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The Postspinel Phase Boundary in Mg,SiO,
Determined by in Situ X-ray Diffraction
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The phase boundary between spinel (y phase) and MgSiO, perovskite + MgO periclase
in Mg,SiO, was determined by in situ x-ray measurements by a combination of the
synchrotron radiation source (SPring-8) and a large multianvil high-pressure apparatus.
The boundary was determined at temperatures between 1400° to 1800°C, demonstrating
that the postspinel phase boundary has a negative Clapeyron slope as estimated by
quench experiments and thermodynamic analyses. The boundary was located at 21.1
(+0.2) gigapascals, at 1600°C, which is ~2 glgapascals lower than earlier estimates

based on other high-pressure studies.

Olivine (Mg, Fe),SiO,, the most abundant
mineral in the upper mantle, transforms to
modified spinel and spinel structures at high
pressure (~13.5 and ~18 GPa, at 1400° and
1500°C, respectively) and then decomposes
into an assemblage of MgSiO;-rich perov-
skite and (Mg,Fe)O ferro-periclase (at ~23
GPa and 1600°C) (1). The olivine—to—modi-
fied spinel and the postspinel transformations
are believed to underlie the two major seis-
mic discontinuities at 410- and 660-km
depths in the mantle, respectively. Previous
attempts to estimate the pressure and tem-
perature at which the olivine~to-modified
spinel transformation occurs have used
quench experiments and thermodynamic
analyses (2). Only a few experimental studies
have tried to define the postspinel phase
boundary (3, 4), despite its importance in
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elucidating the nature of the 660-km discon-
tinuity, chemical composition of the lower
mantle, and dynamic processes of the sub-
ducting slabs and upwelling mantle plumes.
These studies were based on quench experi-
ments in which the pressure was estimated
from calibration curves that used the phase
boundaries of some reference materials (for
example, covalent to metallic in ZnS, GaAs,
and GaP; coesite-stishovite in SiO,; ilmen-
ite-perovskite in MgSiO;). However, the
phase boundaries of these materials have not
been accurately determined, particularly at
pressures above 20 GPa and at high temper-
atures (1000° to 2000°C) relevant to Earth’s
interior. Accordingly, there are uncertainties
in the pressures at which a phase boundary
has been observed in these quench
experiments.

“Several attempts were made to determine
the boundaries of the phase transformations
associated with the 410- and 660-km discon-
tinuities by in situ x-ray diffraction measure-
ments under high pressure and temperature
(5, 6). These studies combined a synchrotron
radiation source with a multianvil apparatus,
so that the temperature and pressure were
simultaneously measured during the experi-
ment with pressure scales based on the
known volume changes of reference materi-
als, such as NaCl and Au, to ensure an
accurate determination of the phase bound-
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aries. Using this technique, Morishima et al.
determined the phase boundary between oli-
vine and modified spinel (5). However, the
postspinel transformations could not be de-
termined because a single-stage multianvil
system could not attain pressures higher than
20 GPa, and the run temperatures were lim-
ited to about 1500°C.

A double-stage multianvil system, with
eight sintered diamond cubes used as second-
stage anvils, was used to observe the ilmen-
ite-perovskite phase boundary in MgSiO,
and the postspinel phase boundary at pres-
sures up to 28 GPa (6). In these studies, the
uncertainty of the temperature measurement
was large (£50° to 200°C), and the run
temperature and the heating duration were
limited to 1200° to 1300°C and 30 min,
respectively, which hindered accurate deter-
mination of these phase boundaries.

A new generation synchrotron radiation
facility operated at 8 GeV (SPring-8) was
constructed in Hyogo prefecture, Japan, and
a beamline equipped with a newly designed
1500-ton multianvil apparatus (SPEED-
1500) is now available for high-pressure
mineral physics studies (7). We developed a
cell design (Fig. 1) (8) suitable for this
system and conducted high-pressure and
-temperature runs to define the postspinel
phase boundary in Mg,SiO, using an in situ
x-ray diffraction techmque

We  used pure synthetic forsterite
(Mg,SiO,) starting material crushed and
ground in a harden ceramic mortar. The
powdered forsterite was mixed with a fine
powder of Au (grain size ~1 wm) of 5 volume
%, which was used as a pressure reference
material (9). This mixture was pelletized and
sintered in an oven at 950°C for about 12
hours and then transferred to the high-pres-
sure furnace assembly. The whole assembly
was dried at 120°C before the high-pressure
and -temperature experiment so that the ef-
fect of water on the phase transformation was
minimized. Pressure was applied first to up to
about 28 GPa (10), and then the temperature
was increased. During this process, x-ray dif-
fraction data were acquired for typically 300 s
by an energy-dispersive system (11), and the
different phases were identified.

We conducted three runs at pressures be-
tween 19 to 25 GPa and temperatures be-
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tween 800° to 1800°C. The heating duration
was typically 10 to 20 min at each P-T con-
dition in which the x-ray data were acquired,
yielding total heating durations of 6 to 16
hours under these P-T conditions. In the first
experiment, S-010, pressure was increased to
a range where olivine (Fig. 2A) decomposes
to perovskite + periclase at high temperature
[~28 GPa (10)], and then the temperature
was increased while the oil pressure of the
apparatus was kept constant. The apparent
pressure dropped about 2 to 3 GPa with
increasing temperature at the initial stage of
heating, and olivine persisted to 900°C, at
pressures of about 25 GPa. The transforma-
tion of olivine to the spinel phase was then
observed at limited temperatures of 1000° to
1100°C at pressures of 23 to 25 GPa (Fig.
2B). The occurrence of the spinel phase un-
der these conditions is presumably caused by
the metastable growth of this phase (12),
because we observed rapid crystallization of
perovskite and periclase at 1100°C after 5 to
10 min. Most of the metastable spinel was
converted to perovskite and periclase at
1200°C within a few minutes, and the dif-
fraction peaks of spinel completely disap-
peared after 20 min of heating. When the
temperature reached 1500°C in the post-
spinel-phase field (Fig. 2C), temperature was
decreased slowly to 1400°C, where the ap-
pearance of the spinel phase was confirmed
[arrow (1), Fig. 3]. Thus, we observed the
perovskite + periclase to spinel transforma-
tion between these temperatures at pressures
near 21.5 GPa (Fig. 3). We then gradually
increased the temperature again (for exam-
ple, Fig. 2D) up to 1600°C, where pressure
dropped to 20.9 GPa, and no further trans-

2 1
——

=

=%

3.0mm

Fig. 1. Furnace and sample assembly used for the
double-stage multianvil system with an anvil top of
3-mm edge length. 1, heater (TiC + diamond); 2,
electrode (TiC); 3, sample (forsterite + Au); 4,
thermocouple (W97Re3-W75Re25); and 5, pres-
sure medium (MgO).
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formation was observed under such condi-
tions for about 60 min.

In the second experiment (S-011), we
synthesized the spinel phase at relatively
low pressure and temperature (~21.5 GPa,
1250°C) and attempted to constrain the
phase boundary by slowly increasing the
pressure up to 22.2 GPa while temperature
was maintained at 1250°C. However, we
were unable to detect the formation of pe-
rovskite and periclase. We observed some
changes of the relative intensities of the
diffraction peaks of spinel, but this may be
attributed to grain growth of spinel under
these conditions.

In the third experiment (S-012), we syn-
thesized the assemblage of perovskite +
periclase from the metastably grown spinel
phase at pressures of 22 to 23 GPa and at
temperatures 1200° to 1500°C, at a fixed oil
pressure. Temperature was then increased
from 1500° to 1600°C in about 30 s and
then slowly (~10°C per minute) decreased
until the occurrence of the diffraction peaks

REPORTS

of spinel was confirmed. We observed the
partial transformation of perovskite + peri-
clase back to spinel at 1570°C [Fig. 3, arrow
(2)]. We examined the variation of the
relative intensities of the diffraction peaks
of coexisting spinel and perovskite + peri-
clase, as adopted in an earlier study to de-
termine the phase boundary of the coesite-
stishovite transformation in SiO, (13), by
fixing the oil pressure, and only the
temperature was changed. The pressure
changed with changing temperature in a
complex manner, depending on previous
heating; in general, pressure dropped with
decreasing temperature but recovered with
increasing temperature.

The spinel-postspinel transformation oc-
curred when the temperature was increased
from 1600° to 1650°C, at about 21 GPa [Fig.
3, arrow (3)], and the reversal reaction pro-
ceeded when the temperature was decreased
from 1800° to 1780°C at about 20.5 GPa
[Fig. 3, arrow (4)]. Moreover, at the highest
temperature of 1800°C, at pressures of 20.5 to

Fig. 2. The x-ray diffrac-
tion pattern of olivine start-
ing material acquired at D
the ambient condition (A)
in run S-010. The spinel
phase metastably grew at
about 24 GPa and at c
1100°C (B), and a mixture
of perovskite and peri-
clase was observed at
higher temperatures (C). B
When the temperature
was slowly decreased,
the partial conversion of
this phase assembly into
spinel was observed (D).
The additional peaks are
those of the diffraction

Intensity

ngg ;
- ? 3
B, f

21.5GPa
1450 °C

21.5 GPa
1500 °C

23.9 GPa
1100°C

and characteristic lines of
Au, diffraction lines of
magnesia pressure medi-

80 9 100 110
Energy (keV)

um, and those of the W97Re3-W75Re25 thermocouple. Fo, Mg,SiO, oliving; Pv, MgSiO, perovskite; Pc,

MgO periclase.
Fig. 3. Experimental conditions and 1900 -
results of two runs near the postspinel \
phase boundary in runs S-010 1800 .?roo
(squares) and S-012 (circles). Heating 4 AN o
at each condition was typically for 20 §5 1700 | \ oo
min. In some cases, the phase trans- 7 @ o
formation was apparent fromthevari- 5 1600 Sp ° o Pv+Pc
ations in the x-ray diffraction patterns g @4 L N
when the temperature (and accord- g 1500 | ° ] - -(1) o
ingly the pressure) was changed, 2 I\\
which are indicated by the solid lines 1400 | [ ] \oo o
with arrows (see text). The postspinel \\
phase boundary is located at 21.1 1300 .
20 21 22 23

(+0.2) GPa, at 1600°C, a typical tem- 19
perature estimation near the 660-km
depth (15). Symbols denote the con-

Pressure (GPa)

ditions in which the spinel/postspinel ratio increased (filled), decreased (open), or was without notable

changes (half-filled).
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20.7 GPa, no changes of the relative inten-
sities were observed in spite of the long heat-
ing duration of about 60 min at such a high
temperature. These observations indicate
that the phase boundary is located close to
20.5 GPa at 1800°C, whereas it is near 21
GPa at 1600°C. We tried to constrain the
phase boundary by changing the tempera-
ture, but it was difficult to judge the stability
of phases because of possible grain coarsening
and the slow reaction kinetics of the coexist-
ing phases. The run was then quenched from
1450°C in the perovskite + periclase field.

An electron microprobe analysis was
made on the quenched sample, and we con-
firmed that the product was composed of
perovskite + periclase (Fig. 4). The grain
size of perovskite was typically 3 to 5 pm,
whereas the periclase grains were about 2 to
3 pm. The grain sizes are larger than those
observed in quench experiments (14), pre-
sumably because S-012 was conducted near
the phase boundary, and rapid nucleation of
the coexisting phases could have been sup-
pressed, allowing the growth of relatively
large grains during heating for several hours
at temperatures exceeding 1450°C.

The postspinel phase boundary deter-
mined by our experiments is fairly accurate,
particularly at temperatures between 1400°
and 1800°C (Fig. 3). The boundary has a
negative Clapeyron slope (dT/dP) as indicat-
ed by the quench experiments and thermo-
dynamic studies [for example (3, 4)]. Howev-
er, our study demonstrates that the boundary
is located at about 21 GPa, at temperatures
corresponding to the bottom of the mantle
transition region [~1600°C (15)], which is
about 2 GPa lower than that obtained in the
earlier studies.

Although it has been suggested that the
location of the 660-km seismic discontinu-
ity can vary with depth by about +30 km
(16), the pressures corresponding to this
discontinuity are mostly in a range between
22.5 and 24.5 GPa, which is higher than
that of the postspinel phase boundary de-
termined here. Thus, the P-T conditions of

Fig. 4. A scanning electron micrograph of the run
product obtained in S-012. The bright small
patches are grains of Au used as the pressure
marker. Bar, 5 pm.
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the experimental phase transformation and
the inferred phase transformation at the
660-km discontinuity do not match.

If the temperatures of the mantle are
lower than earlier estimates (15), then the
mismatch may be resolved because the
postspinel phase boundary shifts toward
higher pressures because of its negative Cla-
peyron slope. In this case, however, the
mantle temperature should be lower than
about 1000°C at the 660-km discontinuity
(Fig. 3). Such low temperatures are unreal-
istic in the mantle except for a limited
region related to subducting slabs.

A likely explanation for the inconsisten-
cy is that the additional chemical compo-
nents in the actual mantle composition may
affect the postspinel transformation pres-
sure. An important element bearing on this
issue is ferrous iron (Fe?*), which would
replace about 10 atomic % of Mg in olivine
in the mantle. However, the previous ex-
perimental study showed that an Fe substi-
tution of this magnitude does not affect the
pressure of the postspinel phase boundary
(3). Nevertheless, such boundaries were not
well determined by (3), because only a few
experiments were used to constrain the
phase diagram at such a composition range,
in addition to the uncertainty of the
pressure inherent in quench experiments.
Other chemical species, such as AlO;,
Ca0, Fe,0s;, and H,0O, might also affect
the postspinel transformation in complex
chemical compositions representative of
the mantle.

Pressure scales such as those adopted
here might contain uncertainties, because
no such volume-based scales have been vig-
orously tested under the P-T conditions of
the present study. Although we confirmed
the consistency of the pressure values using
the equations of state for perovskite and
periclase (17) with those derived from Au,
it is possible that these currently available
pressure scales are inaccurate. Development
of techniques such as those based on simul-
taneous measurements of acoustic velocities
and the P-V-T relations with synchrotron
radiation (18) may help to obtain further
accurate evaluation of the phase transfor-
mation pressures.
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