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We review recent advances in the study of phase transitions of minerals in the Earth’s mantle, includ-
ing unsolved problems regarding these processes. The phase boundaries of (Mg,Fe),SiO,4 in the mantle
transition zone are modified under the wet conditions by changes in thermodynamic properties of its
polymorphs because of differences in the water solubilities of these minerals. The shift of phase bound-
aries has significant implications for the topography of the 410 km and 660 km seismic discontinuities.
The post-perovskite phase with CalrO; structure exists at pressures above 110 GPa and at high temper-
ature. The effects of Al and Fe on phase transition are under debate. Several post-stishovite phases have
been reported but equilibrium boundaries and existence in the real lower mantle are also still debatable.
Spin transition occurs in magnesiowustite, perovskite, and post-perovskite phases at high pressures of
the lower mantle and core. The pressure interval in the spin transition can be large at high temperature
and so the transition might not cause a discrete change in physical properties under real Earth conditions.
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1. Introduction

Studies of phase transitions in the mantle have significantly
advanced, with several important discoveries made in the last
decade. The pressure scale at high pressure and temperature has
also been a matter of great debate since the earliest in situ X-ray
diffraction studies (e.g., Irifune et al., 1998) suggested inconsis-
tency between pressure in (Mg,Fe),;SiO4 at the 660 km seismic
discontinuity and the post-spinel phase transition boundary. One
of the most important discoveries in mantle mineral physics is that
of the existence of hydrous wadsleyite and hydrous ringwoodite,
which have a very high water solubility in their respective phases
(e.g., Inoue et al., 1995; Kohlstedt et al., 1996). These major con-
stituents in the mantle transition zone can accommodate water
more than 2wt.%, suggesting that the mantle transition zone is
the most important water reservoir on Earth. The phase bound-
aries of minerals in the mantle transition zone are modified by a
change in thermodynamic properties of their polymorphs because
of differences of water solubility in these minerals. This shift in
phase boundaries has significant implications for the topography
of the 410 km and 660 km seismic discontinuities (e.g., Litasov et
al., 2006).

The synthesis of the post-perovskite phase with the CalrO;
structure at pressures above 110 GPa and with high temperature
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(Murakami et al., 2004; Oganov and Ono, 2004) is also one of the
most important discoveries in high pressure mineral physics. It is
currently a matter of great debate whether the D” layer at the bot-
tom of the lower mantle is explained by this new high pressure
phase.

The third important discovery concerns spin transitions in mag-
nesiowustite and perovskite in the lower mantle (e.g., Badro et
al., 2003). The spin transition in the lower mantle minerals can
change several important physical properties of the deep lower
mantle regions, such as the thermal conductivity of and partition-
ing behavior between Mg and Fe (Badro et al., 2004); further careful
studies are needed to discern the full effect of spin transitions on
the physical properties of minerals in real lower mantle conditions.

The most significant characteristics of the recent advance in
mineral physics summarized briefly above are based on the two
major researches such as the experimental works and theoretical
works. The development of experimental works has been achieved
by sophisticated techniques for high pressure and temperature gen-
eration by diamond anvil cell and large volume multianvil press
combined with third generation synchrotron X-ray sources such
as those at APS, ESRF and SPring-8. The details of the technical
developments are reviewed recently (e.g., Ito, 2007; Weidner and
Li, 2007; Mao and Mao, 2007). The molecular dynamics simulation
in the early stage and now ab-initio calculations provided signifi-
cant guiding principles for experimental scientists to synthesize the
high pressure phases and interpretations of the various in situ X-ray
observations made by high pressure and high temperature exper-
iments. Many important contributions of ab-initio calculations to
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Fig. 1. (a) Phase relations of peridotite (Oganov and Ono, 2004; Murakami et al.,
2004, 2005; Badro et al., 2004; Lin et al., 2007; Ohtani, 2005; Litasov et al., 2005a)
and (b) those of MORB (Hirose et al., 2005; Ono et al., 2005; Litasov and Ohtani,
2005) to the base of the lower mantle. (c) The spin transition pressures in mag-
nesiowustite, perovskite, and post-perovskite. (A) The spin transition pressure of
ferrous iron in perovskite; (B) that of ferric iron in aluminous perovskite; (C) ferric
iron in aluminum-free perovskite; (D) ferrous iron in post-perovskite at 2500 K cal-
culated by Stackhouse et al. (2007); (E) that for ferrous iron in magnesiowustite at
high temperature (Sturhahn et al., 2005; Tsuchiya et al., 2006a,b; Lin et al., 2007).
0}, olivine; Px, pyroxene; Mj, majorite; Wd, wadsleyite; Rw, ringwoodite; Pv, per-
ovskite; Ca-Pv, CaSiO3; perovskite; Mw, magnesiowustite; PPv, post-perovskite; NAL,
NAL phase; CaCl,, CaCl, type SiO,; Seifertite, a-PbO, type SiO,.

spin-transitions and post-perovskite transitions are conducted to
date. We will also see briefly these important contributions in this
manuscript.

Fig. 1(a) and (b) summarizes the phase transition sequences for
mantle peridotite and MORB compositions up to the base of the
lower mantle. There are currently several uncertainties and strong
debate related to these phase transitions. In this paper, we review

the recent advances in the study of phase transitions of mantle
minerals, including discussion of unsolved problems.

2. Phase transformations in the mantle transition zone

The phase boundaries in the minerals composing the mantle
transition zone have been studied extensively in this decade both
by the quenching method and the in-situ X-ray diffraction method.
The technical advances for in situ X-ray diffraction experiments
at high pressure made it possible to make precise determination
of the phase transition boundaries. The advance was achieved by
combination of the third generation intense synchrotron X-ray
source and large volume presses in beamlines such as SPring-
8 and APS. In order to ascertain a precise determination of the
phase boundary, the reliability and uncertainty of pressure scales
at high temperature must be calibrated. The pressure scales at
10-15 GPa are generally consistent among several pressure scales,
and the depth of the 410 km discontinuity can be explained by
the olivine-wadsleyite phase transition. However, the inconsis-
tency between the post-spinel phase boundary determined by the
experiments (e.g., Irifune et al., 1998) and the 660 km seismic dis-
continuity observed in seismology provides a topic for intensive
debate on pressure scale reliability in the pressure range at the base
of the transition zone.

2.1. Phase transitions and phase boundaries in Mg,SiOy4

The phase boundaries between olivine and wadsleyite under dry
and wet conditions are shown in Fig. 2. Several experimental and
theoretical studies on the effect of water on the olivine-wadsleyite
phase transformation and the water partitioning between olivine
and wadsleyite have been carried out.

Wood (1995) argued that hydrogen expands the stability field
of wadsleyite to lower pressures because hydrogen is more soluble
than olivine in wadsleyite. Smyth and Frost (2002) reported a shift
of the olivine-wadsleyite phase boundary by about 1 GPa to lower
pressure in olivine and peridotite compositions, both containing
3wt.% H,0, as determined by quenching experiments. Litasov et
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Fig. 2. The phase boundaries of the olivine-wadsleyite transition, the ringwoodite
decomposition, and the garnet-post-garnet transition under dry and wet conditions
(Litasov et al., 2005a,b; Sano et al., 2006). Cpx, clinopyroxene; Gt, garnet; Sb, super-
hydrous phase B; Pe, periclase; the other abbreviations are the same as those given
in Fig. 1.
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Fig. 3. Schematic phase diagrams of the Mg,SiO4 system at high pressure. (a) The
effect of water on the olivine-wadsleyite transition (Wood, 1995; Smyth and Frost,
2002; Litasov et al., 2006), (b) the effect of water on the decomposition reaction
of ringwoodite (Inoue et al., 1995; Kohlstedt et al., 1996; Ohtani et al., 2000). Ol,
olivine; Wd, wadsleyite; fl, fluid; Rw, ringwoodite; Pe, periclase; Pv, perovskite.

al. (2006) determined the phase boundary by high pressure and
temperature in situ X-ray diffraction experiments, and obtained a
consistent shift of the phase boundary to a lower pressure (Fig. 2).
The schematic phase diagrams of the Mg,;Si0O4-H;0 system, as
given in Fig. 3(a), show a shift of the phase boundary by addition of
water. The higher water solubility in wadsleyite at low temperature
produces a large reduction of transition pressure, as shown in this
figure.

Pressure scale is essential to compare the pressure of the phase
boundaries with the discontinuities in the mantle observed in seis-
mology. The pressure scale at high temperatures was a matter of
great debate, since the discrepancy between the pressure of the dry
post-spinel phase boundary and the 660 km discontinuity observed
in seismology might introduce chemical heterogeneities in the
transition zone and the lower mantle. The ambiguity of the pres-
sure scale was initially identified by the report of determination of
the post-spinel phase boundary by Irifune et al. (1998) based on the
Au pressure scale by Anderson et al. (1989), i.e., they claimed that
the phase boundary occurs at a pressure about 2 GPa lower than
that expected by the pressure of the 660 km discontinuity. They
suggested a possibility of the compositional change at the base of
the transition zone as was initially proposed by Ringwood (1994).
After the report of inconsistency of the phase boundary with the
660 km discontinuity, various attempts have been made to evaluate
the pressure scales and to improve the scales at high pressure and
temperature (e.g., Fei et al., 2004). In order to determine the phase
boundaries at high pressures precisely, it is essential to establish
the pressure scale based on a reliable equation of state (EOS).

Au, Pt, and MgO have been often used as the pressure marker
for in situ X-ray diffraction studies at high-pressure and tempera-
ture by multianvil apparatus and diamond anvil cell (e.g., Fei et al.,
2004). It has been reported that the pressure scale of Au proposed
by Anderson et al. (1989) has a strong stress effect at low temper-
ature, whereas it underestimates the pressure at high temperature
due to incorrect evaluation of the thermal pressure (e.g., Matsui and
Shima, 2003). Although the pressure scale is essential to determine
the phase transformation boundaries and their Clapeyron slopes,
there was no consistency among the different pressure scales espe-
cially at pressures above 20 GPa at high temperature. For instance,
the pressure differences among different EOS of Au, Pt, and MgO
(e.g.,Jamieson et al., 1982; Anderson et al., 1989; Shim et al., 2001;
Tsuchiya, 2003; Fei et al., 2004) may be as large as 2.5 GPa at 25 GPa
and 2000K. Fei et al. (2004) made comprehensive review of differ-
ent pressure scales and calibrated Au and Pt scales based on the
MgO standard (Speziale et al., 2001).

The post-spinel phase boundary of Mg,SiO4 determined by Fei
et al. (2004) using Shim’s Au pressure scale (Shim et al., 2002) is
consistent with the 660 km discontinuity, i.e., the pressure differ-
ence between the phase boundary and the 660 discontinuity is

The most remarkable of the results produced in recent in situ
X-ray diffraction experiments is the gentle slope of the phase
boundary. Previous results for the Clapeyron slope, dP/dT, were rel-
atively large, around —2 MPa/K (Ito and Takahashi, 1989; Irifune et
al., 1998), whereas the recent careful examinations of the phase
boundary by Katsura et al. (2003), Fei et al. (2004) and Litasov
et al. (2005a,b) indicated that the slope is smaller, around —0.4
to —1MPa/K. The improvement of determination of the equi-
librium boundary, especially at low temperatures below 1500K,
has been made by a recent in situ X-ray diffraction study, show-
ing that there is a possibility that the old data overestimated
the pressure of the phase transition due to slow transformation
kinetics at low temperature (e.g., Kubo et al., 2002). The small
Clapeyron slope of the post-spinel transition has important impli-
cations for the topography of the 660 km discontinuity, but the
dry Clapeyron slope cannot explain the topography of this dis-
continuity within a reasonable local temperature variation at the
bottom of the transition zone. Litasov et al. (2005a) determined
the post-spinel phase boundary by using in situ X-ray diffrac-
tion study, as: P(GPa)=—0.0005T(K) +23.54 using the Au pressure
scale of Tsuchiya (2003) and P(GPa)=-0.0008T(K)+24.42 using
the MgO pressure scale of Speziale et al. (2001). Litasov et al.
(2005a) also determined the phase boundary under wet condi-
tions as P(GPa)=—0.002T(K) + 26.3, based on the Au pressure scale
of Tsuchiya (2003). However, a recent theoretical calculation of the
dry decomposition boundary of Mg,SiO4 ringwoodite by Yu et al.
(2007) showed that the Clapeyron slope of the boundary is about
—3 MPa/K, suggesting the observed topography of 660 km discon-
tinuity may be explained by a reasonable temperature variation.
In order to solve the pressure calibration issue, it is essential to
improve the pressure scale at high temperature by introduction of
the new procedures such as the absolute pressure scale by simul-
taneous measurements of equation of state and sound velocity of
NaCl and MgO (e.g., Zha et al., 2000).

The dry and wet phase boundaries for the decomposition of
ringwoodite (post-spinel transition) are shown in Fig. 2. It is impor-
tant to note that the stability field of ringwoodite expands under
wet conditions. The shift of the boundaries is greater at low tem-
peratures whereas it is smaller at higher temperatures because of
the differences in water solubility of the minerals with tempera-
ture. The effect of water on the post-spinel phase transition in the
Mg, Si04-H, 0 system is shown schematically in Fig. 3(b). The max-
imum solubility of water in ringwoodite is as great as around 2 wt.%
(e.g., Inoue et al., 1995; Kohlstedt et al., 1996) at ~1300 K, whereas
it is less than 0.5 wt.% (e.g., Ohtani et al., 2000) at around 1870 K.
The change in maximum water solubility with temperature causes
the change in the pressure shift of the decomposition boundary.
The present experimental results suggest that the topography of
the 660 km discontinuity may be caused at least partly by the exis-
tence of water in the transition zone, although we need further
works to clarify the cause of the discrepancy between the recent
experimental works and theoretical calculations.

The amount of water in the mantle transition zone may also be
evaluated by the electrical conductivity observations. Huang et al.
(2005) made the electrical conductivity measurement of hydrous
wadsleyite and deduced experimentally the relation between the
water content and the electrical conductivity. They argued exis-
tence of water up to 0.1-1 wt.% water in the mantle transition zone,
and estimated the heterogeneity in water contents in the mantle
transition zone. Koyama et al. (2006) also made analysis of the het-
erogeneity in water contents in the mantle transition zone based
on combination of the electrical conductivity tomography and seis-
mic tomography. They also clarified a localized water up to about
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0.5wt.% in the mantle transition zone beneath subduction zones.
Yoshino et al. (2008) recently measured the electrical conductivity
of the dry and hydrous wadsleyites. They argued that the conduc-
tivity of the dry wadsleyite is consistent with the mean electrical
conductivity value of the transition zone. However, since the elec-
trical conductivity is also sensitive to the temperature, there is a
weak constraint on the water content from the electrical conduc-
tivity due to the ambiguity of the geotherm in the transition zone.
The observed electrical conductivity in the transition zone may be
consistent with the water contents less than 0.5 wt.% instead of the
dry condition which was stressed by Yoshino et al. (2008), if we
take into account of the temperature ambiguity of the transition
zone about 200K and the experimental uncertainties.

2.2. Post-garnet transition and the effect of water on the
transition boundary

The post-garnet transition has a positive Clapeyron slope
and occurs at higher pressure than the decomposition reac-
tion of ringwoodite under dry conditions (Hirose et al., 2000).
Litasov et al. (2005b) made an in situ X-ray diffraction study of
the phase transformation in MORB under dry conditions, and
revealed that the post-garnet phase boundary is expressed as
P(GPa)=0.0046T(K) + 18.40, using the Au pressure scale of Tsuchiya
(2003) as shown in Fig. 2. This phase boundary has a steeper slope
compared to that reported by the quenching experiment (Hirose
et al., 2000). The pressure interval of coexistence of garnet and
Mg-perovskite is very narrow, less than 0.5 GPa.

Litasov and Ohtani (2005) and Sano et al. (2006) observed
a shift in the post-garnet transition boundary by 1-2GPa to
lower pressure under wet conditions based on both quenching
and in situ X-ray diffraction studies. The resulting equation for
the post-garnet transition in hydrous MORB can be expressed as
P(GPa)=0.0049T(K) + 15.94 using the Au pressure scale of Tsuchiya
(Sano et al., 2006).

3. Phase transitions of minerals under lower mantle
conditions

Recent development of high pressure and temperature tech-
niques made it possible to clarify various transitions in the lower
mantle, such as the spin transitions in magnesiowustite and Mg-
perovskite, and the several polymorphic phase transitions of the
constituent minerals in the mantle. The phase transitions occurring
in the lower mantle for mantle peridotite and MORB are shown in
Fig. 1(a) and (b). Here we review these recently discovered phase
transitions in the lower mantle.

3.1. Post-perovskite phase and phase transitions in Mg- and
Ca-perovskite

Murakami et al. (2004) and Oganov and Ono (2004) reported
the existence of a CalrO3 structured phase in MgSiO3, which might
account for the D” layer at the base of the lower mantle. The charac-
terization of the post-perovskite phase is one of the most important
current issues for understanding core-mantle boundary regions.
The effects of composition, such as iron and aluminum contents, on
the post-perovskite phase boundary are controversial and currently
much debated, as shown below.

The effects of iron on the post-perovskite transition boundary
and Mg-Fe partitioning between perovskite and post-perovskite
phases are important issues for debate. Tateno et al. (2007) showed
that the transition pressure from the perovskite to post-perovskite
phase in the MgSiO3;-FeSiO3 system increases with increasing FeO
content in the system, suggesting an enrichment of MgO in the

post-perovskite phase compared to perovskite. Murakami et al.
(2005) reported that the exchange partition coefficient of MgO and
FeO between magnesiowustite and perovskite/post-perovskite,
Kp =(FeO/MgO)pv,ppv/(FeO/MgO)mw, decreases associated with the
post-perovskite transition at 2000 K, suggesting that there is MgO
enrichment in post-perovskite compared to perovskite. The parti-
tioning behavior is consistent with the phase relations reported by
Tateno et al. (2007).

Mao et al. (2004), on the other hand, reported that the transition
pressure decreases with an increase in FeSiO3 content in the post-
perovskite phase, which is the opposite relationship noted in the
above works. Kobayashi et al. (2005) reported that the exchange
partition coefficient of MgO and FeO between magnesiowustite and
perovskite/post-perovskite, Kp, increases from perovskite to post-
perovskite, suggesting that there is FeO enrichment in the post-
perovskite phase, which is consistent with the result of Mao et al.
(2004). The possible phase relations in the MgSiO3-FeSiO3 system
are summarized in Fig. 4(a).

Murakami et al. (2005) reported that the post-perovskite transi-
tion boundary in natural peridotite with a KLB1 composition locates
at a pressure close to the boundary in pure MgSiO3 composition,
whereas the post-perovskite phase boundary in the MORB compo-
sition occurs at lower pressures compared to that in the peridotite
composition (Hirose et al., 2005; Ono et al., 2005; Ohta et al., 2008).
Since the perovskite phase in MORB composition contains large
amounts of aluminum, ferric iron, and ferrous iron, the results
might indicate that aluminum and iron can lower the pressure of
the post-perovskite phase boundary. Alternatively, some minor ele-
ments, such as Na,O in post-perovskite in MORB, might lower the
stability pressure of the phase.

The incorporation of aluminum in the post-perovskite phase
could move the boundary toward higher pressure, and the post-
perovskite phase transition in pyrope occurs at around 140-150 GPa
(Tateno et al.,, 2005), which is higher than that of the post-
perovskite transition pressure in MgSiO3 around 120 GPa. Al,03
transforms to Rh,O3-type at 96 GPa (Lin et al., 2004). Theoreti-
cal calculations for Al;03 confirmed the transition of Rh,O3-type
phase to CalrO3-type phase (Caracas and Cohen, 2005; Umemoto
and Wentzcovitch, 2008). Ono et al. (2006) reported that the post-
perovskite phase transition in Al, O3 occurs at around 130 GPa. The
phase relation in MgSiO3-Al, 03 system is shown in Fig. 4(b).

Currently, there is no consensus on the effects of iron and
aluminum on the post-perovskite phase transition as shown in
Fig. 4(a) and (b). This might be because of the structural and com-
positional complexities in perovskite and post-perovskite phases
with different ferric and ferrous iron contents associated with
Al,03 substitution in their structures, large uncertainties in pres-
sure and temperature determination, and the large pressure and
temperature gradients in DAC under such extreme conditions.
Slow reaction kinetics might also cause the apparent inconsis-
tencies seen in recent reports. Further careful examination using
well-characterized starting materials on ferric and ferrous iron,
aluminum, and minor element contents will be indispensable in
solving this important problem.

The slope of the post-perovskite phase boundary has been cal-
culated theoretically by the ab-initio calculation. The Clapeyron
slope of the post-perovskite phase transition boundary was first
demonstrated by theory (Tsuchiya et al., 2004b), which suggested a
large positive Clapeyron slope consistent with that of the analogous
compound such as observed in CalrOs.

CaSiOs3 cubic perovskite is stable under the transition zone and
lower mantle conditions, and some amount of aluminum can be
dissolved under lower mantle conditions (see Fig. 1). Kurashina et
al. (2004) and Komabayashi et al. (2007) reported that the CaSiO3
perovskite phase has an orthorhombic symmetry at low tempera-
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Fig. 4. (a) The phase relation of the MgSiO;-FeSiO; system at 2400K (Ohtani et
al., 1991; Tateno et al.,, 2007; Mao et al., 2004). (b) The phase relation of the
MgSiOs-Al, 05 system at high pressure and 2400K (Tateno et al., 2005; Lin et
al., 2004; Oganov and Ono, 2005; Ono et al., 2006). Mj, majorite; Pv, perovskite;
Mw, magnesiowustite; St, stishovite; C, CaCl, type SiO,; A, a-PbO, type SiO2; PPy,
post-perovskite; Cor, corundum; Rh, Rh,03; type Al;0s. The phase relations of the
post-spinel phase transitions are still ambiguous, and possible phase relations are
given as solid and broken curves.

tures, whereas it is cubic at higher temperature under lower mantle
conditions. The temperature of the transition from the orthorhom-
bic to the cubic phase depends on the Al,03 content in this phase
(Komabayashi et al., 2007), and the transition boundary intersects
to the geotherm in the upper part of the lower mantle. Since

acoustic velocity in some perovskites drops remarkably across the
structural transition to high symmetry phases (e.g., Kurashina et al.,
2004), it might account for the seismic reflectors observed in the
upper part of the lower mantle (e.g., Niu et al.,, 2003; Kaneshima
and Helfrich, 2003).

3.2. Post-stishovite phases and phase transitions of NAL phase
under lower mantle conditions

Several post-stishovite phases have been discovered recently
by in situ X-ray diffraction studies using a laser-heated diamond
anvil cell (LHDAC) as was used for the post-perovskite phase transi-
tion. A CaCl, structured phase of SiO;, has been reported previously
at pressures around 50 GPa (Kingma et al., 1995) and the phase
boundary from stishovite to the CaCl,-type SiO, was determined
by Ono et al. (2002). The CaCl, structure is very close to the rutile
structure, i.e., a deformed stishovite-like structure, and there is no
discontinuous volume change associated with the phase transition
(e.g., Andrault et al., 1998). The transition from stishovite to the
CaCl,-type phase might be a second-order phase transition, and
an anomalous change in elastic constants occurs associated with
this transition (e.g., Carpenter et al., 2000; Karki et al., 1997; Shieh
et al.,, 2002). Seismic reflectors have been reported in the lower
mantle beneath subduction zones (e.g., Niu et al., 2003; Kaneshima
and Helfrich, 2003); an anomalous Vs decrease associated with a
reflector might be explained by this transition (e.g., Hirose et al.,
2005; Ohtani, 2005). Recently, Lakshtanov et al. (2007) reported
that the phase transition pressure decreases to around 30 GPa at
room temperature in Al,03 and water-bearing stishovite. It is an
open question as to how much water can be accommodated in the
CaCl,-type SiO,. Further studies are necessary to determine the sol-
ubility of Al,03 and water in the CaCl,-type SiO-, and the effect of
these components on the phase transition boundary.

The phase transition from CaCl,-type to a-PbO,-type struc-
ture has predicted by theoretical studies (e.g., Karki et al., 1997).
Transformation of stishovite to a-PbO, phase was experimentally
reported at pressures above 64 GPa with a negative Clapeyron slope
by Dubrovinsky et al. (2001). Whereas, Murakami et al. (2003)
reported that the transformation occurs at 121 GPa and 2400K
corresponding to the base of the lower mantle. This discrepancy
might be due to the pressure and temperature uncertainties in
LH-DAC, and kinetic problem associated with this transforma-
tion, and the difference in the starting materials. Tsuchiya et al.
(2004a) estimated the phase boundary between CaCl, and «-Pb0O,
as P(GPa)=106.3 +0.00579T(K) based on ab-initio calculations. This
phase boundary is consistent with the results by Murakami et al.
(2003).

Shieh et al. (2005) observed a-PbO,-type phase using cristo-
balite. Back transformation from «-PbO,-type to CaCl,-type
occurred only below 113 GPa. a-PbO,-type was observed in MORB
in the lower mantle conditions by Ono et al. (2005), Hirose et al.
(2005), and Ohta et al. (2008). The «-PbO,-type SiO, phase con-
taining some amount of Al;03 in a MORB composition is stable
at relatively low pressures, well within the lower mantle pressure
range. This phase was discovered in a Martian meteorite and named
Seifertite (El Goresy et al., 2000). Since stishovite exists in the
oceanic crust descending into the lower mantle, a-PbO,-type SiO,
is expected to exist in the oceanic crust descending into the base
of the lower mantle. This phase further transforms to pyrite-type
SiO, at pressures above 270 GPa at 2000K, the conditions which
exceed pressures of the base of the lower mantle (Kuwayama et al.,
2005). The stability fields of the post-stishovite phases reported to
date are summarized in Fig. 5.

The NAL phase, which is an alkali aluminum oxide phase, is one
of the important high pressure minerals in the basaltic (MORB)
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Fig. 5. Phase transitions of SiO, to the center of the Earth. C1 and C2 are the stishovite-CaCl, phase boundary by Ono et al. (2002) and Tsuchiya et al. (2004a,b), respectively;
A1, A2, and A3 are that of the CaCl,-a-PbO, transition by Murakami et al. (2003), Tsuchiya et al. (2004a,b), and Dubrovinsky et al. (2001), respectively; P is that of CaCl,-pyrite

phase boundary by Kuwayama et al. (2005).

composition. The phase transition sequence of the NAL phase in
MORB composition is summarized in Fig. 1(b). Ono et al. (2005)
reported that the NAL phase transforms to a CaTi,O4 structure at
142.5 GPa, and suggested that it might be stable at the base of the
lower mantle. However, other studies indicate that the NAL phase
is stable throughout the lower mantle (e.g., Hirose et al., 2005). We
need further studies to clarify the phase transition in the NAL phase.

3.3. Spin transitions in lower mantle minerals

Spin transitions in the lower mantle minerals have been the-
oretically suggested by some authors (e.g., Burns, 1993; Ohnishi,
1978; Cohen et al., 1997). Recently, the existence of spin transitions
has been confirmed experimentally in magnesiowustite and per-
ovskite. The spin transition of iron in magnesiowustite was reported
by Badro et al. (2003) and Lin et al. (2005) by using X-ray emission
spectroscopy at 40-50 GPa at room temperature. After the discov-
ery of the spin transition in magnesiowustite (Badro et al., 2003),
various theoretical studies were made extensively to clarify the
effect of pressure and ferric or ferrous iron content on the spin
transition (e.g., Persson et al., 2006; Tsuchiya et al., 2006a,b). The
effect of the spin transition of iron in compression was also stud-
ied experimentally by Lin et al. (2005), suggesting the existence
of a kink in the compression curve in magnesiowustite at around
50 GPa. The broadening of the pressure interval of the spin transi-
tion in magnesiowustitie at high temperature has been suggested
theoretically by Sturhahn et al. (2005) and Tsuchiya et al. (2006a,b).
They suggested that spin transition occurs gradually along a wide
range of pressure intervals in the lower mantle at high temperature.
Lin et al. (2007) confirmed experimentally the broadening of the
spin transition of magnesiowustite by using in situ X-ray emission
spectroscopy (XES) at high pressure and temperature.

The spin transition in perovskite has also been reported by
experimental and theoretical works. According to the theoretical
works (Li et al., 2005; Zhang and Oganov, 2006; Stackhouse et al.,
2007), the spin transition pressures in perovskite varies for fer-
ric and ferrous irons; ferric iron shows a wide pressure interval
of spin transition between about 60-160 GPa, whereas ferrous iron
is in a high spin state at all mantle pressures and it transforms to
the low spin state at pressures about 130-145 GPa. These theoret-
ical results are consistent with the recent experimental works (Li
et al., 2004, 2006); the recent XES and SMS (synchrotron Mgss-
bauer spectroscopy) studies revealed a pressure-induced gradual
loss of magnetic moment in an aluminum bearing perovskite sam-

ple between 20 and 100GPa, indicating possible occurrence of
mixed spin state and intermediate-spin state under high pressures
to 100GPa in aluminum bearing perovskite. Badro et al. (2004)
reported that the transition in aluminum-free perovskite occurs
in two steps, at around 70 and 120 GPa, whereas Li et al. (2004)
suggested that the transition occurs gradually with increasing pres-
sures in aluminum bearing perovskite.

The theoretical studies revealed that ferric iron on the Mg-site
in post-perovskite is in the high-spin state at all mantle pres-
sures (Zhang and Oganov, 2006), and ferrous iron also remains in a
high-spin state in post-perovskite below 180 GPa (Stackhouse et al.,
2006). Further studies of the spin transitions in perovskite and post-
perovskite phases are needed by using well-characterized starting
materials of ferric and ferrous ratios and their site occupancies.
Schematic spin transition conditions of iron in magnesiowustite,
perovskite, and post-perovskite at high pressure and temperature
are also given in Fig. 1(c) based on the recent experimental and
theoretical studies. These results suggest that the spin transition
in both magnesiowustite and perovskite occurs in a wide pressure
interval throughout the lower mantle, and it may not be detected
as a sharp discontinuity in density, Vp and Vs, in the lower mantle
(e.g., Crowhurst et al., 2008).

4. Summary and future studies

We have summarized the phase transitions occurring in the
mantle transition zones and the lower mantle for mantle peridotite
and the basaltic component (MORB) in slabs. Fig. 1(a) and (b) illus-
trate the phase assemblage and the phase transitions observed in
these components. The phase boundaries in the mantle transition
zone are modified by small amount of water suggesting existence
of water in the mantle transition zone. The phase transitions in the
lower mantle such as spin transitions, post-perovskite phase tran-
sition, and post-stishovite transition might explain some seismic
velocity anomalies in the lower mantle and the D” layer and some
reflectors of the seismic velocity in the lower mantle.

There are several inconsistencies among recent reports on the
phase transitions in the lower mantle, such as the effect of Al and Fe
in the post-perovskite transitions; the existence of CaTi, O4 phase in
the MORB component at the base of the lower mantle; the pressure
interval of the spin transitions in magnesiowustite, perovskite, and
post-perovskite phases in peridotite and MORB components in the
lower mantle. We need further studies to clarify these unresolved
issues to better understand the nature of the lower mantle.
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