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Spin transition and substitution of Fe3+ in Fe3+AlO3-bearing MgSiO3 perovskite (Pv) and post-perovskite
(PPv) were examined up to 200 and 165 GPa, respectively, at room temperature by X-ray emission spec-
troscopy (XES) and XRD. The results of XES and XRD indicate that in Pv high spin (HS) Fe3+ at the dodeca-
hedral (A) site replaces Al at the octahedral (B) site and becomes low spin (LS) between 50 and 70 GPa
with pressure, while in PPv LS Fe3+ occupies the B-site and Al occupies the A-site above 80–100 GPa.
The Fe3+–Al coupled substitution seems to be at work in both Pv and PPv. Combining these results on
Fe3+ with the recent first-principles calculations on Fe2+ in Pv and PPv, the spin transition and substitu-
tion of iron in pyrolitic lower mantle minerals are proposed. Further, their effects on iron-partitioning
among the lower mantle minerals are discussed.
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1. Introduction

The major iron-bearing minerals in the lower mantle are gener-
ally believed to be Mg-perovskite (Pv) and ferropericlase (Fp) be-
tween 670 and 2600 km, and post-Mg-perovskite (PPv) and Fp
between 2600 and 2900 km for pyrolitic mantle (Murakami et al.,
2004), although the depth region where Pv and PPv coexist is not
well constrained (Catalli et al., 2010b; Andrault et al., 2010). Recent
experimental and theoretical studies on spin transition of iron indi-
cate that pressure-induced high spin (HS) – low spin (LS) transi-
tions of iron in lower mantle minerals strongly affect the
structures and physical properties of minerals and thereby the
dynamics of the lower mantle. However, spin transitions of iron
in lower mantle minerals, with the exception of Fp, had been un-
clear. Particularly, there had been large discrepancies among the
previous reports on spin transition of both Fe2+ and Fe3+ in Pv.
The most conflicting point with Fe2+ in Pv had been about the exsis-
tence of intermediate spin (IS) or LS state of Fe2+ at the lower mantle
conditions (Badro et al., 2004; Jackson et al., 2005; Zhang and Oga-
nov, 2006; Li et al., 2006; Stackhouse et al., 2007; McCammon et al.,
2008, 2010; Lin et al., 2008). With this problem, the recent first-
principles calculations clarified that the high quadrupole splitting
(QS) of Fe in Mössbauer spectra, which had been often used as
the evidence of the IS or LS state, should be assigned to the HS state
of Fe2+ at high pressure, and the HS state of Fe2+ remains stable at
the lower mante conditions (Bengtson et al., 2009; Hsu et al.,
2010, 2011). From these results, the spin state of Fe2+ in Pv at the
lower mantle conditions seems to have been settled as HS. How-
ever, with the spin state of Fe3+ in Pv, the different spin states have
been reported for the samples with similar compositions at the sim-
ilar pressure and temperature conditions (Jackson et al., 2005; Li
et al., 2005; Li et al., 2006; Zhang and Oganov, 2006; Stackhouse
et al., 2007; Catalli et al., 2010a), and the large conflicts of the spin
transition problems of Fe3+ seem to still remain. Meanwhile, in con-
trast to the abundant reports on Pv, reports on spin transition of
iron in PPv are very limited (Zhang and Oganov, 2006; Lin et al.,
2008; Jackson et al., 2009; Catalli et al., 2010b; Yu et al., 2012).

In an attempt to resolve these situations and construct a more
firm base for understanding the spin transition behaviors of iron
in lower mantle minerals, we have examined the spin transitions
of Fe3+ in Fe3+AlO3-bearing Pv and PPv by X-ray emission spectros-
copy (XES) and X-ray diffraction (XRD) in a laser-heated diamond
anvil cell (DAC). These Al-bearing starting materials were chosen
because the lower mantle contains Al as well as iron as secondary
component, and recent studies indicate that Fe3+ is more dominant
than Fe2+ and that Fe3+-Al coupled substitution occurs in Al-bear-
ing Pv (Frost et al., 2004; McCammon, 2005; Nishio-Hamane
net. In.
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Table 1
Experimental conditions and results.

Sample (syn. P,
T)

Pressure at
300 K (GPa)a

Phase by
XRDb

Cell
volume

(ÅA
0

3)

High spin ratio
by XES

Mg-perovskite (25 GPa, 2000 K)
Syn2 60⁄c Pv 141.9(8) 0.77

36 0.80
Syn5 45⁄ 0.89

0 0.91
Syn7 120⁄ Pv 127.7(3) 0.80

150⁄ 0.67
165⁄ 0.63
174 Pv 119.2(6)
177 0.55
200 0.51

Post-Mg-perovskite
F004 (165 GPa,

2100 K)
162⁄ PPv 116.4(4) 0.03

138 0.02
115 0.02
90 0.0
72 PPv 131.4(7) 0.20
49 PPv 151(7) 0.32

F005 (170 GPa,
2100 K)

165⁄ PPv 116.2(7) 0.06

126 0.06
103 0.14
107 PPv 123.7(4)
78 0.15
60 0.35
37 amor 0.50

a The pressures of the respective samples were varied from upper to lower with
time. For Syn7, pressure changed from 165 to 174-177 GPa after an interval of half
year without additional pressure increase of the DAC.

b Pv = Mg-perovskite, PPv = post-Mg-perovskite, amor = amorphous.
c Pressures with ⁄ mean that the sample was annealed or heated before the XES

measurement at this pressure.
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et al., 2005). Our results on Pv and PPv were separately reported in
Fujino et al. (2012) and Fujino et al. (2013), respectively.

In this paper, we summarize our results on the spin transitions
and substitutions of Fe3+ in Al-bearing Pv and PPv, focusing on the
similarities and dissimilarities between Al-bearing Pv and PPv.
Then, combining these results on Fe3+ with the recent first-principles
calculations on the spin state of Fe2+ in Pv and PPv, the spin
transition and substitution of iron in pyrolitic lower mantle minerals
are proposed. Finally, their effects on iron-partitioning among the
lower mantle minerals are discussed.

2. Experimental procedure

The Pv and PPv samples used for the XES and XRD measurements
were synthesized from gel with the composition of Mg0.85Fe3+

0.15

Al0.15Si0.85O3, which was previously heated at 1000 K in an open
atmosphere to keep iron as Fe3+. The Pv samples were synthesized
at 25 GPa, 2000 K in a multi-anvil cell and loaded in a DAC, while
the PPv samples were synthesized at 165–170 GPa (before
heating), 2100 K directly in a DAC by laser-heating because the
PPv samples are not pressure-quenchable.

XES and XRD measurements of the Pv samples (Syn2, Syn5, and
Syn7) and PPv samples (F004 and F005) were carried out at beam
lines BL-12XU and BL-10XU, respectively, at SPring-8. In the XES
measurements, an incident X-ray beam of 11 keV was used and
the emitted X-ray was measured from 7020 to 7080 eV. The energy
resolution was approximately 0.8 eV. The XES measurements of
the Pv samples were carried out up to 200 GPa at room tempera-
ture after annealing at 1200–1400 K at each pressure in most cases,
while the XES measurements of the PPv samples were carried out
at room temperature without annealing at each pressure during
decompression from 165 to 37 GPa to prevent the phase transition
to Pv. As the reference spectra of HS and LS states of Fe3+, the XES
spectra of Fe3+ in powdered hematite Fe2O3 were also measured at
pressures up to 79 GPa at room temperature. Throughout the
experiments, pressures of the DACs at room temperature were
determined by the shift of the Raman spectrum of diamond by
the method of Akahama and Kawamura (2005) for consistency.

During the XES measurements, the XRD patterns of the samples
were taken at selected pressures to confirm the phase and measure
the cell parameters of the samples. Further experimental details
and results for Pv and PPv are reported in Fujino et al. (2012)
and Fujino et al. (2013), respectively. The summarized experimen-
tal conditions and the obtained results for Pv and PPv are given in
Table 1. Here, the pressures except for the synthesis pressure of
Mg-Pv were all measured at room temperature at which the XES
measurements were carried out. Therefore, the pressures during
annealing will be slightly higher than the respective pressures at
room temperature by thermal pressures. The synthesis pressure
(25 GPa at 2000 K) of Mg-Pv was calibrated from the in situ high
P, T data of the similar experiments at SPring-8. The measured
XES spectra of Pv and PPv are illustrated in Fig. 1 with the reference
HS and LS spectra of Fe2O3. To estimate the HS ratios of Fe3+ in
respective samples, the observed XES spectra were fitted by the
linear combination of the HS and LS spectra of Fe2O3 to obtain
the least-squares sum of the intensity differences of the observed
and simulated patterns (Fujino et al., 2012). The results are also
summarized in Table 1 and plotted in Fig. 2.

3. Results and discussion

3.1. Spin transition and substitution of Fe3+ in Fe3+AlO3-bearing Pv and
PPv

The XRD patterns of Pv and PPv samples showed single phase Pv
and PPv, respectively, within the detection limit of XRD. These
Please cite this article in press as: Fujino, K., et al. Spin transition, substitution
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results indicate that Fe is all Fe3+ and the coupled substitution,
Mg + Si ¢ Fe3+ + Al, occurs in both Pv and PPv samples (Fujino
et al., 2013), although the site occupancies of Fe3+ and Al between
the dodecahedral (A) and octahedral (B) sites are not fixed to the
particular sites. The site occupancies of Fe3+ and Al between the
two cation sites in Pv and PPv were estimated from the spin state
of Fe3+ and the shift of the trend in the pressure–volume relations
as described below.

With the spin state of Fe3+ in Pv, the HS ratio of Fe3+ (Fig. 2(a))
apparently seems to decrease gradually with pressure from around
50 GPa. However, the gradual decrease of HS ratio of Fe3+ in Pv is
considered to occur by the gradual Fe3+–Al exchange reaction be-
tween the A- and B-sites, HSFe3+(A-site) + Al(B-site) ¢ Al(A-
site) + LSFe3+(B-site) (the superscripts HS and LS mean HS and LS
states of Fe3+), by annealing at low temperature of 1200–1400 K
(Fujino et al., 2012). This is supported by the following two lines
of evidence. Firstly, the recent experimental study (Catalli et al.,
2010a) and first-principles calculations (Hsu et al., 2011) on
Fe2O3-bearing Pv revealed that Fe3+ equally enters the A- and B-
sites and Fe3+ at the A-site remains HS at lower mantle pressures,
while Fe3+ at the B-site undergoes the HS–LS transition between 50
and 60 GPa (Catalli et al., 2010a) or 40–70 GPa (Hsu et al., 2011).
Further, Catalli et al. (2011) reported a rapid increase of LS Fe3+

at the B-site near 70 GPa in Al-bearing Pv based on synchrotron
Mössbauer spectroscopy (SMS) and XES. Secondly, the trends of
the pressure–volume relations of our samples are different be-
tween the samples annealed at different temperatures (Fig. 3).
Our previous samples synthesized at 75–117 GPa, 1600–2000 K
from the same gel as our present samples, and annealed at
1600 K at each pressure, revealed the change of the trend of cell
volume at 50–70 GPa (although the NaCl scale by Sata et al.,
, and partitioning of iron in lower mantle minerals. Phys. Earth Planet. In.
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Fig. 1. X-ray emission spectra of (a) Pv and (b) PPv at room temperature. The
intensities are background-subtracted by the line connecting the averaged counts at
7020 and 7080 eV and normalized so that the integrated areas from 7020 to
7080 eV become 100. The energies of kb peaks of the spectra of Pv and PPv are
aligned with that of Syn5 at 0 GPa and that of F005 at 37 GPa, respectively, for
comparison. The HS and LS spectra of Fe2O3 (black) are also plotted. The error bars
of the data points are nearly double of the widths of the lines in most cases.

Fig. 2. The high spin ratios of Fe3+ in (a) Pv and (b) PPv with pressure. The high spin
ratios were estimated from the least-squares fitting of the XES spectra of Fe3+ by the
linear combination of HS and LS spectra of Fe2O3. The character A beside a data
point indicates that the sample was annealed or heated at that pressure before the
XES measurements. The bold dashed line in (a) indicates that the Fe3+–Al exchange
reaction between the A- and B-sites at high enough temperature occurs along this
line.
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2002, is used here, it is nearly the same with the diamond scale by
Akahama and Kawamura, 2005, at these pressure region), indicat-
ing the occurrence of the above Fe3+–Al exchange reaction between
the A- and B-sites at these pressures. Hsu et al. (2011) also re-
ported the cell volume reduction at 45–60 GPa by the HS–LS tran-
sition of Fe3+ at the B-site in Fe2O3-bearing Pv. From the above two
reasons Fe3+ in our Pv is considered to occupy the A-site and is HS
just after the synthesis at 25 GPa and 2000 K and below �50 GPa,
but between 50 and 70 GPa Fe3+ replaces Al at the B-site and be-
comes LS with pressure along the path of the dashed line in
Fig. 2(a) when the samples are annealed at temperatures high en-
ough to promote the Fe3+–Al exchange reaction. However, in Fig. 3
our present samples annealed at 1200–1400 K lie on the upper
trend of the cell volume below 50 GPa but above 70 GPa they still
lie nearly on the extension of the upper trend of the cell volume.
This can be interpreted that above 50–70 GPa Fe3+ in our present
samples gradually replaces Al at the B-site and becomes LS by
successive low temperature anealings. In Fujino et al. (2012), we
reported that the Fe3+-Al exchange reaction between the A- and
B-sites in Pv occurs between 50–60 GPa. However, from Fig. 3, it
Please cite this article in press as: Fujino, K., et al. Spin transition, substitution
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will be better to consider that the Fe3+–Al exchange reaction in
Pv occurs between 50 and 70 GPa.

These results reveal the important point that the spin state of
Fe3+ in Pv is not simply defined by pressure and temperature of
the spin state measurements but also definitely affected by cation
distributions between the A- and B-sites, and these cation distribu-
tions are strongly controlled by the synthesis and annealing condi-
tions of the samples. This can be also applied to PPv, because Pv
and PPv have two cation sites, A and B. This is the largely different
point from the case of ferropericlase which has only one cation site.
This means that the spin state of Fe3+ of the same Pv sample shows
the different spin state even at the same pressure and temperature,
depending on the synthesis and annealing conditions of the sample
before the spin state measurement. This explains the large conflict
of the previous reports why the spin states of Fe3+ in Pv samples
with the similar composition differ with each other at the similar
P, T conditions. The careful analyses of the synthesis and annealing
conditions of those samples will resolve the conflict among them.

Meanwhile in PPv (Fig. 2(b)), Fe3+ is fully LS above �100 GPa,
and begins to significantly change from LS to HS below �80 GPa
during decompression without annealing. Before these results
(Fujino et al., 2013) there was no experimental report on the spin
state of Fe3+ in Al-bearing PPv. Catalli et al. (2010b) reported the
nearly equal occupancies of HS Fe3+ at the A-site and LS Fe3+ at
the B-sites for 128–138 GPa in Fe2O3-bearing PPv. First-principles
, and partitioning of iron in lower mantle minerals. Phys. Earth Planet. In.
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Fig. 3. Pressure–volume relations of the Pv samples annealed at different temper-
atures. Here, pressure is scaled by NaCl (Sata et al., 2002) because NaCl was the only
pressure marker common to all the samples. The present samples (open triangles)
were synthesized at 25 GPa, 2000 K, and annealed at 1200–1400 K at each pressure.
The previous samples (samples in Nishio-Hamane et al., 2008 and samples added
later) (closed symbols) were synthesized at 75–117 GPa, 1600–2000 K from the
same gel as the present samples, and annealed at 1600 K at each pressure. The
lower dashed regression line was approximated by the 3rd Birch-Murnaghan
equation of state using the data points of closed symbols above 70 GPa, and is
considered to correspond to the (Mg, Al)A(LSFe3+, Si)BO3 configuration. The upper
dashed line, which passes through the data points of closed symbols below �55 GPa
and is considered to correspond to the (Mg, HSFe3+)A(Al, Si)BO3 configuration, is
drawn as a guide for the eye.

Fig. 4. The schematic drawing of the estimated spin states of iron in pyrolitic lower
mantle minerals.
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calculations (Yu et al., 2012) also predicted the same occupancies
of HS Fe3+ at the A-site and LS Fe3+ at the B-site for Fe2O3-bearing
PPv. From these results, LS Fe3+ in our PPv samples is considered to
occupy the B-site at the synthesis condition, 165–170 GPa and
2100 K. This cation configuration of Al at the A-site and LS Fe3+

at the B-site is considered to continue as the favorable cation dis-
tribution of Fe3+AlO3-bearing PPv between 165 and 100 GPa (Fuji-
no et al., 2013) because the cell volumes of the PPv samples
synthesized from the same gel as ours, and annealed at 1600 K at
each pressure (Nishio-Hamane and Yagi, 2009, Fig. 2), do not show
a change of the trend of cell volumes, as observed in Fig. 3, in the
pressure–volume curve between 110 and 165 GPa.

The comparison of the spin transitions and substitutions of Fe3+

between our Fe3+AlO3-bearing Pv and PPv indicates that the cou-
pled substitution, Mg + Si ¢ Fe3+ + Al, is working in both Pv and
PPv, and Pv above 70 GPa and PPv above 80–100 GPa have the
same cation configuration, Al at the A-site and LS Fe3+ at the B-site,
as the stable or favorable cation configuration. The Fe3+–Al
exchange reaction between the A- and B-sites in Pv above 50–
70 GPa, which is induced by the HS–LS transition of Fe3+, only oc-
curs at high temperature. Therefore, the HS–LS transition pressure
of Fe3+ at the B-site in our Pv at room temperature will be below
50–70 GPa, assuming the positive Clapeyron slope of the HS–LS
transition of Fe3+. This is slightly lower than that in PPv (below
�80 GPa).

3.2. Spin transition and substitution of iron in lower mantle minerals

Now we consider the spin transition and substitution of iron in
lower mantle minerals. Here, we consider the pyrolite composition
for the lower mantle, where the dominant iron-bearing phases are
Fp, Pv, and PPv. With the chemistry of Fp, it can be approximated
as (Mg, Fe2+)O, although some other minor elements will be pres-
ent in Fp. With the chemistries of Pv and PPv, the analyzed compo-
sitions of synthesized Pv and PPv of the pyrolite composition
Please cite this article in press as: Fujino, K., et al. Spin transition, substitution
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(Irifune et al., 2010; Sinmyo et al., 2011) indicate that MgSiO3 Pv
and PPv are substituted by Fe and Al (Fe � Al for Pv and Fe < Al
for PPv). Also, Fe3+ is considered to be more dominant than Fe2+

in Pv (Frost et al., 2004; McCammon, 2005). Therefore, Pv and
PPv in pyrolitic lower mantle can be approximated as the solid
solutions of MgSiO3, Fe2+SiO3, Fe3+AlO3, and Al2O3.

Our experimental studies clarified the spin transition behaviors
of Fe3+ in Al-bearing Pv and PPv. With the spin transition behaviors
of Fe2+ in Pv and PPv, the recent experimental results and first-
principles calculations indicate that Fe2+ always occupies the A-site
and remains HS at the lower mantle conditions both in Pv (Hsu
et al., 2010, 2011; Lin et al., 2012) and PPv (Yu et al., 2012). Com-
bining our experimental results on the spin transitions of Fe3+ in
Al-bearing Pv and PPv with the above recent studies on the spin
transitions of Fe2+ in Pv and PPv, and further combining the previ-
ous reports on Fp (Badro et al., 2003; Lin et al., 2005; Speziale et al.,
2005), we can figure out the spin transitions of iron in iron-bearing
lower mantle minerals as illustrated in Fig. 4. For Fp, virtually it
contains only Fe2+ and it changes from HS to LS between 40 and
80 GPa. For Pv, Fe2+ occupies the A-site and remains HS for the
whole lower mantle, while Fe3+ occupies the A-site and is HS at
pressures below �50 GPa. Then, between 50 and 70 GPa, Fe3+ at
the A-site replaces Al at the B-site and becomes LS. Meanwhile,
for PPv, Fe2+ is always at the A-site and HS and Fe3+ is always at
the B-site and LS for the whole range of lowermost mantle pres-
sures. The Clapeyron slopes of spin transitions of iron in lower
mantle minerals are not exactly considered in constructing Fig. 4,
although they are generally considered to be small. However,
Fig. 4 is illustrated based on the cation exchange reactions in Pv
and PPv which can occur only at high temperature. Therefore,
the spin states of iron in Pv and PPv in Fig. 4 are not at room tem-
perature but at high temperature where the cation exchange reac-
tions can proceed.

3.3. Effects of spin transition and substitution of iron on iron-
partitioning among the lower mantle minerals

Iron-partitioning among the iron-bearing lower mantle miner-
als are largely affected by the spin transition and substitution of
iron in lower mantle minerals. In the following, we discuss how
the iron-partitioning between Pv and Fp, and PPv and Fp in the
lower mantle are affected by the spin transition and substitution
of iron in lower mantle minerals. Here again, we consider the pyr-
olite composition as the model for the lower mantle. Fig. 5 summa-
rizes the partition coefficient KD of Fe–Mg between coexisting Pv
and Fp, and PPv and Fp in the previous reports of the pyrolite com-
position as a function of pressure, where KD = (Fe/Mg)Pv/(Fe/Mg)Fp

or (Fe/Mg)PPv/(Fe/Mg)Fp (Fe includes both Fe2+ and Fe3+). Although
the data points of KD are scattered, a steep increase at 23–30 GPa
and a steep decrease at 40–60 GPa can be generally recognized be-
low �90 GPa. However, above �90 GPa there seem two trends in
, and partitioning of iron in lower mantle minerals. Phys. Earth Planet. In.
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?

Fig. 5. Variations of KD = (Fe/Mg)Pv/(Fe/Mg)Fp or (Fe/Mg)PPv/(Fe/Mg)Fp with pressure
in pyrolitic lower mantle. Fe includes both Fe2+ and Fe3+. The two trends C and S are
drawn above 90 GPa. The labels (1) to (9) given to the pressure intervals at the
bottom of the figure refer to the possible reaction equations in the text, and the
pressure intervals indicate the regions where the respective reactions would be
taking place. The KD data are from Irifune (1994), Kesson et al. (1998), Wood (2000),
Murakami and Hirose (2005), Irifune et al. (2010), Sinmyo et al. (2011), and Sinmyo
and Hirose (2013).
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Fig. 5. One is nearly constant with pressure till the Pv–PPv bound-
ary (denoted as C in Fig. 5), and the other a steep increase toward
the Pv–PPv boundary (denoted as S in Fig. 5). Further, the discon-
tinuous change of KD is recognized at the Pv–PPv boundary,
although the data is very limited.

In Fig. 5, the numbers with a parenthesis and the pressure inter-
vals at the lower part of the figure are the possible reactions, which
are given in the text, and their pressure intervals where those reac-
tions mainly work. The following exchange reaction of HS Fe2+ and
Mg between Pv and Fp without the spin transition of iron is consid-
ered to be working at the upper part of the lower mantle.

HSFe2þSiO3ðPvÞ þMgOðFpÞ ! HSFe2þOðFpÞ þMgSiO3ðPvÞ ð1Þ

However, the steep changes of KD at 23–30 GPa and 40–60 GPa
seem to be difficult to be explained by Eq. (1). We think that the
steep increase of KD at 23–30 GPa in Fig. 5 can be interpreted to oc-
cur by the following valence disproportionation reaction of HS
Fe2+.

3HSFe2þOðFp; MjÞ þ Al2O3ðMjÞ ! 2HSFe3þAlO3ðPvÞ þ Fe-metal

ð2Þ

where Mj denotes majorite (Mg, Fe2+, Ca)3(Mg, Fe2+, Al, Si)2Si3O12

which coexists with Pv, Fp, and Ca-perovskite in the uppermost part
of the lower mantle (Irifune, 1994). In the above equation, most of
HSFe2+O in the left side is supplied from coexisting Fp because the
Fe/Mg ratio of coexisting Mj is much lower than that of Pv (Irifune,
1994). The increase of the solubility limit of Fe3+AlO3 component in
Pv with pressure (Nishio-Hamane et al., 2005) may also enhance the
steep increase of iron in Pv in Fig. 5. Meanwhile, the steep decrease
of KD at 40–60 GPa is considered to be induced by the HS–LS tran-
sition of Fe2+ in Fp,

HSFe2þOðFpÞ ! LSFe2þOðFpÞ ð3Þ

and the following two reactions will proceed because both Fe2+ and
Fe3+ in Pv decrease in this pressure region (Irifune et al., 2010).

HSFe2þSiO3ðPvÞ þMgOðFpÞ ! LSFe2þOðFpÞ þMgSiO3ðPvÞ ð4Þ

2HSFe3þAlO3ðPvÞ þ Fe-metal! 3LSFe2þOðFpÞ þ Al2O3ðPvÞ ð5Þ
Please cite this article in press as: Fujino, K., et al. Spin transition, substitution
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Eq. (4) is the Fe2+–Mg exchange reaction between Pv and Fp,
where the HS–LS transition of Fe2+ accompanies. Eq. (5) is the re-
verse reaction of valence disproportionation reaction (2), but HS
Fe3+ changes to LS Fe2+ and Al2O3 is preserved in Pv, differently
from Eq. (2), because Mj which would play a host for Al2O3 disap-
pears at these pressures. Between 50 and 70 GPa, the remaining HS
Fe3+ at the A-site in Pv will become LS Fe3+ at the B-site by the fol-
lowing Fe3+–Al exchange reaction between the A- and B-sites.

HSFe3þAlO3ðPvÞ ! AlLSFe3þO3ðPvÞ ð6Þ

However, the effect of this reaction on KD, which alone would
increase KD, will become inconspicuous due to the overlapping
with the reactions (4) and (5), both of which decrease KD. The trend
C may be explained by the above reactions.

With the case of trend S in Fig. 5, Sinmyo et al. (2011) raised two
possibilities for the cause of KD increase with pressure; one is the
effect of HS–LS transition of Fe3+ in Pv, and the other the effect of
temperature and/or pressure. In the former case, the following
reaction needs to occur above 90 GPa to increase KD.

3LSFe2þOðFpÞ þ Al2O3ðPvÞ ! 2AlLSFe3þO3ðPvÞ þ Fe-metal ð7Þ

The reaction (7) is the valence disproportionation reaction of LS
iron, and does not involve the HS–LS transition of iron. In this case,
the reaction (7) is induced by reaction (6) above 90 GPa. However,
the spin transition of Fe3+ in Pv above 90 GPa is inconsistent with
our case (between 50 and 70 GPa) or Catalli et al. (2011) (near
70 GPa), and the realization of reaction (7) at such high pressure
seems difficult. At still higher pressures above Pv–PPv bounrdary,
PPv has no spin transition with both Fe2+ and Fe3+ within its stabil-
ity region. However, there may be some drastic change of the
amounts of HS and LS irons across the Pv–PPv boundary, if KD be-
tween PPv and Fp is much lower than that between Pv and Fp
(Murakami and Hirose, 2005; Sinmyo et al., 2011) as illustrated
in Fig. 5. In this case, the following reactions will occur across
the Pv–PPv boundary.

HSFe2þSiO3ðPvÞ þMgOðFpÞ ! LSFe2þOðFpÞ þMgSiO3ðPPvÞ ð8Þ

2AlLSFe3þO3ðPvÞ þ Fe-metal! 3LSFe2þOðFpÞ þ Al2O3ðPPvÞ ð9Þ

Therefore, it is expected by these reactions that HS Fe2+ and LS
Fe3+ in PPv are much lower than those in Pv, and LS Fe2+ in Fp in-
creases across the Pv–PPv boundary. To establish the reaction
scheme to explain the iron-partitioning between Pv–Fp and PPv–
Fp with pressure, further experimental studies on iron-partitioning
with the reliable analyses of the valence and spin states of Fe in
coexisting Pv and Fp, and PPv and Fp are required.

4. Summary

Our experimental studies revealed that the spin state of Fe3+ in
Al-bearing Pv and PPv deeply depends on which site Fe3+ occupies
between the A- and B-sites, and the site occupancies of Fe3+ be-
tween these two sites are strongly controlled by the synthesis
and annealing conditions of the samples. Most of the large discrep-
ancies in the previous reports on the spin transition of Fe3+ may
likely be attributed to the approaches to the spin transition prob-
lems of Fe3+ in the previous studies, where much attention was
not paid to the above points. The combination of the present exper-
imental studies on Fe3+ and recent first-principles calculations on
Fe2+ has a high possibility to resolve the spin transition problems
of iron in Pv and PPv in the previous reports. To clarify the kinetics
of Fe3+–Al exchange reaction between the A- and B-sites and con-
firm the relation between the spin state of Fe3+ and the occupied
site by direct structure analysis will be the next targets. Our model
of the spin transitions and substitutions of iron in pyrolitic lower
, and partitioning of iron in lower mantle minerals. Phys. Earth Planet. In.

http://dx.doi.org/10.1016/j.pepi.2013.12.008


6 K. Fujino et al. / Physics of the Earth and Planetary Interiors xxx (2014) xxx–xxx
mantle minerals explains the basic points of the iron-partitioning
among the iron-bearing lower mantle minerals in the previous re-
ports. However, to better understand the iron-partitioning among
the iron-bearing lower mantle minerals, further high pressure
phase equilibrium experiments of pyrolitic composition and reli-
able analyses of the valence and spin states of iron in the coexisting
iron-bearing phases are required.
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