because accurate pressure measurements are
key to the determination of the steep mineral
phase boundaries, we performed new measure-
ments of the thermal pressures for our present
diamond cell configuration. APy, depends on the
temperature, the geometry of the sample assem-
bly, and the size of the hot spot. The latter two
were kept nearly the same for all present experi-
ments. Because fluorescence becomes very weak
above about 700 K, fluorescence peaks can only
be measured from the outer portion of the hot
spot. Ruby is unsuitable for accurate measure-
ments of APy, due to the large temperature shift
of the fluorescence spectrum. We demonstrate,
however, in separate experiments using helium
and argon as pressure media, that the fluorescence
peak of strontium borate has negligible shift with
temperature up to at least 700 K (see also [35])
and that its shift during heating must therefore be
only due to the thermal pressure increase, APy,. In
these experiments a mixture of fine-grained (1-3
um) ruby and strontium borate chips was pressed
into a thin (<10 um) rhenium or iridium foil
(Fig. 2A) and fluorescence spectra from adjacent
ruby and strontium borate chips were measured
throughout the sample chamber during and after
laser heating. Fig. 2B,C shows the shifts of the
fluorescence peaks, AA=(1—Ay) (nm), of the
ruby R; line (circles) and the SrB4O;:Sm>*
"Dy—>F line (diamonds) vs. distance (um) from
the center of the hot spot (4 =694.2 nm for ruby
and Ay =685.4 nm for strontium borate). Solid
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Fig. 1. Schematics of diamond-anvil cell used in this study. (A) Cross-section of a sample chamber. Chips of MgSiO3-glass with
dimensions of 10-15 um were placed into micro-furnaces (rhenium or iridium) 100-120 um in diameter and 30 um thickness. Cu-
lets were 400 um, and gasket (tungsten or rhenium) holes 160-180 pm in diameter. Argon was used as pressure medium. Pres-
sures and thermal pressure increases were measured from adjacent grains of ruby and strontium borate excited with an argon la-
ser. (B) Sample during laser heating at 22.4 GPa and about 2600 K (run 3). (C) Recovered sample of B after melting showing
sphere of perovskite (see Raman spectrum in Fig. 3). (D) SEM image of MgSiO;-garnet (run 12-2) showing features of melting
and recrystallization.



288

Table 1

Results of phase transitions in MgSiO;
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Run P? T Heating duration Run products®
(GPa) (K) (min)

2-1 19.8£0.2 2160 =60 15 Ak

2-3 20.8+0.2 2140+ 100 20 Ak

2-4 21.3+0.3 2150+ 50 13 Ak

2-6 22.3£0.2 213060 23 Ak

2-7 23.5+0.2 215040 13 Ak+Pv

2-9 24.5%+0.1 2130+ 60 20 Ak+Pv

2-10 22.5%£0.2 219050 30 Ak+Pv

2-11 21.7+0.2 2140 £ 80 25 Ak+Pv

2-12 21.2%0.1 2160 + 100 25 Ak+Pv

2-13 20.1£0.2 2140+ 80 60 Ak+Pv

2-14 19.6+0.2 2170£120 50 Ak+W+St+Pv

2-15 19.0+0.2 220090 30 Ak+W+St

2-16 20.9£0.2 2400 =20 15 Ak+W+St+Pv

2-17 21.3+0.2 2400 £ 50 15 Ak+W+St+Pv

2-18 222+0.2 2340 + 60 20 Pv

2-20 21.2£0.2 238060 25 Pv

2-21 20.5+0.2 2360 +40 25 Pv

2-22 19.9+0.2 2370+ 50 20 W+St

2-23 19.7£0.2 2460 % 30 20 Pv

2-24 20.5+0.1 2490 + 60 10 Pv

2-25 20.0+0.1 2480 + 60 10 Pv

3 21.3+0.3 just below melting 15 Pv

9 20.0+0.1 just below melting 10 Pv

12-1 19.6+0.3 230070 15 W+St

12-2 19.7+£0.3 just below melting 5 Maj

13-1 19.7+0.2 2240 %100 25 Ak+W+St

13-2 23.2%0.1 2000 + 60 15 Ak+Pv

13-3 21.3£0.1 1990 £ 60 20 Ak+Pv

13-4 20.0+0.2 1960 + 70 40 Ak+Pv

13-5 18.9+0.1 2000 + 50 20 Ak

13-6 18.5%£0.1 2410%50 8 Maj

13-7 18.7+0.1 2470 £ 50 7 Maj

13-8 19.6+0.1 2510£40 (signs of melting) 7 Maj

14-1 17.8%£0.1 2300 %20 5 Maj

14-2 19.8+0.1 2440+ 30 8 Maj

14-3 19.6+0.2 2500 £ 90 (signs of melting) 5 Maj

15-1 20.6£0.1 2110£90 17 Ak

15-2 20.9+0.1 2280+ 30 10 Pv

17-1 21.2+0.2 1900 £ 60 20 Ak

17-3 21.8£0.1 193030 20 Ak

17-4 22.5+0.1 2050 £ 50 20 Ak

17-5 22.5%+0.1 2160+ 80 15 Pv

18-1 22.8£0.3 2060 =100 15 Pv

18-3 19.5+0.2 1990 +70 25 Pv

18-4 18.3+0.1 2000 + 30 20 Pv+Ak

19-1 22.1£0.1 1930+ 40 15 Ak

19-2 22.7%0.1 2020 £ 30 12 Ak+Pv

19-3 22.7%0.1 2110+ 20 18 Ak+Pv

23-1 21.8£0.1 2010%50 35 Ak

23-2 21.8%+0.1 2090 £ 100 20 Ak

24-1 23.4%0.1 2100+ 50 25 Pv

24-2 20.4£0.2 211060 90 Pv+Ak
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Table 1 (Contents).

Run P* T Heating duration Run products®
(GPa) (K) (min)

25-1 22.1£0.3 1840 +40 30 Ak

25-2 22.1%£0.3 1970 £ 60 20 Ak

25-3 22.1+£0.2 2040 = 60 25 Ak

25-4 22.2+0.2 2110%50 30 Ak+Pv

26-1 22.1%0.1 1940 £ 40 20 Ak+Pv

26-2 19.2£0.2 2120+ 80 15 Ak

26-3 20.5£0.1 2220%20 10 Ak

26-4 20.5£0.1 227040 12 Ak

26-5 20.6£0.2 2340 %30 10 Ak+W+St+Pv

4 Pressures measured after heating without thermal pressure correction.

® For abbreviations see Fig. 3.

symbols show AA during laser heating, and open
symbols after quenching. In the helium run the
pressure was 11.4 GPa, measured from both
ruby and strontium borate. At this pressure heli-
um is liquid at room temperature [36]. As ex-
pected, no pressure gradient throughout the pres-
sure chamber was observed at room temperature.
During heating, the temperature in the center of a
hot spot was directly measured as 1700 K and
dropped below about 1100 K at a distance of
about 50 um from the center. Outside this area
temperatures could not be measured with our
spectrometer but due to the high thermal conduc-
tivity in the metal foil the strontium borate and
ruby chips are subject to substantial temperature
gradients. The fluorescence peaks of strontium
borate all show the same shift during heating
throughout the pressure chamber, whereas the
ruby peaks show strong temperature dependence.
Therefore we assume that the peak shifts of stron-
tium borate are only due to the thermal pressure
increase, and APy, was calculated to be 0.9 £0.06
GPa.

The ruby fluorescence line may also be used for
estimating APy, but this method is less accurate
because the temperature of the ruby chips has to
be estimated from the measured broadening of the
ruby R, line and its reported temperature depen-
dence [37,38]. The calculated temperature shift of
the ruby peak then has to be subtracted from the
total peak shift in order to obtain APy, [2,35,37].
The resulting value for APy, of 1 GPa has a large
uncertainty of about *0.25 GPa, but APy, agrees
with the value obtained from strontium borate.

In Fig. 2C we verify previous measurements
[33,39] of the relaxation of pressure gradients in
an argon pressure medium resulting from laser
heating. Both ruby and strontium borate show a
uniform pressure distribution after heating the
sample. During heating, at a peak sample temper-
ature of 2300 K, APy, calculated from the fluores-
cence shift of strontium borate was 1.8 £0.1 GPa.
This value is higher than in the present phase
transition runs due to a substantially larger ratio
of the heated sample volume to argon volume in
this experiment.

The phase diagram of MgSiO3 was measured in
the temperature range 1800-2600 K but for the
present cell configuration APy, was only measured
at 2000 K. The temperature dependence of APy,
was calculated from aKtAT, where o is the ther-
mal expansion coefficient, Kt is the bulk modulus,
and AT is the temperature increase. Assuming
that oKt is approximately constant over the
present temperature range [40], APy, is propor-
tional to the temperature. This means that APy,
at 2600 K should increase to 1.1 GPa compared
to 0.8 GPa at 2000 K. From the observed relax-
ation of pressure gradients in the argon pressure
medium and the measure thermal pressures we
estimate the uncertainty in our reported pressures
as +0.2 GPa.

The method of temperature measurement by
fitting the Planck radiation function to the mea-
sured emission spectra is described in detail else-
where [33]. Temperature uncertainties listed in Ta-
ble 1 are mainly from temperature fluctuations
during heating. Systematic errors of about 100 K
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may be added if the emissivity—wavelength rela-
tion is significantly different from that of a gray-
body [33] (temperatures and emissivities are ob-
tained from the Planck function assuming wave-
length-independent emissivities).

Sixty heating cycles with subsequent Raman
measurements of the temperature-quenched sam-
ples were performed in 14 runs and are shown in
chronological order in Table 1. All five phases,
akimotoite, majorite, Mg-Si-perovskite, wadsley-
ite, and stishovite, were identified unambiguously
(Fig. 3). The data shown in Table 1 are plotted in
Fig. 4 after applying thermal pressure corrections
between +0.7 and +1.1 GPa, depending on tem-
perature.

Equilibrium phase boundaries are commonly
determined by midpoints of forward and reverse
transitions between two phases. Reverse transition
have often been proven to be technically difficult
and have been measured only recently for the
MgSiOs system [19,20]. In this study we report
11 forward and six reversal runs. Additionally
we report 14 direct transformations from glass
starting material. In the present study forward
transitions from akimotoite to perovskite are
runs 2-7, 15-2, 17-5, 19-2, 25-4, and 26-5. Reverse
transitions from perovskite to akimotoite are
13-5, 18-4, 24-2, and 26-2. Very obviously at the
lower temperatures of this study the hysteresis for
these transitions is very large, and a precise deter-
mination of the equilibrium phase boundary is
not possible. This large hysteresis is likely due to
the absence of shear forces in a hydrostatic (mol-
ten argon) pressure medium, an effect previously
studied in detail for iron [41] and also observed
for olivine [23,42,43]. It is clear, however, from
runs 26-4 to 26-5 and a reversal transition of pe-

-
Fig. 2. Fluorescence shifts of two pressure calibrants, ruby
and strontium borate, measured during and after laser heat-
ing in diamond cell. (A) Schematic cross-section of a sample
chamber. (B) Fluorescence shifts of ruby and strontium bo-
rate measured in a helium pressure medium at 11.4 GPa dur-
ing laser heating (peak temperature 1700 K) and after
quenching. (C) Fluorescence shifts of ruby and strontium bo-
rate measured in an argon pressure medium at 20.7 GPa
during laser heating (peak temperature 2300 K) and after
quenching.
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Run No

(table 1)
Ak AkPy  AK
A"

AkP

19-3

Intensity

Starting MgSiO,, - glass at 19.8 GPa
) N

Ak 23.6 GPa
quenched from
2110K

22.9 GPa
quenched from
1930K

18.7 GPa
quenched from

22.4 GPa
just below
melting

21.9 GPa
quenched from
2400K

19.9 GPa
quenched from
2200K

200 600

800 1000 1200

Frequency (cm™)

Fig. 3. Raman spectra of the phases subject to the phase diagram shown in Fig. 4 after laser heating at high pressures. All peak
positions agree with high pressure Raman data shown in the literature. Ak =akimotoite [1,49,59], Pv=perovskite [1,49],
Maj = MgSiOs-garnet [1,49,60], W =Mg,SiO4 B-spinel (wadsleyite) [61], St = stishovite [62].

rovskite to wadsleyite+stishovite (runs 2-21 to
2-22) that at these higher temperatures kinetic ef-
fects are significantly smaller and the triple point
akimotoite-wadsleyite+stishovite—perovskite must
be at around 21 GPa and 2300 K, indicated by
the circle in Fig. 4 in which all four phases have
been observed. This triple point and the forward
and reverse transitions listed above give upper
and lower pressure bounds for the akimotoite—pe-
rovskite phase boundary indicated by dashed lines
in Fig. 4.

Additional data points by directly transforming
the glass starting material to either ilmenite or
perovskite are obtained from runs 2-1, 15-1, 17-1,
18-1, 19-1, 23-1, 25-1, and 26-1. The validity of
these data points, however, may be questionable
because glass starting materials do not necessarily

produce the most thermodynamically stable phase
according to Ostwald’s step rule, which states that
phase transitions proceed through a series of in-
termediate phases, each thermodynamically more
stable than the preceding (Ostwald, 1897, in [44]).
This process is controlled by the kinetics of nucle-
ation and/or crystal growth [44,45]. Nevertheless,
glass starting materials have been used in recent
studies avoiding kinetic problems to determine
phase boundaries [21,29,46,47]. The main reason
for using glass starting material instead of ensta-
tite in the present study is overlap of the most
intensive Raman modes of akimotoite and perov-
skite with some of those of enstatite [1,48,49].

It has been shown that both glassy and crystal-
line starting materials produced the thermody-
namically stable phase [47,50]. If the data points
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Fig. 4. Phase diagram of MgSiO;. The pressures listed in Table 1 were corrected for thermal pressure by between +0.7 and +1.1
GPa (see text). Open squares are akimotoite, solid squares are perovskite, open circles are wadsleyite plus stishovite, open dia-
monds are majorite (MgSiOs-garnet), and mixed symbols represent mixed run products. The run numbers are listed in Table 1.
The circle indicates the triple point akimotoite-wadsleyite+stishovite-perovskite. Dashed lines show upper and lower bounds for
the akimotoite—perovskite phase boundary from reversal experiments and the solid line is the best fit of this boundary to data us-
ing glass starting material. Dotted lines indicate the approximate location of wadsleyite+stishovite stability field. Dashed line is
the majorite—perovskite phase boundary. Melting curve is shown as an average from Ito and Katsura [16] and Zerr and Boehler

[63].

using glass starting materials are included in the
present work the slope of the phase boundary
between akimotoite and perovskite would be
—0.004 £0.002 GPa/K as indicated by the solid
line in Fig. 4. At high temperature this boundary
is anchored by the akimotoite—wadsleyite+stisho-
vite—perovskite triple point and at lower temper-
atures by run 26-1.

The stability field of wadsleyite+stishovite is
not well constrained because this was not the
primary objective of this work. Its approxi-
mate location is indicated by dotted lines and
the akimotoite—wadsleyite+stishovite—perovskite
triple point.

For the majorite—perovskite boundary above

2400 K there are no direct forward or reverse
runs to determine the phase boundary. However,
the fact that only pure phases were observed over
a narrow pressure range led us to conclude that
phase kinetics play a minor role at these high
temperatures and that equilibrium was in fact
achieved in the reported heating durations. The
resulting phase boundary is nearly vertical at 21
GPa.

3. Discussion

In Fig. 5 our results are compared with those of
previous multi-anvil experiments and those calcu-
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Fig. 5. Comparison of measured and calculated MgSiO;
phase boundaries. Thick lines = this work. Thin solid lines —
from experiments: S=Sawamoto [13], IK =Ito and Katsura
[16], G=Gasparik [14], Ku=Kuroda et al. [19], Ka=Kato
et al[l17], IT=Ito and Takahashi [5], IY =Ito and Yamada
[12], O=Ono et al. [20] (below 1673 K), H=Hirose et al.
[21] (above 1673 K), (A)= Anderson et al.’s [24] equation of
state of gold was used for pressure calibration, (J)=Jamieson
at al.’s [25] equation was used. Thin dashed lines — from cal-
culations: C=Chopelas [49], FSN=Fei et al. [57], Al=
Akaogi and Ito [52].

lated from thermodynamic and spectroscopic
data. Including all data points of our work, the
slope of the akimotoite—perovskite phase bound-
ary of this study, —0.004+0.002 GPa/K, is in
agreement within the reported uncertainties with
those from multi-anvil quench experiments [5,
12-16,21] and from in situ X-ray measurements
[17,19-21] ranging from —0.002 to —0.003 GPa/
K. With several exceptions [13-16,21] these ex-
periments were performed at lower temperatures
(1000-1800 K) [5,12,17,19,20]. Our slope is con-
sistent with those calculated from calorimetric
measurements  (—0.005+0.002 GPa/K [51],
—0.003£0.002 GPa/K [52]) and from spectro-
scopic data (—0.005 GPa/K [49]).

For comparison, the Clapeyron slope of the
ringwoodite to perovskite+periclase transition in
the Mg,SiO4 system, as observed in most multi-
anvil and laser-heated diamond-anvil studies
[2,3,5,11,12,14,15,23], is slightly smaller. It lies in

the range from —0.001 to —0.003 GPa/K. This
difference in slope between these two systems im-
plies that the boundaries of these two Mg—Si-pe-
rovskite reactions would intersect at some (lower)
temperature. This would imply that below that
temperature, for compositions between pure
MgSiO; and Mg;SiOy4, ringwoodite would break
down to akimotoite plus periclase and not to pe-
rovskite plus periclase. This possibility was pre-
dicted for the MgO-SiO, system from computer
simulations [53], and akimotoite plus periclase
was obtained in experiments with MgSiO; com-
position at 23 GPa and 1500°C [54]. It is, how-
ever, equally likely that the two phase boundaries
converge at low temperature as was shown for the
CMAS system (CaO-MgO-Al,0;3-Si0y) [15].

In summary, the present and most previous
studies on the slopes of Mg—Si-perovskite forming
transitions in both Mg,SiO4 and MgSiOj3 systems
range from —0.001 to —0.004 GPa/K. Thus, these
transitions are unlikely to induce layering in man-
tle convection because for layering to occur in a
convecting mantle with an endothermic phase
boundary, Clapeyron slopes between —0.004 and
—0.008 GPa/K are required [7,8].

The akimotoite—perovskite phase boundary, at
the pressure equivalent to 660 km depth (23.8
GPa), yields a temperature of about 1800 K,
nearly the same as that of the ringwoodite to per-
ovskite+periclase transition in the Mg;SiOy4 sys-
tem (1900100 K) [1-3], suggesting that this
transition would also contribute to the observed
jump in seismic velocities. The role of ilmenite in
the post-spinel transitions relevant to 660 km
depth, however, is controversial [5,12-15,17,
20,21,46,47,55,56], which will not be further dis-
cussed here.

The nearly vertical boundary of the majorite—
perovskite transition suggests that majorite is not
stable at lower mantle conditions. Our measure-
ments are in good agreement with general predic-
tions based on entropies and densities of these
phases [9] and thermodynamic calculations [57].
However, some of the previous experiments [13—
16,21] show the presence of MgSiOs-garnet up to
higher pressures and positive Clapeyron slopes
between garnet and perovskite, but the transition
“was not precisely determined” [21], but was cal-



294 L. Chudinovskikh, R. Boehler| Earth and Planetary Science Letters 219 (2004) 285-296

culated using the calorimetric measurements [58].
With regard to the stability of garnets it is inter-
esting to note that the laser-heated diamond cell
study on the stability field of Mg3Al;SizO;z-py-
rope [55] has shown that pure pyrope is not stable
at lower mantle conditions, but instead the stabil-
ity field of Al-bearing akimotoite is expanded to
higher temperatures comparing to end-member
MgSiOs-akimotoite. However, other studies using
quenching methods in multi-anvil presses showed
that pyrope is stable up to about 26 GPa and then
dissociates into aluminous perovskite solid solu-
tion plus corundum solid solution [28,46,47].
Moreover, for pyrolite composition it was found
[30-32] that majoritic garnet coexists with a lower
mantle mineral assemblage (aluminous MgSiOj3-
rich perovskite, CaSiOjs-rich perovskite, and mag-
nesiowlistite) at the uppermost part of the lower
mantle (at 24-25 GPa and 1600°C). It was ob-
served that phase kinetics in the transition py-
rope—akimotoite—perovskite are very slow under
hydrostatic conditions below about 2200 K [55]
and therefore this system requires additional re-
versal experiments using a variety of experimental
methods.
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