Mantle Petrology: Field Observations and High Pressure Experimentation: A Tribute to Francis R. (Joe) Boyd
© The Geochemical Society, Special Publication No. 6, 1999
Editors: Yingwei Fei, Constance M. Bertka, and Bjorn O. Mysen

Phase transitions in the Earth’s mantle and mantle mineralogy

YINGWEI FEI and CONSTANCE M. BERTKA

Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road, N.-W.,
Washington, DC 20015, U.S.A.

Abstract—High-pressure and high-temperature experiments on mantle minerals and rocks have pro-
vided basic knowledge for the understanding of the mineralogical constitution of the Earth’s mantle. It
is generally understood that the Earth’s upper mantle consists of olivine, orthopyroxene, clinopyroxene,
and garnet. The olivine-wadsleyite (a«—@) transition at about 13.5 GPa marks the beginning of the
transition zone. At upper mantle and transition zone pressures, the pyroxene component gradually
dissolves into the garnet structure, resulting in the completion of the pyroxene-majorite transformation
at about 15.5 GPa. High CaO content in majorite is energetically unfavorable at high pressure, leading
to the formation of CaSiO; perovskite at pressures greater than 20 GPa. The sharp transformation from
silicate spinel to ferromagnesian silicate perovskite and magnesiowiistite at about 24 GPa divides the
lower mantle from the transition zone. Because most of the Al,O, resides in majorite at transition zone
pressures, the transformation from majorite to an Al-bearing orthorhombic perovskite completes at a
pressure higher than that of the postspinel transformation. The lower mantle consists of orthorhombic
perovskite, magnesiowiistite, and CaSiO, perovskite for a pyrolite model. As part of the mantle system,
mid-ocean ridge basalt (MORB) generated at the mid-ocean ridge and subducted in the subduction zone.
Phase transformations in basalt play an important role in mantle dynamics, particularly related to the
subducted slab. Because basalt has high Al and Si content, the transformation to a perovskitite lithology
in basalt occurs at about 27 GPa, with an assemblage of Al-bearing orthorhombic perovskite, CaSiO,

perovskite, stishovite, and Al-phase.

INTRODUCTION

It HAS long been recognized that high-pressure phase
transformations in the rock-forming minerals, partic-
ularly in olivine, may be correlated to the observed
seismic velocity discontinuities in the Earth’s mantle
(e.g., BERNAL, 1936; BIRcH, 1952; RINGwooDp, 1958).
A definitive proof for such correlations has to rely on
experimental results on minerals such as olivine,
pyroxene, and garnet, at high pressures and temper-
atures. Prior to 1966, simultaneous high-pressure and
high-temperature experiments were limited to a max-
imum pressure of about 10 GPa, corresponding to a
depth of about 300 km in the Earth’s mantle. There-
fore, the physical conditions of the transition zone,
starting at a depth of 400 km, were not able to be
simulated in the laboratory. Phase transformations in
the Mg-rich region of (Mg,Fe),SiO, olivine, a pre-
dominate phase in the upper mantle, could not be
directly observed at high pressures. However, exper-
imental results on olivine-spinel transformations in
analog systems such as germanates and Ni-, Co-, and
Fe-olivines strongly suggested that phase transforma-
tion in Mg,SiO, olivine should occur at about 13
GPa (e.g., RINGWooD and SEABROOK, 1962). In 1966,
technical breakthrough in achieving higher pressures
at high temperature finally made it possible to syn-
thesize high-pressure polymorphs of Mg,SiO,, (RING-
wooD and MAIJOR, 1966; AkmmoTo and Ipa, 1966).
Since then, numerous experiments have been con-
ducted in the system Mg,SiO,-Fe,Si0, to refine the
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olivine-wadsleyite-spinel (a—B—y) transition bound-
aries (e.g., RINGWooD and MAJOR, 1970; Surro, 1972,
1977, Kawapa, 1977; Owurani, 1979; Fukizawa,
1982; Sawamoro, 1986; KATsura and Ito, 1989;
MorisHMA et al., 1994), including new reversal ex-
perimental data on the a—f transition in the system
Mg,Si0,-Fe,Si0, presented in this paper. It is gen-
erally believed that the a3 transition is, at least
partially, responsible for the observed 410-km seis-
mic velocity discontinuity in the mantle. The remain-
ing arguments on the nature of the 410-km disconti-
nuity are more or less centered on the details of the
match between high-pressure data and the seismic
observations. The olivine fraction of the mantle (L1 et
al., 1998; Zua et al., 1997, 1998) and the sharpness
of the transition (e.g, FEr and BEertka, 1996:
STIXRUDE, 1997; IRIFUNE and IssHIki, 1998) are two
examples of such arguments.

The 660-km discontinuity divides the mantle be-
tween the transition zone and the lower mantle. It was
suggested that dissociation of ferromagnesian silicate
spinel at pressures greater than 20 GPa may be re-
sponsible for this discontinuity (e.g., RINGWOOD,
1962b). The ultimate proof of the dissociation of
spinel to a denser mineral assemblage came from the
synthesis of orthorhombic ferromagnesian silicate
perovskite in a laser-heated diamond-anvil cell (Liu,
1974, 1975, 1976). Subsequently, the phase relations
in the systems Mg,SiO,-Fe,SiO, and MgSiO5-
FeSiO; were studied at pressures between 15 and 70
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GPa using the laser-heated diamond-anvil cell tech-
nique (YAGI et al., 1979). The postspinel transforma-
tion boundaries in the Mg-rich region of the system
Mg,SiO,-Fe,Si0, were further refined using a multi-
anvil high-pressure apparatus (ITo and TAKAHASHI,
1989).

Driven by questions concerning the nature of the
seismic velocity discontinuities and the mineralogical
constitution of the Earth’s mantle, experimentalists
have developed and improved various high-pressure
devices to simulate the pressure-temperature condi-
tions in the deep interior of the Earth, notably the
piston-cylinder apparatus and the multi-anvil device
for mantle phase equilibrium study, and the diamond-
anvil cell for measurements of physical properties of
mantle minerals at high pressures. Pressures up to 27
GPa (corresponding to about 750 km in depth) can be
routinely achieved in the multi-anvil apparatus with
accurate temperature measurements up to 2500°C
(e.g., Ito and KATSURA, 1992; BERTKA and FE, 1997,
HIROSE et al., 1999). A large database on phase
equilibria for mantle minerals and model mantle
composition systems has been accumulated over the
last four decades. In this paper, we briefly review the
high-pressure techniques commonly used for phase
equilibrium study and summarize high-pressure ex-
perimental results in chemical systems related to the
mantle, including SiO,, Mg,SiO,, Fe,SiO,, MgSiO;,
FeSiO,, Mg;AL,Si;0,,, Fe;ALSi;0,,, CaSiO,, and
CaMgSi,Os. We also present new reversal experi-
mental data on the a—@ transition in the system
Mg,Si0,-Fe,Si0,, acquired using a newly devel-
oped multi-cell sample chamber technique in the
multi-anvil apparatus. Finally, we review experimen-
tal results on mantle peridotite compositions and
high-pressure phase transformations in systems re-
lated to the subducted oceanic lithosphere.

HIGH-PRESSURE EXPERIMENTAL
TECHNIQUES

There are three popularly used high-pressure devices for
obtaining mantle phase equilibrium data, the piston-cylinder
apparatus (up to 4 GPa), the multi-anvil apparatus (up to 27
GPa), and the diamond-anvil cell (up to at least 136 GPa,
the core-mantle boundary pressure). Each apparatus has its
own advantages and unique applications. The piston-cylin-
der apparatus (BoyD and ENGLAND 1960) provides accurate
pressure measurements on a force-per-area basis especially
using a low-friction NaCl cell assembly (MIRWALD ef al.,
1975; MIRWALD and MASSONNE, 1980; BOHLEN and BOET-
TCHER, 1982). It has been extensively used for phase equi-
librium measurements under crustal and upper mantle con-
ditions (up to about 130 km in depth). For example, BoyD
and ENGLAND (1964) determined the Al,O; content of or-
thopyroxene coexisting with garnet as a function of pressure
and temperature. Subsequently, a number of experimental
studies on solubility of Al,O; in orthopyroxene were carried

out in systems approaching peridotitic compositions (e.g.,
BoyD, 1973; MACGREGOR, 1974; WoobD and Banno, 1973;
Woob, 1974; HARLEY 1984; LEE and GANGULY 1988). The
experimentally established geobarometers and geother-
mometers were crucial for constructing the history of man-
tle-derived garnet peridotites and played an important role
in understanding the Earth’s upper mantle. The success of
applying geobarometers and geothermometers to mantle-
derived rocks stimulated the field of experimental petrol-
ogy. Piston-cylinder apparatus became standard equipment
in experimental petrology laboratories.

The multi-anvil apparatus was designed to achieve pres-*
sures beyond the piston-cylinder range so that phase equi-
librium measurements could be made under transition zone
and lower mantle conditions (up to about 750 km in depth
with tungsten carbide anvils). The laser-heated diamond-
anvil cell technique is capable of achieving pressure-tem-
perature conditions equivalent to that of the entire mantle,
but it suffers from large temperature gradients, small sample
size, and achieving equilibrium . In recent years, significant
improvements in diamond cell laser-heating techniques
have been made, especially in reducing the temperature
gradient over a relatively large heating spot (30um) (SHEN
et al., 1996; MAO et al., 1998). Potentially these improve-
ments could revolutionize high-pressure experimental pe-
trology. Our focus in this paper will be a discussion of the
multi-anvil apparatus.

New experimental results on the olivine-wadsleyite
(a—P) transition in mantle compositions and phase relations
in basaltic composition reported here were obtained using a
multi-anvil apparatus at the Geophysical Laboratory. The
apparatus consists of a retaining ring which houses six
removable push wedges. The wedges transmit the uniaxial
compressive force of the hydraulic ram onto the faces of a
cube that is assembled from eight separate tungsten carbide
cubes. Each of the eight tungsten carbide cubes has a
truncated corner that rests against the face of an MgO
octahedral pressure medium. The truncated cubes, which
converge on the octahedron, are separated from one another
by compressible pyrophyllite gaskets. Sample material is
placed inside a furnace assembly that fits into a hole in the
center of the octahedron (BERTKA and FEI, 1997). Two cell
assemblies, 10/5 and 8/3 (octahedron edge length/truncated
edge lengths), were used in this study. Rhenium foil
(0.0025” thick) heaters with LaCrOj; insulator sleeves were
used with the 8/3 assembly which is capable of generating
a maximum pressure of 27 GPa and temperatures greater
than 2500°C. Pressures at room temperature for both were
calibrated using transitions in Bi at 2.55 GPa (I-II), and 7.7
GPa (III-V), in ZnS at 15.5 GPa (BLock, 1978), and in GaP
at 23 GPa (DuNN and BunDY, 1977). Temperature effect on
the pressure calibration was evaluated by using phase tran-
sition boundaries in SiO,, Fe,Si0,4, CaGeOs, MgSiO;, and
Mg,SiO0, as fixed high-temperature calibration points. Fig-
ure 1 shows the pressure calibration curves for the 8/3
assembly. Detailed pressure calibration at high temperatures
showed significant temperature effect on the calibration
(BErTKA and Fr1, 1997; FrosT and FEI, 1998; Fer and
HirOSE, 1997). We found that the calibration curves at
1400°C and at 1000°C are the most and the least efficient
ones, respectively. The effect of temperature on the pressure
calibration can be qualitatively understood as the trade-off
between material relaxation and thermal pressure at high
temperature. The decrease in the efficiency of the pressure
generation between room temperature and 1000°C is largely
due to material relaxation. Between 1000°C and 1400°C,
the thermal pressure becomes more important, resulting in
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an increase in efficiency. The relaxation becomes a com-
peting factor again at higher temperature (>1400°C) be-
cause of the decrease of material strength at very high
temperature. The effect of relaxation and thermal pressure
on pressure calibration as a function of temperature is
illustrated in Fig. 2.

Sample temperature was measured with a W5%Re—
W26%Re (Type C) thermocouple. Thermocouple place-
ment in the sample chamber was axially for all the assem-
blies. The hot junction of the thermocouple is in direct
contact with the sample container, even for our smallest
assembly (8/3). Temperature gradients in cylindrical fur-
nace assemblies commonly used with 10/5 and 8/3 octahe-
dra are extensive, >100°C/mm (GASPARIK, 1989). We re-
duced the sample temperature gradients by reducing the
length of the sample container to about 0.5 mm for the 10/5
and 8/3 assemblies. Pyroxene thermometry experiments
performed with the 8/3 assembly indicated that the temper-
ature gradient across the sample length is <40°C (BERTKA
and Fe1, 1997).

For the 10/5 assembly, we have developed a multi-cell
sample chamber technique for high-precision experiments
in the multi-anvil apparatus. Figure 3 shows the experimen-
tal configuration. The sample assembly consists of two
250-pum thick metal (molybdenum or rhenium) disks sepa-
rated by rhenium foils. At least seven 250-um diameter
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FiG. 1. Representative pressure calibration curves at

1200, 1400, and 1750°C for a 1000-ton hydraulic press
(dashed curves) (BERTKA and FEI, 1997; FrosT and FeI,
1998) and at 1750°C for a 1500-ton hydraulic press (solid
curve) (HIROSE et al., 1999). Selected maximum AlO,
solubilities (numbers in mole%) in orthorhombic perovskite
were also plotted on the calibration curve (crosses). Stars
indicate room-temperature calibration points for Bi, ZnS,
and GaP.
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FiG. 2. Effect of relaxation and thermal pressure on pres-
sure calibration as a function of temperature for an 8/3
assembly.

holes were drilled in each 1.5-mm diameter disk. Using this
technique, starting materials with appropriate compositions
loaded in the 250 X 250um sample cells were taken to
identical high pressure and temperature conditions. In this
manner compositional effect on phase transformations can
be precisely determined. Reversal experiments can also be
designed by loading two disks, one of which contains pre-
synthesized high-pressure phase assemblages.

HIGH-PRESSURE EXPERIMENTAL RESULTS ON
MANTLE MINERALS

Si0, Polymorphs and Phase Relations

The polymorphism of SiO, at high pressure and
temperature has been of great interest to petrologists
and geophysicists because it can be used to indicate
the deep origin of host minerals and rocks and to
measure pressure generation in high-pressure appa-
ratus. Quartz is a common crustal mineral and trans-
forms to its high-pressure polymorph, coesite (CoEs,
1953), at high pressure (~3 GPa). Coesite further
transforms to stishovite, a six-coordinated rutile form
of silica, at higher pressure (~9 GPa) (STistov and
Popova, 1961). In situ X-ray diffraction and Raman
spectroscopic measurements (TsucHbA and YAGI,
1989; KINGMA et al., 1995) revealed that stishovite
transforms to a non-quenchable denser CaCl,-type
structure at about 50 GPa. Other possible post-stisho-
vite phases at much higher pressures have also been
proposed (e.g., CoHEN, 1992; Tst and KrLug, 1992;
DUBROVINSKY et al., 1997; TETER et al., 1998).

The quartz-coesite and coesite-stishovite transi-
tions have been frequently used as pressure calibra-
tion standards for high-pressure apparatus. The
quartz-coesite transition is one of the most studied
high-pressure transitions in piston-cylinder apparatus
in which pressures were measured on a force-
per-area basis (e.g., Boyp, 1964: KiTAHARA and
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Fic. 3. Experimental configuration of a multi-cell technique in the multi-anvil apparatus. Sample
chamber consists of two 250-um in thickness and 1.5-mm in diameter molybdenum disks separated by
rhenium foils, loaded into a 10/5 assembly (BErRTKA and FEI, 1997). The polished sections of the
molybdenum disks (bottom) shows the 250-uum diameter sample cells in which different starting
materials were loaded to be subjected to the same pressure and temperature conditions.

KENNEDY, 1964; AKELLA, 1979; MIRWALD and MAs-
SONNE, 1980; BOHLEN and BOETTCHER, 1982). Figure
4 shows the experimentally determined phase dia-
gram of SiO, at high pressure and temperature. The
a-quartz-coesite phase boundary was determined by
BoHLEN and BoETTCHER (1982), with numerous tight
reversals between 350°C and 1000°C. This boundary
has been widely used for pressure calibration. Ex-
trapolating the boundary to high temperature, it in-
tersects with the a—f quartz transition boundary at
3.21 GPa and 1327°C. Using the quartz-coesite
boundary determined by MIRWALD and MASSONNE
(1980), the a—B-quartz-coesite triple point is located
at 3.44 GPa and 1380°C. The discrepancy may arise
from the correction for friction in the piston-cylinder
apparatus.

High-pressure devices such as the multi-anvil ap-
paratus and the diamond-anvil cell are capable of

generating much higher pressure than the piston-
cylinder apparatus, but the pressures cannot be mea-
sured on a force-per-area basis. The coesite-stishovite
transition boundary has been commonly used for
pressure calibration at high temperature in the multi-
anvil apparatus. Accurate determination of this
boundary is crucial for establishing a pressure scale
at high temperature. In situ X-ray diffraction mea-
surements of this boundary at temperatures between
500°C and 1100°C were first carried out by YAcr and
AxiMoTo (1976). Recent in situ measurements at
temperatures between 950°C and 1530°C (ZHANG et
al., 1996) indicated that the dP/dT slope of the tran-
sition is much larger than that of Yacr and AKIMOTO
(1976). New calorimetric data on coesite and stisho-
vite and thermodynamic calculations (AKAoGI et al.,
1995; Liu et al., 1996) support the new phase equi-
librium data (Fig. 4).
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FiG. 4. Phase diagram of SiO, at high pressure and
temperature. Data sources for solid phase transitions are
MIRWALD and MASSONNE (1980), BoHLEN and BOETTCHER
(1982), and ZHANG er al. (1996). Melting curves are from
JACKSON (1976), KANzAKI (1990), and ZHANG et al. (1993).

Coesite (or retrograde quartz) has been found in
ultra high-pressure metamorphic rocks (e.g., Liou
and ZHANG, 1996; ZHANG et al., 1996) and as mineral
inclusion in eclogitic diamonds (e.g., GURNEY, 1989:
MEYER, 1987; MEYER et al., 1995; SOBOLEV et al.,
1995, 1998). The occurrences of coesite in metamor-
phic rocks indicate that the host rocks were subjected
to pressures equivalent to depths of at least 80—100
km. Stishovite has never been found in metamorphic
or igneous rocks except in shocked rocks and mete-
orites. Its formation requires the origin of host rock to
be deeper than 300 km, implying that no silica-
saturated mantle rocks have been brought to the
surface from a depth greater than 300 km.

Mg,SiO, Polymorphs and Phase Relations

Olivine is one of the major constituents of mantle-
derived rocks. Its high-pressure polymorphism has
been extensively studied because of its connection to
the 410-km and 660-km seismic velocity discontinui-
ties. The phase relations for the three Mg,SiO, poly-
morphs (olivine, B-phase or wadsleyite, and spinel or
ringwoodite) have been experimentally investigated
by RiNgwoop and MaJor (1970), Surro (1972, 1977),
Kawapa (1977), OHtaNI (1979), Fukizawa (1982),
Sawamoro (1986), KATSURA and Ito (1989), and
MorisHIMA et al. (1994). Discrepancies in the loca-
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tion of the phase boundaries by different investiga-
tors, especially in earlier studies, were largely due to
different pressure scale at high temperatures. Re-
cently in situ X-ray diffraction measurements of the
olivine-wadsleyite (a—@) transition boundary (Mor-
ISHIMA et al., 1994) showed that the transition pres-
sure is consistent with that of KaTSura and Ito
(1989) at 1600°C, but it is about 0.5 GPa lower than
that of KATSURA and Tto (1989) at 1100°C. Figure 5
shows the phase diagram of Mg,SiO, at high pres-
sure and temperature based on the most recent ex-
perimental results.

The wadsleyite-spinel (8—y) transition boundary
determined by KATsura and Ito (1989) has been
widely used as a pressure calibration point at high
temperature for multi-anvil apparatus. The exact lo-
cation of this boundary is less certain because no in
situ measurements have been made so far. However,
existing experimental results by the quenching
method (Surro, 1977; Sawamoro, 1986; KATSURA
and Ito, 1989) are generally consistent.

Mg,Si0,-spinel decomposes into MgSiO;-perovs-
kite and MgO-periclase at lower mantle pressures.
Ito and TakAHASHI (1989) determined the spinel =
perovskite + periclase transformation boundary by
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FiG. 5. Phase diagram of Mg,SiO, at high pressure and
temperature. Data sources for solid phase transformations
are KATSURA and ITo (1989) and ITo and TAKAHASHI
(1989). Melting curves are from Davis and ENGLAND (1964)
and PRESNALL and WALTER (1993).
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the quenching technique. The pressure calibration for
determining the boundary was based on a phase
transition in GaP at 23 GPa and room temperature,
and other phase transitions at lower pressures (< 21
GPa). Temperature effect on the pressure calibration
was corrected on the basis of previously determined
phase boundaries such as the a—8 and -y transi-
tions. The consistency and accuracy of such pressure
calibrations need to be further verified by in situ
measurements. However, until reliable in situ mea-
surements become available, the boundary reported
by Ito and TakaHasHI (1989) serves as a reference
for inter-laboratory comparison of the high-tempera-
ture pressure scale between 22 GPa and 25 GPa.

Fe,Si0, Polymorphs and Phase Relations

Fe,Si0,, unlike Mg,SiO,, directly transforms
from olivine («) to spinel (y) at high pressure. The
transition has been experimentally studied using the
quench technique (AKIMOTO et al., 1965, 1967) and in
situ X-ray diffraction (INOUE, 1975; SUNG and BURNS,
1976; FurnisH and BASSETT, 1983; Yaal et al., 1987).
Yaai et al. (1987) accurately determined the equilib-
rium phase boundary between 1073 and 1473 K
using synchrotron X radiation. The transition pres-
sures are defined by P(GPa) = 2.75 + 0.0025T(°C).
v-Fe,Si0, dissociates to Fe, O (wiistite) and SiO,
(stishovite) at higher pressure. KATSURA ef al. (1998)
showed that the post-spinel transition in Fe,SiO,
occurs at 17.3 GPa with no apparent temperature
dependence. Figure 6 shows the phase diagram of
Fe,SiO, at high pressure and temperature.

Phase Relations in the System Mg,Si0 Fe,SiO,

The olivine-wadsleyite-spinel (a—B—y) transitions
in the Mg,Si0,-Fe,SiO, system have been investi-
gated by Katsura and ITo (1989) in the Mg-rich
region and by AxiMoTO (1987) in the Fe-rich region.
Because wadsleyite in Fe,SiO, is not stable, the
(Mg,Fe),Si0, wadsleyite solid solution does not ex-
tend into the Fe-rich region. The maximum FeO
solubility in the wadsleyite structure is about 28
mole% at 1600°C (Katsura and Ito, 1989). There-
fore, the transition sequence is from olivine to wad-
sleyite and to spinel in the Mg-rich region with
increasing pressure, whereas the sequence is from
olivine directly to spinel in the Fe-rich region. The
a—P transition in the Mg-rich region has been studied
in detail at 1200°C and 1600°C (KATSURA and ITO,
1989) because this transition may be responsible for
the observed 410-km seismic velocity discontinuity
in the Earth’s mantle. Precise determination of the
a—P transition boundaries is difficult because o and 3
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FIG. 6. Phase diagram of Fe,SiO, at high pressure and
temperature. Data sources for solid phase transformations
are YAGI et al. (1987) and KATSURA et al. (1998). Melting
curves are from AKIMOTO et al. (1967) and OHTANI (1979).

phases coexist within a 2 GPa pressure interval,
whereas the uncertainty in pressure determination in
the multi-anvil experiments is about =0.5 GPa. Us-
ing the multi-cell sample chamber technique dis-
cussed above, we are able to determine the a+f
two-phase loop precisely.

We conducted multi-anvil experiments in the
Mg,Si0,-Fe,Si0, system at 1400°C. Run duration for
all experiments was 20 hours. In order to determine the
a—f3 transition boundaries precisely, we needed to (1)
determine the compositions of the coexisting « and
phases at given pressure and temperature accurately, (2)
establish a reliable and reproducible pressure calibration
scale, and (3) obtain reversal points. Figure 7 shows the
experimental results at 13.45 GPa and 1400°C. We
loaded eight (Mg,Fe),SiO, olivine starting materials,
with compositions ranging from (Mg o,Fe 05)2510, to
(Mg, 7sFeg 22),510, (at 2 mole % Fe,SiO, intervals),
into separate sample cells in a single run. Upon quench-
ing from 13.45 GPa and 1400°C, the starting mate-
rials with compositions from (Mg o.Fe( 8),510, to
Mg, ooFeg 10)»510, remained as a single a phase,
whereas the starting materials with compositions
from (Mg goFe0.20)2510, to (Mg 75F¢€0 22),810, trans-
formed into the high-pressure 3 phase. Two coexisting
« and B phases were observed in compositions between



Phase transitions in the Earth’s mantle

195

14.8

14.4

~~~

14.0

GPa

~ 13.6

13.2

Pressure

12.8

T=1400 °C A

¥

12.4 -

120 H Y O | L | 1 1 L 1 | AT 1

0.00 0.10 0.20
MQQS|O4

0.50
Fe,Si0,

HG. 7. The olivine-wadsleyite (a—B) transition in the system Mg,Si0,-Fe,Si0, at 13.45 GPa and 1400°C.
Eight olivine samples with different compositions were loaded into separate sample cells in a single run.
Single « phase was observed for Fo92 and Fo90 (open squares), whereas single 3 phase was observed for
Fo80 and Fo78 (solid squares). The half-filled symbols show the field where the o and B phases coexist.

(Mgo 90Fe0,10),510, and (Mg goFeq 50),810,. There-
fore, the transition boundary between single «
phase and the a+ B two-phase region was defined
by a composition between (Mg, ooFe, ;0),5i0,
and (Mg, ggFeq 12),810,, whereas the boundary
between single B phase and the a+f two-phase
region was defined by a composition between
(Mgo g5Feg 15),510, and (Mg goFeq 50),S10,. Phase
modal abundances indicate that the a—a+ 3 boundary
is closer to (Mg ooFeq 10),S10, composition than
(Mg gsFeg 12),810, composition, and the a+ -8
boundary is closer to (Mg, goFe, »0),Si0, composi-
tion than (Mg, g,Fey 5),Si0, composition. Micro-
probe analyses of the four samples with coexisting «
and B phases showed that the average compositions
(Fe/[Fe+Mg] ratios) of the coexisting « and 8 phases
were 0.106+0.005 and 0.193£0.006, respectively.
Using this method, we have determined compositions
of the coexisting a and B phases at three different
pressures, as listed in Table 1 and shown in Fig. 8.

Sample pressures in the multi-anvil experiments
were determined from calibration curves established
by calibrating oil pressure of the hydraulic press
against fixed pressure calibration points. The preci-
sion of pressure determination relies on the reproduc-
ibility of the runs which is directly related to consis-
tency of assembly preparation. Because the assembly

for the multi-cell sample chamber is made to be
identical as possible, the reproducibility of pressure
for this assembly should be very good. Our experi-

Table 1. Compositions of the
coexisting o and B phases at different
pressures and 1400 °C.

P, GPa Xee™ Xg
14.7 - 0.000
14.3 0.000 -
13.9 0.065(4) 0.120(4)
13.45 0.106(5) 0.193(6)
13.35 0.118(5) 0.212(3)
13.35% 0.111(4) 0.216(5)
13.0 0.149(5) 0.283(2)
12.9 0.160(2) 0.293(3)
12.9* 0.154(3) 0.289(3)
*Reversal  experiments. Values in

parentheses represent the standard deviation
in the last digits
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tions of the coexisting o and B, respectively, when olivine solid solutions were used as the starting
materials, whereas the reversed open and solid triangles represent the compositions of the coexisting B
and a, respectively, when pre-synthesized wadsleyite solid solutions were used as the starting materials.

mental results confirmed the consistency in pressure
calibration. Using an established calibration curve
(Fig. 9), we determined the pressures for three ex-

Qil Pressure (bar)
3!)0l — I4?0 l50|0

[ Mg,SiO4(0—P)
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T

Pressure (GPa)

L Si0,(coe-st)
9.0 i 1 N . "
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FI1G. 9. Pressure calibration curve for the 10/5 assembly,
used for determining the olivine-wadsleyite (a—p) transition
boundaries in the system Mg,Si0,-Fe,Si0,. Crosses repre-
sent the coesite-stishovite transition in SiO, and the a—f3
transition in Mg,Si0,. Open squares correlate to the pres-
sures in Fig. 8.

periments at oil pressures of 500, 525, and 555 bars
to be 13, 13.45, and 13.9 GPa, respectively. The
compositions of « and B phases for these three ex-
periments vary linearly with pressure and the two
lines intersect at 14.6 GPa and Mg,SiO, composition
(Fig. 8). The intersected point marks the a—f3 transi-
tion in Mg,Si0,, which is consistent with the transi-
tion boundary determined by KATSURA and ITO
(1989).

Reversal experiments were performed at 12.9 and
13.35 GPa, using pre-synthesized wadsleyite (-
phase) solid solutions as the starting materials. For
the reversal experiment at 12.9 GPa, we first
quenched a multi-cell sample disk from 14.2 GPa
and 1400°C and confirmed by Raman measure-
ments that each of the (MggooF€s.10)2510,,
(Mg, ssFeg 12),510,, and (Mg saFeq 16),510, start-
ing materials transformed into B-phase. We then re-
loaded this sample disk together with another disk
containing olivine starting materials into a new as-
sembly for the reversal experiment at 12.9 GPa. The
compositions (Fe/[Fe+Mg] ratios) of the coexisting
a phase are 0.118 and 0.111, respectively, using a
and B phases as the starting materials, whereas the
compositions of the coexisting 3 phase are 0.212 and
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0.216, respectively (Table 1 and Fig. 8). A similar
procedure was used for the reversal experiment at
13.35 GPa and the results are shown in Table 1.

The wadsleyite-spinel (8—v) transition boundaries
in the Mg,Si0,-Fe,SiO, system at 1200°C and
1600°C have been determined by KaTsura and Ito
(1989). At higher pressures, spinel breaks down into
silicate perovskite plus magnesiowiistite in the Mg-
rich region and into magnesiowiistite plus stishovite
in the Fe-rich region. The transformation from spinel
to a perovskite assemblage is believed to be respon-
sible for the 660-km seismic discontinuity and its
boundaries have been determined in the Mg-rich re-
gion at 1100°C and 1600°C (ITo and TAKAHASHI,
1989). Recently AkaodI et al. (1998) determined the
postspinel transformation in the Fe-rich region at
1600°C. The phase diagram of postspinel transfor-
mations over an entire composition range in the
Mg,SiO,-Fe,Si0, system at 1600°C is shown in
Fig. 10.

(Mg,Fe)SiO; perovskite forms limited solid solu-
tion which does not extend into the Fe-rich region.
The maximum solubility of FeSiOj in the perovskite
structure is defined by the reaction (Mg,Fe)SiO, (pv)
= (Mg,Fe)O (mw) + SiO, (st). Recent experimental
results showed that the maximum solubility of Fe-
SiO; in the perovskite is a function of temperature
and pressure (FeI et al., 1996; Mao et al., 1997). It
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Fic. 10. Phase diagram in the system Mg,SiO,-Fe,SiO,
at 1600°C. Data sources are KATSURA and Ito (1989), ITo
and TAKAHASHI (1989), FEI ef al. (1991), and AKAOGI et al.
(1998).
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increases from 0.05 at 1000°C to 0.12 at 1750°C at
26 GPa, obtained by using the multi-anvil apparatus
(Fet et al., 1996). Laser-heated diamond cell experi-
ments up to 55 GPa (MAo et al., 1997) demonstrated
that the maximum FeSiOj solubility increases rapidly
with increasing pressure. About 28 mole % FeSiO,
can be dissolved into the perovskite structure at 50
GPa and 1600°C.

MgSiO; Polymorphs and Phase Relations

There are at least six MgSiO, polymorphs (pro-
toenstatite, orthoenstatite, clinoenstatite, non-cubic
garnet, ilmenite and perovskite). Orthoenstatite trans-
forms to a high-pressure clinoenstatite at about 8.1
GPa and 1000°C with a positive dP/dT slope of
0.0031 GPa/°C (PacaLo and GAsPARIK, 1990). With
increasing pressure, the high-pressure clinoenstatite
transforms into a two-phase (wadsleyite + stishovite
or spinel + stishovite) region which separates the
phase fields of pyroxene and ilmenite in polymorphic
transitions. At temperatures higher than 1700°C, py-
roxene directly transforms to a tetragonal garnet
phase (majorite) at about 17 GPa (SawamoTo, 1987).
The ilmenite-perovskite transition occurs at 24.3 GPa
and 1000°C with a negative dP/dT slope of —0.0025
GPa/°C (ITo and TakAHASHI, 1989). The transition
boundary [P(GPa) = 26.8 — 0.0025T(°C)] has been
commonly used as a pressure calibration standard at
high temperature. The majorite-perovskite transition
boundary has not been well determined because of its
extremely high temperature conditions (>2000°C).
Thermodynamic calculations showed that the bound-
ary has a positive dP/dT slope (YUsa et al., 1993).
Recent experimental results on the majorite-perovs-
kite transition in Al-bearing system also indicated a
positive dP/dT slope of the transition (Fer and Hi-
ROSE, 1997). Figure 11 summarizes experimental re-
sults on phase relations in MgSiO, at high pressure
and temperature.

Phase Transformations in Mg;ALSi;0,,

Pyrope (Mg;Al,81;0,,) transforms to ilmenite
structure at about 24 GPa and 1000°C (KANZAKI,
1987). At higher temperatures, Mg,Al,Si;0,,-ilmen-
ite is not stable and pyrope breaks down into Al-
bearing silicate perovskite plus corundum at about 26
GPa (IRIFUNE et al., 1996; Fer and HIrosg, 1997).
With increasing pressure, the Al,O, solubility in
perovskite increases. Orthorhombic perovskite with
pyrope composition ultimately forms at about 37 GPa
(I10 et al., 1998).
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FiG. 11. Phase diagram of MgSiO; at high pressure and
temperature. Data sources for solid phase transformations
are SAWAMOTO (1987), PacaLo and GAsPARIK (1990), and
ITo and TAKAHASHI (1989). Melting curves are from BoyD
et al. (1964) and PRESNALL and GASPARIK (1990).

Phase Relations in the System
MgSiO;-Mg;AlLSi;0,,

Chemical analyses of mantle-derived garnet peri-
dotites and high-pressure experimental results in the
enstatite-pyrope system indicated that substantial
amount of Al,O5 could be dissolved into orthopyrox-
ene coexisting with garnet (e.g., Boyp, 1973). The
Al,Oj; solubility in orthopyroxene is strongly depen-
dent on pressure and temperature, which forms the
basis for pyroxene geobarometers and geothermom-
eters. Extensive experimental studies on the solubil-
ity of Al,O; in orthopyroxene were carried out at
pressures between 2 GPa and 4 GPa in the piston-
cylinder apparatus in order to establish an accurate
geobarometer for constructing the history of mantle-
derived garnet peridotites (e.g., Boybp, 1973;
MAcGREGOR, 1974; Woob and Banno, 1973; Woob,
1974; HARLEY, 1984; Lee and GANGULY, 1988). At
higher pressures, the solubility of enstatite (MgSiO,)
in pyrope (Mg;Al,Si;0,,) increases (Akaoct and
AxkmmoTo, 1977; Kanzakl, 1987; Akaodi et al., 1987,
GASPARIK, 1992) and the stability field of majorite
solid solution expands with increasing temperature
because of the formation of MgSiO;-majorite at high

temperatures (> ~1650°C). Figure 12 shows the
phase relations in the system MgSiO;-Mg;Al,Si;0,,
at 1500°C and 1900°C.

The majorite-perovskite transformation in the sys-
tem MgSiO5-Mg;Al,Si;0,, has been studied at tem-
peratures between 1000°C and 2000°C (KANZzAKI,
1987; IRIFUNE et al., 1996; Frr and Hirosg, 1997).
The phase relations between 16 GPa and 27 GPa
change dramatically as a function of temperature
because of complex phase relations in the MgSiO,
end-member. The (Mg,Al)(Al,Si)O; ilmenite solid
solution extends to Mg;Al,Si;O,, composition at
1000°C (Kanzaki, 1987). Its stability shrinks rapidly
with increasing temperature, whereas the stability
field of the majorite solid solution expands, resulting
in coexistence of majorite and Al-bearing perovskite.
At about 26.5 GPa, pyrope transforms to Al-bearing
perovskite and corundum. The solubility of Al,O; in
the perovskite structure, defining the complete trans-
formation of majorite to perovskite, significantly in-
creases with pressure from 1.4 mole% at 23 GPa to
13 mole% at 27 GPa at a temperature of 1750°C (FEI
and Hirosg, 1997). Fer and Hirost (1997) also found
that the solubility of Al,O5 in perovskite coexisting
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Fic. 12. Phase relations in the system MgSiO;-

Mg;AL,Si;0,, at 1500°C (solid lines) and 1900°C (dashed
lines). Data sources are AKAOGI et al. (1987), GASPARIK
(1992), IRIFUNE et al. (1996), and FeI and HIROSE (1997).
px, pyroxene; ilm, ilmenite; wa, wadsleyite; st, stishovite;
pv, perovskite; cor, corundum; and maj, majorite.
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with majorite decreases with increasing temperature,
indicating that the majorite-perovskite transformation
"has a positive pressure-temperature slope. On the
other hand, IRIFUNE et al. (1996) reported that the
solubility of Al,O; in perovskite coexisting with co-
rundum increasing with increasing temperature,
implying the Mg;Al,Si;O,,-perovskite formation
boundary has a negative pressure-temperature slope.
The combination of these two studies indicates that
the perovskite-majorite-corundum univariant line
shifts to higher pressure at higher temperature
(Fig. 12).

Phase Transformations in FeSiO;, Fe;AlLSi;0,,,
CaSiO;, and CaMgSi, 04

In the FeSiO5 system, perovskite, majorite and
ilmenite are not stable. Ferrosillite (FeSiO,) trans-
forms to spinel (Fe,SiO,) plus stishovite (SiO,) at
about 10 GPa (AkmvoTo and SyoNo, 1970), and fur-
ther dissociate to wiistite (Fe,O) plus stishovite at
17.3 GPa (KATSURA et al., 1998). Phase relations in
the system MgSiO5-FeSiO; consist of the pyroxene-
spinel-stishovite loop and the spinel-magnesiowiis-
tite-stishovite loop in the Fe-rich region, whereas
phase relations are very complex in the Mg-rich
region because of complex phase relations in the
MgSiO; at high pressures and temperatures. There
are limited experimental data that show the stability
fields of (Mg,Fe)SiO; ilmenite and majorite (ITo and
YamaDA, 1982; Kato, 1986; OHTANI et al., 1991).
The calculated phase diagrams in the system Mg-
Si05-FeSiO; best illustrate the changes of phase

relations at different temperatures (FABRICHNAYA,
1995).

Almandine (Fe;Al,Si,0,,) decomposes into a
mixture of wiistite, corundum, and stishovite at high
pressure  (CONRAD, 1998; AkaoGi et al, 1998).
The dissociation occurs at about 21 GPa with a
slightly negative dP/dT slope (Akaocr et al., 1998).
The phase relations in the system Mg,AlLSi,0,,-
Fe;Al,Si;0,, have not been experimentally deter-
mined. However, interpretation from phase relations
of the end-member indicates that the solubility of
FeO in Al-bearing perovskite is limited, in addition to
the change of Al,O, solubility in perovskite at pres-
sures between 26 and 37 GPa.

Like the system MgSiO;-Mg;Al,Si;0,,, the sys-
tem FeSiO;-Fe;Al,Si,0,, forms solid solutions by a
heterovalent substitution FeSi-AlAl. The solubility of
FeSiO; in almandine (Fe;Al,Si;0,,) increases with
increasing pressure (AkAoGI and AkmMoto, 1977).
The maximum solubility of FeSiO; in almandine is
about 40 mole% at 9 GPa and 1000°C. The effect
of temperature on the phase relations has not been
studied.

Clinopyroxene, garnet, (Ca, Mg)SiO; majorite,
and CaSiO, perovskite are the primary Ca-bearing
phases in the Earth’s mantle. In bulk mantle compo-
sitions, CaSiO; perovskite first appears at pressures
between 17 and 18 GPa (e.g., CaNIL, 1994), depend-
ing on the CaO content in the bulk compositions. In
the CaSiO; system, CaSiO, walstromite transforms
to Ca,Si0, + CaSi,O5 at about 10 GPa, and then to
CaSiO; perovskite at about 12 GPa. GASPARIK ef al.

Table 2. Chemical compositions of bulk rocks

Pyrolite Pyrolite Garnet Spinel Piclogite ~ Herzburgitt MORB
Lherzolite  Lherzolite

R(1966) S(1982)  PHN-1611 KLB-1 DA(1989) MB(1985)  H(1998)
Sio, 45.20 44.50 44.54 44.48 47.79 43.64 49.64
TiO, 0.71 0.22 0.25 0.16 - 0.01 1.64
ALO, 3.54 4.31 2.80 3.59 344 0.65 14.88
FeO 8.47 8.36 10.24 8.10 7.21 7.83 11.43
MnO 0.14 - 0.13 0.12 - - 0.18
MgO 37.48 37.97 37.94 39.22 32.34 46.36 8.51
CaO 3.08 3.50 3.32 3.44 9.22 0.50 10.55
Na,0 0.57 0:39 0.34 0.30 - 0.01 2.90
K,0 0.13 - 0.14 0.02 - - 0.12
Cr,0, 0.43 0.44 0.29 0.31 - 0.53 -
NiO 0.20 - - 0.25 - - =

Data sources: R(1966), RINGWOOD (1966); S(1982), SUN (1982); PHN-1611, NIXON and
BoYD (1973); KLB-1, TAKAHASHI (1986); DA(1989), DUFFY and ANDERSON (1989); MB(1985),
MICHAEL and BONATTI (1985); H(1998), HIROSE et al. (1999).
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(1994) determined the phase relations from 8 to 15
GPa. The phase boundaries between CaSiO; wal-
stromite and Ca,SiO,+CaSi,Os and between
Ca,Si0, + CaSi,Os and CaSiO; perovskite are de-
fined by P(GPa) = 7.9 + 0.0014T(°C) and P(GPa) =
9.0 + 0.0021T(°C), respectively.

Diopside (CaMgSi,Og) is an important Ca-bearing
end-member of rock-forming pyroxenes. The break-
down reaction of diopside at high pressures has been
experimentally studied by several investigators (IRI-
FUNE et al., 1989; GASPARIK, 1990; CaniL, 1994). At
pressures of 17-18 GPa. diopside decomposes to an
assemblage of CaSiO; perovskite and (Ca, Mg)SiO,
majorite at temperatures greater than 1300°C or to an
assemblage of CaSiO; perovskite and MgSiO; il-
menite at temperatures below 1300°C (CanIL, 1994).
On the other hand, IRIFUNE et al. (1989) observed that
diopside decomposes to an assemblage of CaSiO,
perovskite, Mg,SiO, spinel and SiO, stishovite at 19
GPa and 1500°C. The discrepancy is related to un-
certainty in determination of the Mg,SiO, spinel +
Si0, stishovite to MgSiO; ilmenite transformation
boundary because of kinetic problems and to uncer-
tainty in pressure calibration. GASPARIK (1990) also
studied the breakdown reaction of diopside in the
enstatite-diopside join at high pressures and about
1650°C. The observed diopside breakdown products
are CaSiO; perovskite and (Ca, Mg)SiO5 majorite at
pressures above 17.5 GPa, consistent with the results
of CaNIL (1994). The coexisting (Ca, Mg)SiO; ma-
jorite, whose crystal chemistry was described by Ha-
ZEN et al. (1994), is rather enstatite-rich in composi-
tion (>75 mole % enstatite). However, at pressures
between 15.7 and 17.5 GPa, Gasparik (1990) re-
ported a phase (designated as CM phase) that is
compositionally diopside-rich (>80 mole % diop-
side). Further crystallographic study is required to
address the nature of this phase.

HIGH-PRESSURE EXPERIMENTAL RESULTS ON
BULK ROCKS

There are two competing petrological models of
the mantle, pyrolite (or peridotite) and piclogite. Py-
rolite, proposed by Ringwoop (1962a), is an olivine-
rich (~61% by volume) assemblage, whereas pic-
logite, proposed by Bass and ANDERSON (1984) and
ANDERSON and Bass (1984), is a clinopyroxene-gar-
net rich, olivine-bearing rock. In the piclogite model,
the olivine content is less than 50% by volume. By
comparing seismic velocities in mantle minerals with
seismic data, DUFFY and ANDERSON (1989) proposed
a piclogite model consisting of 40% olivine, 37%
clinopyroxene, 13% garnet, and 10% orthopyroxene.

Number of Al+Cr

Y. Fei and C. M. Bertka

Recent sound velocity and acoustic velocity measure-
ments at high pressures indicate that an olivine
amount of 38—-50% in the upper mantle is required to
satisfy the observed 410-km seismic discontinuity (LI
et al., 1998; ZuA et al, 1997, 1998). The large
uncertainty in olivine fraction of the mantle is largely
due to the assumption of temperature effect on the
velocity contrast across the discontinuity.

Pyrolite is a conceptual mixture comprised four
parts of dunite and one part of basalt (RINGWOOD,
1962a). Its chemical composition has been revised
through the years (e.g., RINGwoob, 1966, 1979; Sun,
1982). Table 2 lists two typical pyrolite compositions
proposed by RINGwoop (1966) and Sun (1982) that
have been used as starting materials in high-pressure
experiments. The composition is very similar to that
of a sheared garnet lherzolite (PHN-1611) (NixoN
and Boyp, 1973) and a spinel lherzolite (KLB-1)

Number of Si

pyroxene+majorite | majorite
A i L i L

2.8 ’
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FiG. 13. Numbers of Al+Cr and Si atoms for 12 oxygens
in the formula of majorite vs. pressure. Data sources:
AkAO0GI and AKIMOTO (1979) (open circles); HERZBERG and
ZHANG (1996) (solid squares); CANIL (1991) (open trian-
gles); IRIFUNE (1987) (open squares); TAKAHASHI and ITO
(1987) (solid circles); IRIFUNE and RINGwooD (1987); and
BERTKA and FEI (1997). Data obtained at ~1200°C seem to
follow the solid curve, whereas data at temperatures greater
than 1600°C follow the dashed lines.
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(TakaHAsHI, 1986) (Table 2), naturally occurring
peridotites derived from the Earth’s upper mantle.
Both PHN-1611 and KLB-1 have been considered
as candidates for undepleted mantle composition
(SHmMizu, 1974; TakAHASHI, 1986) and widely used
as starting materials for high-pressure experiments.
In this section, we review high-pressure phase trans-
formations in a garnet peridotite composition (PHN-
1611) determined by Akaocr and Akimoro (1979)
and Takanasui and Ito (1987) and in a pyrolite
composition by IRIFUNE (1987) and IRIFUNE and Is-
SHIKI (1998).

Harzburgite and mid-ocean ridge basalt (MORB)
represent two important components of the oceanic
lithosphere. Phase relations in those compositions at
high pressures and temperatures are crucial for un-
derstanding the fate of subducted oceanic lithosphere
and mantle dynamics. In this section we also review
phase transformations in a harzburgite composition
(IriruNe and RiNGwooD, 1987a) and in a MORB
composition (IRIFUNE and RINGwooD, 1987b, 1993;
HIROSE et al., 1999).

201
Peridotite

Phase transformations in a garnet peridotite com-
position (PHN-1611) were determined up to lower
mantle pressures (26 GPa) along a model geotherm
(1500°-1600°C) (TakaHAsHI and Ito, 1987). The
same composition was also studied up to 20.5 GPa in
the temperature range 1050°-1200°C (AkaoGI and
AkiMoOTO, 1979). The major constituent minerals in
PHN-1611 are olivine, orthopyroxene, Ca-rich cli-
nopyroxene, and garnet. Orthopyroxene transforms
to Ca-poor clinopyroxene at about 10 GPa. The sol-
ubility of pyroxene component in garnet increases
significantly at pressures larger than 8 GPa, forming
garnet solid solution (or majorite). Above 16 GPa,
pyroxene dissolves into majorite completely. IRIFUNE
(1987) investigated the pyroxene-garnet transforma-
tion in a ‘pyrolite minus olivine’ composition in great
detail at pressures between 4 and 17.5 GPa. Figure 13
shows the changes of the numbers of Si and Al + Cr
atoms in garnet (12 oxygen in the formula) as a
function of pressure. Comparing data obtained from
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FiG. 14. Melting and sub-solid phase relations in peridotite KLB-1 at high pressures and temperatures.
Data sources are TAKAHASHI (1986), TAKAHASHI and ITo (1987), ZHANG and HERZBERG (1994), and

HERZBERG and ZHANG (1996).
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different bulk composition over a large temperature
range, a systematic temperature effect is shown at
pressures below 16 GPa where clinopyroxene and
majorite coexists. The data scattering in the majorite
stability field is caused by the different Al,O; content
in the systems and different coexisting phases at
various pressures.

Pyrolite consists of about 60% olivine in vol-
ume. The a—f3 transition in olivine is considered to
be responsible for the 410-km seismic discontinu-
ity. This transition occurs at pressures between 13
and 16 GPa in a peridotite composition, depending
on temperature. Recently, IRIFUNE and ISSHIKI
(1998) narrowed the transition pressure to between
13 and 14 GPa at 1380°C in a pyrolite composi-
tion. They also demonstrated that the iron content
in olivine changes as a function of pressure, effec-
tively reducing the width of the two-phase loop.
However, such a variation of iron content in oliv-
ine was not observed in experiments carried out at
constant temperature (cf., AKaoGl and AKIMOTO,
1979; TakanasHI and Ito, 1987), except that the
iron content in the B-phase above the transition
pressure is slightly higher than that in the a-phase
below the transition boundary. The B—vy transition
in olivine was observed at pressures between 17
and 20 GPa at 1600°C in a garnet lherzolite com-
position (TaAkaHAsHI and ITo, 1987). There are very
few experimental data points at pressures above
20 GPa. CaSiO; perovskite, together with Mg-
perovskite, magnesiowdistite, and majorite, was
observed in an experiment at 24 GPa and 1600°C
(TakanAsHI and ITo, 1987). The formation of Ca-
Si0; perovskite in a natural peridotite KLB-1 is at
pressures between 17 and 18 GPa (CaniL, 1994).
All the Al,O; in the bulk rock should be ultimately
incorporated into the orthorhombic perovskite
structure at high pressure. However, it is not clear
that an Al-rich phase would form in a peridotite
composition at pressures near the spinel to perov-
skite plus magnesiowiistite transformation bound-
ary, as reported by TakaHAsHI and Ito (1987).

Melting relations in peridotite KLB-1 have been
reported up to 23 GPa (TAKaHASHI, 1986; ZHANG
and HERZBERG, 1994; HERZBERG and ZHANG, 1996).
Figure 14 summarizes melting and sub-solid phase
relations at high pressures and temperatures. Min-
eral proportions in pyrolite as a function of pres-
sure are shown in Fig. 15. ITA and STIXRUDE (1992)
computed mineral proportion for a piclogite model
as a function of depth. No high-pressure experi-
ments have been conducted directly on a piclogite
composition.
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FIG. 15. Comparison of modal mineralogy (in volume %)
between pyrolite and MORB as a function of pressure. Data
sources are IRIFUNE and RINGwooD (1987, 1993), IRIFUNE
and IssHikI (1998), and HIROSE et al. (1999). ol, olivine;
opx, orthopyroxene; cpx, clinopyroxene; maj, majorite; wa,
wadsleyite; sp, spinel; mw, magnesiowiistite; Mg-pv, ferro-
magnesian silicate perovskite; Ca-pv, CaSiO; perovskite; st,
stishovite; and Al-phase, Al-rich phase with calcium ferrite
structure.

Basalt and Harzburgite

The chemical composition of MORB is distinctly
different from that of peridotites (Table 2). Because
MORB has high Si, Al, Fe, and Na contents, its
mineralogy at mantle pressures is very different from
that of mantle peridotite (e.g., IRIFUNE and RINGWOOD,
1987b, 1993; Yasupa et al., 1994; HIROSE et al.,
1999). Garnet and clinopyroxene are the major con-
stituent minerals in MORB at pressures below 10
GPa. With increasing pressure, clinopyroxene grad-
ually dissolves into garnet, resulting in the formation
of stishovite at pressures above 10 GPa. CaSiO,
perovskite starts to form at a pressure of 20 GPa,
resulting from a decrease of the maximum solubility
of CaO in majorite at high pressure. IRIFUNE and
RingwooD (1993) reported an Al-rich phase with
relatively high Na,O content in MORB composition
at pressures above 25 GPa. This phase was further
confirmed in the study of HIROSE et al. (1999). It
appears to have a calcium ferrite type structure, like
the high-pressure polymorphs of MgAl,O, and
NaAlSiO, (IRIFUNE et al., 1991; Liu, 1977). In addi-
tion, HIROSE et al. (1999) reported a new alumino-
calcic phase (Al-Ca-phase) in MORB composition at
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FiG. 16. Melting and sub-solid phase relations in MORB composition at high pressures and temper-
atures. Data sources are YASUDA et al. (1994), IRIFUNE and RINGWOOD (1993), and HIROSE et al. (1999).

26 GPa and near solidus temperature (2200°C). Fur-
ther study is needed to determine the structure and
stability field of this phase.

The majorite in MORB contains about 20 wt%
Al,O; at 22 GPa, compared to about 8 wt% Al,O; in
a peridotite composition. The higher Al,O; content
of majorite in MORB results in a higher majorite-
perovskite transition pressure in MORB relative to
that in peridotite. HIROSE et al. (1999) reported that
the majorite-perovskite transformation starts at 26
GPa with small positive pressure-temperature slope
(+0.0008 GPa/°C) and completes within a 1 GPa
interval. Figure 16 summarizes sub-solid phase and
melting relations in MORB composition at high pres-
sures and temperatures.

Harzburgite consists of about 82 wt% normative
olivine and 18 wt% pyroxene-garnet component. It is
compositionally distinct from that of the overlying
basalt and that of the underlying residual lherzolite
layer. Phase transformations in a harzburgite compo-
sition have been studied up to 26 GPa (IRIFUNE and
RiNngwooD, 1987a). IRIFUNE and RiNGwooDp (1987a)
focused on the phase transformations in the pyrox-
ene-garnet component. Because the Al,O5 content in
the system is relatively low (Table 2), the observed

phase transformations are similar to those in the
MgSiO;-rich region in the MgSiO;-Mg,Al,Si;0,,
system. Assemblages of majorite + Mg,SiO,
spinel + stishovite and of majorite + ilmenite were
observed at pressures between 19 and 22 GPa, and
between 22 and 24 GPa, respectively. Like in the
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FiG. 17. Comparison of zero-pressure density changes in
MORB (solid line) and pyrolite (dashed line) as a function
of pressure. Data sources are IRIFUNE and RINGWOOD (1987,
1993), IRIFUNE and ISSHIKI (1998), and HIROSE ez al. (1999).
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simple system, the stability fields of Mg,SiO,
spinel + stishovite and ilmenite are dependent on
temperature.

Phase transformations in pyrolite and MORB con-
trol mantle density variations as a function of depth
and play an important role in mantle dynamics.
Former basaltic crust in a subducted slab has a higher
density than the surrounding pyrolitic mantle above
the 660-km discontinuity marked by perovskite for-
mation in pyrolite (Fig. 17). It is less dense than the
surrounding mantle just below the 660-km disconti-
nuity. Once it transforms to perovskitite lithology at
about 720-km depth, its density significantly in-
creases and it becomes denser than the surrounding
pyrolitic mantle (HIROSE et al., 1999). The transfor-
mation to perovskitite lithology in basalt at 720 km
depth could drive slab penetration into the deep
mantle.
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