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DFT at the GGA, GGA + U and hybrid functional levels were used to investigate thousands of different 
Al and Fe3+ configurations of MgSiO3–FeAlO3 (MS–FA) and MgSiO3–FeAlO3–Al2O3 bridgmanite at deep 
mantle conditions. Comparison of the different functionals and atomic charge analysis suggests that 
GGA, frequently used to explain high to low spin transitions observed in several Mössbauer and X-ray 
emission spectroscopy experiments, is hampered by spurious self-interaction errors in the exchange-
correlation energy. Configurational Boltzmann averaging shows that the B site is thermally inaccessible 
to Fe3+ at the GGA + U and hybrid levels, and we find no evidence for a spin-pairing transition in 
fully (thermodynamically) equilibrated samples of bridgmanite, even at the lowermost mantle conditions. 
The comparison of the cation radii of Fe3+ and Mg supports a spin transition accompanied by a site 
exchange, but the flexibility of Fe–O bonds to locally adapt promotes the incorporation of iron in the 
irregularly coordinated A-site. The concept of ionic radii is therefore unsuitable for analysis of spin state 
and site exchange in bridgmanite at these conditions. Consistent with previous computational work and 
experimental studies with glass and gel as starting material, we find that ferric iron kinetically trapped 
at the B site undergoes a spin transition under lowermost mantle conditions. In bridgmanite with mole 
fraction of Fe3+ > Al a charge-balancing amount of low spin Fe3+ will be thermodynamically stable at the 
B site, but because bridgmanite in peridotitic and basaltic lithologies mostly has Al/Fetotal above unity, FA 
with high spin Fe3+ in the A-site will be the dominant iron component. The lack of a Fe3+ spin transition 
in the FA-component has important implications for bridgmanite–ferropericlase partitioning of iron and 
magnesium and the mineral physics of the lowermost mantle.

© 2016 Published by Elsevier B.V.
1. Introduction

Perovskite-structured bridgmanite with MgSiO3-dominated
composition is the most abundant mineral in the Earth, consti-
tuting about 70% of the lower mantle. The ABO3-structure includes 
an irregular and distorted 6 to 12 coordinated A site occupied 
by Fe2+, Mg2+, Fe3+ and minor Al3+ and a smaller octahedral B 
site, containing mainly Si4+ and Al3+ (Vanpeteghem et al., 2006). 
Experimental studies of natural peridotitic and basaltic composi-
tions show that the atomic ratio Al/Fetotal of bridgmanite is mostly 
higher than unity (see references in Supplementary information). 
With cation sums normalized to 200, bridgmanite phases in man-
tle lithogies have average Al and Fetotal of 9 and 8 in peridotites 
and 37 and 25 in basalts, respectively. Peridotite assemblages do 
not include a separate aluminous phase, but majoritic garnet co-
existing with bridgmanite in the uppermost regions of the lower 
mantle has the highest Al-contents of the two. Even with coexist-
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ing Al-rich phases in basaltic lithologies, the bridgmanite is Al-rich 
(and Fe-poor). Several experimental and computational studies 
have documented an energetic preference for the charge-coupled 
trivalent substitution of the end members AlAAlBO3 and FeAAlBO3

to replace the MgSiO3 component in bridgmanite, rather than va-
cancy assisted mechanisms (Walter et al., 2006; Li et al., 2005a;
Brodholt, 2000), see also Supplementary information. A good fit 
for Fe3+ and aluminium in the A- and B-sites, respectively, ex-
plains the favourable energetics of this substitution.

Fe2+ is the predominant form of iron in the uppermost man-
tle ferrosilicates, olivine and pyroxene and fertile peridotites 
have FeO and Fe2O3 contents of about 8 and 0.2 wt%, respec-
tively (Palme and O’Neill, 2003). Because the bulk composition of 
the convective mantle, including the oxygen content is roughly 
constant, the deeper part of the upper mantle and transition 
zone reaches saturation with Fe-dominated metal alloy due to 
the increasing proportion of increasingly majoritic garnet and 
to the incorporation of Fe3+ in this mineral (Rohrbach et al., 
2007). The metal saturation is even more pronounced in the 
bridgmanite-dominated Fe3+-rich assemblages of the lower man-

http://dx.doi.org/10.1016/j.epsl.2016.02.010
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:chrism@geo.uio.no
http://dx.doi.org/10.1016/j.epsl.2016.02.010


JID:EPSL AID:13697 /SCO [m5G; v1.172; Prn:23/02/2016; 9:48] P.2 (1-9)

2 C.E. Mohn, R.G. Trønnes / Earth and Planetary Science Letters ••• (••••) •••–•••
tle (Frost et al., 2004). We have therefore investigated bridg-
manite compositions on the MgSiO3–FeAlO3 (MS–FA) join and 
in the MgSiO3–FeAlO3–Al2O3 (MS–FA–A2) systems. The investi-
gated compositions are 6.25% and 12.5% FA in the MS–FA system 
(Mg1−xFexAlxSi1−xO3 with X = 0.0625 and X = 0.125) and 6.25% 
FA + 6.25% A2 (Mg1−2xFexAl3xSi1−2xO3 with X = 0.0625).

Pressure-induced spin transitions will influence the physical 
properties, like the equation of state and thermal conductivity of 
bridgmanite. Therefore, the electronic state and element distribu-
tion between the lattice positions provide important insights into 
the dynamics of the deep mantle. A spin-paring can take place in 
the deep mantle when the “spin pairing energy” is more negative 
than the energy associated with the splitting of the iron 3d bands. 
That is, pairing of electrons require additional energy to overcome 
Coulombic repulsions between electrons and compensating for loss 
in favourable exchange interactions between like spins. The break-
down of Hunds rule can be explained in the framework of crystal 
field theory by the increase in the splitting, χ , between the eg and 
t2g energy levels with decreasing Fe–O bond length and increas-
ing pressure χ ∼ R(Fe3+–O)−5 (Hofmeister, 2006; Ohnishi, 1978). 
When the chemical bond is markedly covalent, however, a pres-
sure induced spin transition is explained by an increasing overlap 
between the O 2p and metal 3d states, resulting in wider bands, 
which in turn favour spin-pairing (Cohen et al., 1997). If Fe3+ after 
spin-pairing is equal or smaller in size than Al3+ , the transition can 
be accompanied by the site-exchange Fe3+

A,HS + Al3+
B → Fe3+

B,LS + Al3+
A

to reduce overall strain, but since the Fe–O bond is markedly co-
valent, the use of ionic radii to assign iron to a specific site can 
be highly misleading. A particular robust and popular method for 
measuring atomic radii in solids is that of a Bader-volume analysis, 
where the charge density is decomposed in individual contribu-
tions using a density minimum-surface criterion to separate atoms 
(Henkelman et al., 2006). The charge enclosed within this Bader 
volume is a good approximation to the total electronic charge of 
an atom.

Whereas Fe2+ in ferropericlase undergoes a transition to the 
low spin state in the lower half of the mantle (Badro et al., 2003;
Wentzcovitch et al., 2009), various studies of the iron spin state 
in bridgmanite have yielded conflicting evidence. Some of the con-
fusion between different experimental results stems from the un-
certainties about the distribution of Fe3+ and Al between the A 
and B sites. Recent computational and experimental studies show 
that iron located at the B site undergoes a spin transition (Li 
et al., 2005b; Hsu et al., 2012; Huang and Pan, 2012; Catalli et 
al., 2010, 2011; Potapkin et al., 2013; Fujino et al., 2012, 2014; 
Kupenko et al., 2015). The GGA + U results of Hsu et al. (2012), 
however, show that Fe3+

B,LS is much higher in energy (>1 eV) than 
Fe3+

A,HS at lowermost mantle conditions, suggesting that high-spin 
ferric iron remains at the A site as long as Al ≥ Fe3+ . This is in 
agreement with recent Mössbauer study of FA-bearing bridgman-
ite (Potapkin et al., 2013) and X-ray emission spectroscopy of FA-
bearing silicate glass (Mao et al., 2014), where no spin transition 
was found, but contrasts with other experimental work (Catalli et 
al., 2010, 2011; Fujino et al., 2012, 2014) and conventional GGA 
calculations (Li et al., 2005b) carried out without the use a +U 
repulsion term. In these conventional GGA calculations, the en-
ergy difference between the Fe3+

A,HS and Fe3+
B,LS configurations was 

only 0.2 eV (within a 80 ion simulation box) at 100 GPa, which 
is <kBT , indicating that both A and B sites are populated by fer-
ric iron at pressures and temperature above 100 GPa and 3000 K. 
Since the GGA results are frequently used to explain high to low 
spin transition of ferric iron in several Mössbauer and X-ray emis-
sion spectroscopy experiments (Catalli et al., 2010, 2011; Fujino et 
al., 2012, 2014) we address the origin of the discrepancy between 
GGA and GGA + U.
The lack of agreement between the GGA and the GGA + U 
results may be surprising since conventional GGA reproduce 
many structural and thermodynamic properties of ferric-containing 
oxides, also those with a high concentration of iron, includ-
ing α–Fe2O3 itself (Rollmann et al., 2004). However, the Self-
Interaction Error (SIE) in the exchange-correlation term of GGA 
is associated with the spurious interaction of an electron with it-
self, which can be large in strongly correlated compounds. In cases 
where the electronic environment changes dramatically, such as 
for many redox reactions or pressure induced spin transitions, the 
SIE does not always cancel out. Adding a Hubbard +U term to 
the energy removes parts of this spurious self-interaction, favour-
ing filling the 3d orbitals. This results in higher charge and smaller 
atomic radii, and can influence the relative stabilization of Fe3+

HS

vs. Fe3+
LS , since a “GGA + U iron” could “fit” better within the 

small B-site compared to the somewhat larger “GGA iron”. How-
ever, the Hubbard +U term is not perfect either (not uniquely 
defined) and depends on the charge, spin state and local oxy-
gen neighborhood of a given iron, although recent implementation 
where the +U term has been calculated self-consistently, using 
linear response theory, appear more transferable across composi-
tions and less sensitive to changes in local coordination (Cococcioni 
and de Gironcoli, 2005). The spin transition reported by Hsu et al.
(2011) on the B-site of (Mg, Fe)(Si, Fe)O3, where the +U was cal-
culated self-consistently, is in good agreement with that obtained 
experimentally from Mössbauer analysis by Catalli et al. (2010).

The lack of agreement between different experimental and 
computational studies has motivated us to analyze the origin of 
the discrepancy in more detail, and we carry out additional calcu-
lations using state-of-the-art hybrid methods where the exchange-
correlation contribution to the DFT energy was calculated using 
the screened Heyd–Scuseria–Ernzerhof (HSE06) functional where a 
fractional amount of exact Hartree–Fock (HF) exchange is added 
to the total energy (Heyd et al., 2003; Heyd and Scuseria, 2004). 
HSE06 reduces the SIE, and correctly describes the band gap of the 
notorious case of FeO, where conventional GGA fails (Alfredsson 
et al., 2004). For α–Fe2O3 (hematite), for example, it accurately 
predicts structural magnetic and electronic properties without us-
ing 3d electron-specific parameters such as the Hubbard +U term 
(Pozun and Henkelman, 2011).

We have previously shown how configurational Boltzmann av-
eraging may be used to calculate thermodynamic properties at 
high pressure for different oxides such as ferropericlase (Mohn and 
Stølen, 2005) and various perovskite phases (Bakken et al., 2003;
Mohn et al., 2005a). In these cases the site configurational en-
tropy is far from that expected from an ideal solid solution model, 
since the species are markedly dissimilar i.e. they have differ-
ent charge and/or size (Todorov et al., 2004; Stølen et al., 2006;
Mohn et al., 2005b). Because the trivalent Fe and Al ions in bridg-
manite are not distributed randomly over the A and B site (Li et 
al., 2005a; Hsu et al., 2012), we do not resort to the use of any 
ideal solid solution models but investigate a large number of indi-
vidual cation arrangements, followed by an appropriate Boltzmann 
statistical analysis.

2. Theory

Configurational Boltzmann averaging involves 2 steps. First, we 
map the configurational space by distributing the Fe3+ and Al 
over both A and B sites within an orthorombic supercell con-
structed from the parent MgSiO3 bridgmanite structure, followed 
by full free energy minimisations of the different configurations 
of Fe3+ and Al. Next, properties are calculated as Boltzmann aver-
ages over the free-energy minima associated with the distinct ar-
rangements of Al and Fe3+ (with spin σ ) at the electronic ground 
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state (Allan et al., 2001; Bakken et al., 2003; Todorov et al., 2004;
Mohn et al., 2005b; Stølen et al., 2006). The ensemble average at 
temperature T of a microscopic property, Y , such as the enthalpy 
or volume, is given as

< Y >=

Kσ∑
i=1

Y i
σ exp(

−Gi
σ

kB T )

Kσ∑
i=1

exp(
−Gi

σ
kB T )

. (1)

The probability of finding the ensemble in a given atomic con-
figuration i with spins σ is

pi
σ = exp(

−Gi
σ

kB T )

Kσ∑
i=1

exp(
−Gi

σ
kB T )

(2)

where i now runs over all distinct configurations of Al and Fe3+. 
Kσ is the total number of free energy minima associated with dis-
tinct basin on the system free energy surface, kB is Boltzmann’s 
constant and Y i

σ is the property of configuration i with spin σ .
In the equations above, Gi

σ is the minimised free-energy of con-
figuration i with spin σ and is given as

Gi
σ = Hi

σ + 1

2

∑

j

h̄ω j − T (Si
vib + Si

mag), (3)

where Hi
σ is the static enthalpy of configuration i. The second 

term is the zero-point vibrational energy ( j runs over the vi-
brational modes, ω j ), Si

vib is the vibrational energy-contributions 
to Gi

σ and Si
mag is the magnetic entropy contribution associated 

with the magnetic moments of the different iron-atoms. In gen-
eral, the evaluation of the summation in Eq. (1) is exhaustive, and 
with the exception of the smallest simulation cells or composi-
tions close to the dilute limit, efficient techniques for sampling the 
configurational space are required. In this work we use symme-
try arguments by means of identifying symmetrically equivalent 
configurations of Fe3+ and Al, which reduces the overall cost in 
evaluating Eq. (1) (Mohn et al., 2005b).

3. Computational details

At the lowermost mantle conditions (e.g. 100 GPa and 3000 K), 
we are still within the valid regime of the quasi-harmonic ap-
proximation (Tsuchiya et al., 2005), and we can assume that the 
vibrational entropy of atomic configuration i is given as:

Si
vib = kBT

∑

j

ln(1 − exp(−h̄ω j/kBT )). (4)

We calculate Si
vib for a range of atomic configurations (Togo 

et al., 2008), including extreme cases where all the iron (or 
aluminum) are clustered together within the first coordination 
shell or arranged as farthest neighbours. Results from these test-
calculations show that Si

vib is insensitive to configuration and the 
free energy difference between the configurations are T ∗ �Si

vib <

0.05 eV at T ∼ 3000 K for bridgmanite with 6.25% and 12.5% FA.
Since we are mainly interested in free energy differences to cal-

culate site and spin populations, we can ignore the vibrational 
contributions to the free energy. Furthermore, assuming that the 
spin micro-states at the different sites interact weakly (Ulbrich and 
Waldbaum, 1976), Si,mag in equation (3) can be written

Si
mag = −kB XFe3+

∑
nσ ln(dσ (2Sσ + 1)) (5)
σ

where Sσ and dσ are the total spin and orbital degeneracy of the 
atomic configuration i (i.e. in an octahedral crystal field, S = 1/2
and dσ = 3 for ferric iron in the LS-state; S = 5/2 and dσ = 1
for ferric iron in the HS-state; S = 3/2 and dσ = 6 for ferric iron 
in IS state). We compare the enthalpies of the antiferromagnetic 
and ferromagnetic ordering of 10 different atomic configurations, 
where two Fe3+ are distributed in our simulations box. The energy 
differences between antiferromagnetic and ferromagnetic ordering 
of iron atoms are less than 0.1 eV/80 ion supercell, confirming the 
validity of equation (5).

The energy minimisations are carried out by the full relaxations 
of the lattice-parameters, basic atomic positions and the cell vol-
ume at high, intermediate and low spin-configurations of Fe3+ . The 
orthorhombic 3 × 3 × 2 (80-ion) supercell used in the calculations 
is constructed from the primitive orthorhombic 5-ion cell (space 
group Pbnm). All calculations reported are carried out in the static 
limit at 100 GPa, consistent with the total (static + thermal) pres-
sure of about 127 GPa at 3000 K and 136 GPa at 4000 K.

The exchange correlation contribution to the DFT energy was 
calculated using the Vienna ab initio simulation program (Kresse 
and Joubert, 1999) at GGA, using the Perdew–Burke–Erntzerhof 
(PBE), functional (Perdew et al., 1996), GGA + U and HSE06 lev-
els of theory. We use the same Hubbard Coulomb U parameter 
(U = 5 eV) as in previous computational studies of bridgmanite 
on the MS–FA join (Huang and Pan, 2012), which gives results in 
very good agreement with those of Hsu et al. (2012). In HSE06, 
the Coulomb kernel is decomposed into short- and long-range con-
tributions, such that the exchange-correlation energy mimics that 
of hybrid PBE0 at short range, and GGA (PBE) at long range. An 
admixture of 0.25 Hartree–Fock exchange was used in the HSE06 
calculations. Test calculations indicate that a constant plane-wave 
energy cut-off of 700 eV and a uniform 2 × 2 × 2 Monkhorst–
Pack grid were sufficient for the present purpose. Additional test-
calculations were carried out using a larger 360-atom (3 × 3 × 2) 
cell constructed from the conventional (20-ion) unit cell. In these 
calculations only the � point were sampled in the Brillouin zone.

4. Results and discussions

4.1. Spin and site populations in bridgmanite from DFT

In Fig. 1 we report enthalpies and volumes of a range of in-
dividual atomic configurations at 100 GPa for bridgmanite with 
6.25% FA. The atomic configurations are constructed by distribut-
ing a single pair of Fe3+ and Al over both A and B sites, followed 
by full structural optimisation of each individual configuration at 
the GGA and GGA + U levels of theory with LS, IS and HS iron. 
A selection of HSE06 calculations carried out at GGA optimised ge-
ometries are also reported.

The large energy-difference of about ∼1.5 eV between the 
Fe3+

A,HS and the Fe3+
B,LS atomic configurations using GGA + U is strik-

ing, and consistent with previous LDA + U calculations (Hsu et al., 
2012). This contrasts with results from GGA calculations (with-
out the use of a +U term), where the Fe3+

B,LS configurations are 
about 0.5 eV higher in energy than the Fe3+

A,HS configurations. The 
Fe3+

A,HS and Al tend to cluster together in the first coordination 
shell at both GGA and GGA + U levels, whereas the Fe3+

A,HS con-

figuration with the highest energy has Al and Fe3+
A,HS as farthest 

neighbours within the simulation-box, in agreement with previ-
ous GGA calculations (Li et al., 2005b; Stackhouse et al., 2007;
Zhang and Oganov, 2006). Our results at the GGA level are in over-
all agreement with previous GGA calculations carried out by Li et 
al. (2005b), but they report even smaller energy differences be-
tween the Fe3+ and the Fe3+ configurations (of about 0.2 eV). 
A,HS B,LS
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Fig. 1. Optimised cell volume (%) versus minimized enthalpy/simulation cell (eV) 
for all configurations of Fe3+ and Al, calculated in the static limit and 100 GPa 
with 6.25 mol% FA on the MgSiO3–FeAlO3 (MS–FA) join, using GGA, GGA + U and 
HSE06 (at GGA geometries) within an 80 ion-unit cell. For HSE06 we calculate the 
enthalpy for a selection of configurations as discussed in the text. For each of the 
functionals GGA, GGA + U and HSE06, the configuration with the lowest energy 
is the reference with H0 = 0 and V0 = 0. Abbreviations: A, B: A- and B-sites; HS, 
IS, LS: high, intermediate and low spin Fe; +U: GGA + U; HSE: HSE06. Note that 
many configurations overlap because they are close in energy. The configurations 
with high-spin Fe3+ at the B site (B–HS) are high in energy and not shown. Several 
Fe3+

A,LS configurations optimised using GGA converged to Fe3+
A,HS, and we sampled 

only a few datapoints.

This small discrepancy is probably either attributable to the differ-
ent GGA-functionals employed in this work and in Li et al. (2005b)
or due to the sampling of the Brillouin-zone, since only the � point 
was included by Li et al. (2005b), whereas we use a 2 × 2 × 2
Monkhorst–Pack.

Discrepancies between GGA and GGA + U are also found when 
comparing the Fe3+

A,IS and Fe3+
A,LS configurations. The energies of 

the Fe3+
A,LS and Fe3+

A,IS configurations calculated using GGA differ 
by about 0.4 eV, which again are markedly lower than the cor-
responding GGA + U results. In general, the IS and LS spin and 
site-configurations calculated at the GGA level are always lower 
than those of GGA + U which is confirmed by comparing GGA and 
GGA + U results for bridgmanite with 12.5% FA (Fig. 2) and also 
by comparing the two functionals for bridgmanite with 6.25% FA +
6.25% A2 (Fig. 3). The energy difference between the Fe3+

A,HS and 
Fe3+

B,LS arrangements calculated using HSE06 is about 1.2–1.5 eV
higher than those of GGA, in good agreement with the GGA + U 
results (Fig. 1).

We analyze the origin of the discrepancy between GGA and 
GGA + U by decomposing the exchange reaction Fe3+

A,HS + AlB →
Fe3+

B,LS + AlA in individual contributions as follows:

• spin transition without site-exchange: Fe3+
A,HS + AlB → Fe3+

A,LS +
AlB. This enables us to investigate spurious SIE in GGA which 
in general favour Fe3+

LS over Fe3+
HS compared to GGA + U results.

• Site exchange after spin transition: Fe3+
A,LS + Al3+

B → Fe3+
B,LS +

Al3+
A enabling a study of weather GGA is capable of handling 

very different oxygen environment around iron at the A and B 
Fig. 2. Optimised cell volume (%) versus enthalpy/simulation cell (eV) for different 
configurations of Fe3+ and Al, computed at the static limit and 100 GPa with 12.5 
mol% FA on the MgSiO3–FeAlO3 (MS–FA) join, using GGA and GGA + U. Because 
the 80-atom cell contains 2Fe3+ + 2Al, some of the configurations involve Fe on 
two different sites and with different spin state (as shown in the figure). See Fig. 1
caption for information about zero point definition.

Fig. 3. Optimised cell volume (%) versus enthalpy/simulation cell (eV) for different 
configurations of Fe3+ and Al, computed at the static limit and 100 GPa with 6.25 
mol% FA + 6.25 mol% A2 in the MgSiO3–FeAlO3–Al2O3 (MS–FA–A2) system, using 
GGA and GGA + U. See Fig. 1 caption for information about zero point definition, 
abbreviations and the omission of some configurations from the figure.

sites involving changes in both the crystal fields and covalency 
of the Fe–O bond.

Conventional LDA and GGA systematically favour low-spin 
states because energetically favourable correlations between un-
like spins (which may be strong in ferric iron) dominates over 
favourable interactions arising from exchange between parallel 
spins (Swart, 2004). By contrast, adding an amount of exact Fock-
exchange to construct HSE06 may alter this, since Hartree–Fock 
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Table 1
Boltzmann average Bader charges, deviation from fully ionic character (D), volumes 
and radii for the different atoms and 80-atoms cell volumes of bridgmanite with 
6.25% FA on the MS–FA join, calculated using Eq. (1) at 3000 K and 100 GPa. The 
Bader radii are calculated from the Bader volumes using rBader = V 1/3

Bader .

Funct. qBader
(e)

D
(%)

V Bader
(Å3)

rBader
(Å)

V cell
(Å3)

Mg2+
A +U +1.72 14 3.71 0.774

GGA +1.72 14 3.71 0.774
Si4+

B +U +3.26 19 2.19 0.649
GGA +3.26 19 2.19 0.649

Al3+
A +U +2.49 17 2.96 0.718

GGA +2.49 17 2.96 0.718
Al3+

B +U +2.47 18 2.55 0.683
GGA +2.47 18 2.55 0.683

Fe3+
HS,A +U +1.85 38 6.14 0.916

GGA +1.71 43 6.31 0.924
Fe3+

LS,A +U +1.57 48 5.87 0.902
GGA +1.44 49 6.14 0.916

Fe3+
LS,B +U +1.54 49 5.89 0.903

GGA +1.43 52 6.03 0.910
OFeA,HS +U −1.65 18 8.83 1.033 521.0

GGA −1.64 18 8.81 1.033 520.2
OFeA,LS +U −1.64 18 8.79 1.032 518.8

GGA −1.64 18 8.78 1.031 518.6
OFeB,LS +U −1.64 18 8.79 1.032 519.3

GGA −1.64 18 8.78 1.031 518.9

(HF) itself does not describe favourable correlations between un-
like spins. The exchange correlation between like spins, however, 
is treated exactly in HF theory. Because there are 10 favourable 
exchange interactions of high spin Fe3+ and only 4 favourable ex-
change correlations of low spin Fe3+, HF itself will always favour 
HS over IS and LS spin states, a property which is often inher-
ited in hybrid-functionals such as HSE06. Reiher et al. (2001)
suggested that a lower amount of HF exchange of 15% in B3LYP 
(a popular hybrid functional frequently used to model molecu-
lar systems) performed better in modeling spin-state splittings of 
iron-complexes. To check if HSE06 is sensitive to the amount of HF 
exchange, we carried out additional test calculations using HSE06 
with only 15% HF exchange, consistent with Reiher et al. (2001). 
The test calculations show that reducing the amount of HF ex-
change to 15% has very little influence on the energy difference 
between the Fe3+

A,HS and Fe3+
B,LS configurations. The energy differ-

ence was reduced by 0.3 eV when the admixture of Fock-exchange 
was reduced to 15%, confirming a rational mixing of 25% HF ex-
change in HSE06.

An overdelocalisation of the 3d electrons at the GGA level could 
influence structural relaxation and in turn the relative stabilization 
of the Fe3+

A,HS configuration compared to Fe3+
B,LS. As discussed above, 

a “GGA ion” is larger than a “GGA + U ion” and may therefore 
“fit” better in the smaller B site, reducing the overall strain and 
decreasing the energy-difference between the Fe3+

B,HS and Fe3+
A,HS ar-

rangements. As shown in Figs. 1–3 and Table 1, the GGA Fe3+
B,LS ion 

is only marginally smaller than the GGA + U Fe3+
B,LS ion. To ana-

lyze if this differences in size may influence structural relaxation 
and therefore the energy difference of the Fe3+

A,HS and Fe3+
B,LS con-

figurations, we compare the GGA and GGA + U energy-differences 
between Fe3+

A,HS and Fe3+
B,LS configurations carried out at the same

geometries. The energy difference between the Fe3+
B,LS and Fe3+

A,HS
configurations calculated using GGA + U at fixed GGA-optimised 
geometries is less than 0.2 eV lower than the corresponding en-
ergy difference at fixed GGA + U-optimised geometries. Therefore, 
the smaller “GGA + U atom” appears to have very little influence 
on the relative stability of the HS vs LS configurations.

The local oxygen arrangements around the Fe3+
A and the Fe3+

B
are very different, as shown in Fig. 4, where we plot average 
cation–oxygen distances. Whereas the oxygens around Fe3+ form a 
B
Fig. 4. Average cation–oxygen distances in bridgmanite with 6.25 mol% FA on the 
MgSiO3–FeAlO3 (MS–FA) join at the static limit and 100 GPa. The A-site coordina-
tion is irregular and the closest 9–11 oxygens are shown.

regular octahedron with typical Fe–O bond-lengths of about 1.8 Å, 
the oxygens around Fe3+

A,HS form a markedly distorted polyhedron 
with six bonds of about 1.9 Å to 2.0 Å and where the next five to 
six Fe–O distances lie in the range from 2.2 to 2.7 Å. Table 1 shows 
that the LS Fe–O bonds are in general less ionic than the HS Fe–
O bond (Cohen et al., 1997; Swart, 2007). From an ionic point of 
view, the 3d electrons experience very different crystal fields from 
the oxygens at the A and B sites. An iron at the B site will expe-
rience a strong destabilization of 3d2

Z and 3dX2−Y 2 following the 
Fe3+

A,HS + Al3+
B → Fe3+

B,LS + Al3+
A exchange. To check if these changes 

affect the relative merits of the GGA, GGA+U and HSE06, we com-
pare the energy difference between, for example, Fe3+

B,LS and Fe3+
A,LS, 

i.e. the energy difference between iron with the same spin at the 
two sites. Fig. 1 shows that the energies of the Fe3+

B,LS and Fe3+
A,LS lie 

in the same range for each of the functionals.
The discrepancy between the GGA and GGA + U is therefore 

mainly explained by SIE in the exchange-correlation energy due 
to changes in the spin-state. The large energy difference between 
the Fe3+

B,LS and Fe3+
A,HS configurations calculated using GGA + U and 

HSE06, suggests that the B site is not thermally accessible to 
Fe3+ if Al > Fe3+ . This contrasts with the popular view where 
comparison of cation radii taken from e.g. Shannon’s compilation 
(Shannon, 1976), is used to explain the site-preference of Fe3+ fol-
lowing the high- to low-spin transition of ferric iron observed in 
Mössbauer and X-ray experiment (Catalli et al., 2010; Fujino et al., 
2012).

The compilation of ionic radii by Shannon (1976) may support 
the general notion that the configurations with Fe3+

A,HS (r ∼ 0.78 Å) 
and AlB (r ∼ 0.535 Å) is thermodynamically stable in MS–FA-
dominated bridgmanites, at least at pressures of the upper to 
middle parts of the lower mantle. At the higher pressures of the 
lowermost mantle, however, configurations involving Fe3+

B,LS + Al3+
A , 

(with radii of about 0.55 and 0.68 Å, respectively where the AlA
radius is an estimate by Fujino et al., 2012), might be perceived to 
be volumetrically favourable, although such a site exchange does 
not lead to a volumetric B-site decrease, according to these simple 
radius estimates.

Our calculated bond lengths and Bader volumes (Henkelman et 
al., 2006), presented in Fig. 4 and Table 1, demonstrate that the 
Fe3+

B,LS–O bond is longer than the Al3+
B –O bond, and that Fe3+

B,LS has a 
Bader volume and corresponding radius that are 2.3 and 1.3 times 
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Fig. 5. B-site population of low-spin Fe3+ (%) in bridgmanite on the MS–FA join. Top: 
Population versus temperature, calculated using equation (1) at a static pressure of 
100 GPa. The total pressures, including the thermal contributions, are approximately 
118 and 145 GPa at 2000 and 5000 K, respectively. Bottom: Population versus static 
pressure (100–140 GPa), calculated at 3500 K from equation (1). The corresponding 
total (static + thermal) pressure range is approximately 132–184 GPa.

those of Al3+
B . The Bader size difference between Fe3+

A,HS and Fe3+
B,LS

(GGA + U), however, is very small (4.2 and 1.4% difference in vol-
ume and radius, respectively) and the cation-exchange reaction

Fe3+
A,HS + Al3+

B → Fe3+
B,LS + Al3+

A (6)

has a volume increase of 1.8%, suggesting that B-site substitution 
of Fe3+ remains energetically unfavourable at any pressure. This 
simple cation-exchange reaction (eq. (6)) does not reflect the con-
traction of the large O-atoms as a result of charge transfer and 
the largely covalent nature of the Fe–O bonds, especially those in-
volving Fe3+

B,LS. Table 1 shows that the deviations from fully ionic 
character are large for Fe3+

A,HS (about 40%) and especially for Fe3+
B,LS

where the deviation is as large as 50%. To capture the influence 
on the anions on volume-changes following the spin and site ex-
change, we look at the full 80-atom cell reaction:

(Mg15FeHS)A(AlSi15)
BO48 = (Mg15Al)A(FeLSSi15)

BO48 (7)

which has a small (Bader) volume decrease of 0.34% (GGA + U). 
A volume decrease of about 0.34% is consistent with Fig. 1 and 
Fig. 2 (compare the cell-volumes of the Fe3+

A,HS and Fe3+
B,LS configu-

rations) since the sum Bader-volumes gives the total cell-volume.
This indicate that a spin-transition may be favoured at ele-

vated pressure and emphasise that the use of simple concepts such 
as the comparison of cation radii as a guide to crystal chemi-
cal changes at lower mantle conditions is misleading and should 
generally be avoided. It is essential to include the contractions of 
the oxygens in analysing the (potential) spin and site-transition, 
using an appropriate partitioning scheme such as that of Bader 
(Henkelman et al., 2006). Although �V in eq. (7) is negative, ex-
trapolating from static calculations carried out at 100, 120 and 
140 GPa, suggests that the spin-transition will take place at pres-
sure >200 GPa, in agreement with LDA + Usc calculations (Hsu et 
al., 2012).

Fig. 5 shows the populations of the different spins (and sites) 
calculated using Boltzmann statistics (Eq. (1)) for bridgmanite with 
6.25% and 12.5% FA, respectively, derived by averaging over all pos-
sible distinct arrangements of Fe3+ and Al. At lowermost mantle 
conditions, less than 1% of the iron are LS and even at extreme 
temperatures such as 5000 K < 4% of the B site positions are 
populated at the GGA + U (U = 5) level. Hsu et al. (2012) used 
a slightly lower value of U in their LDA + Usc calculations, which 
gives slightly smaller energy-differences between Fe3+

A,HS and Fe3+
A,LS

configurations (by about 0.3 eV), in quantitative agreement with 
our HSE06 values reported in Fig. 1. To check to what extent low-
ering the value of +U influence the populations of the HS and 
LS spin-states, we carried out additional Boltzmann averaging by 
shifting the distribution of Fe3+

B,LS configurations shown in Fig. 1 by 
0.3 eV to lower energies. The results from these additional tests 
show that the population of Fe3+

B,LS is 0.7% at 3000 K and about 5% 
at 5000 K for bridgmanite with 6.25%. By contrast, the GGA results 
suggest that about 20–30% of the B site positions are populated by 
Fe3+

LS at 3000 K. We do not show the populations of all different 
spin states of iron in Fig. 5, and only Fe3+

A,HS, Fe3+
B,LS spin configura-

tions are discussed at this point, because we assume that the ions 
are vibrating within the distinct wells on the Born–Oppenheimer 
surface (Eq. (1)). This does not allow for electronic excitation, and 
the summation in eq. (1) measures the site-configurational contri-
bution to the site-population only. That is, at 100 GPa (in the static 
limit), when the iron-atoms are at the A site, we assume that they 
all possess HS in their electronic ground state, whereas the few 
that populate the B site (GGA + U) will be LS (since Fe3+

B,LS config-

urations are lower in energy than Fe3+
B,HS configurations). However, 

noting that the Fe3+
A,IS is less than 1 eV higher in energy than the 

Fe3+
A,HS, and that the magnetic entropy of the IS state is higher 

than that of HS state due to a higher orbital degeneracy of the 
former, we can easily modify Eq. (1) to also include electronic IS 
excitations. The Boltzmann average does therefore not only contain 
contributions from site-configurations but also contributions from 
electronic excitations. The inclusion of Fe3+

A,IS in the evaluation of 
Eq. (2) has a small effect on the population of Fe3+

A,HS. At 3000 K 
with IS included in the Boltzmann average, about 95% of the iron 
atoms are Fe3+

A,HS and about 5% are Fe3+
A,IS. The Fe3+

A,LS will not con-
tribute since they are all far too high in energy. We do not find 
any evidence for a high-to-low spin transition in bridgmanite on 
the MS–FA join within the deep Earth, because GGA + U show that 
all Fe3+

B,LS and Fe3+
A,LS configurations are high in energy and thermally 

inaccessible.

4.2. Comparison with experimental results and implications for 
bridgmanite in the mantle

Bridgmantite crystallizing below and above the solidus in ex-
periments on lherzolitic and basaltic compositions (both natural 
and simplified, synthetic) is generally characterized by Al/Fetotal
ratios above unity (Supplementary information). Although iron is 
present largely as the FA component, various studies have yielded 
conflicting evidence on the Fe3+–Al site distribution and spin state. 
Our results indicate that Fe3+

HS in bridgmanite in the MS–FA and 
MS–FA–A2 systems are confined only to the A site, in the pres-
sure and temperature range of the lowermost mantle (see Fig. 5). 
Bridgmante in the system MgSiO3–FeSiO3–Al2O3–Fe2O3 with ex-
cess Fe3+ relative to Al, or in the system MgSiO3–FeSiO3–Fe2O3, 
must incorporate Fe3+ in the B site to maintain charge balance. 
It seems well established that Fe3+

B undergoes a low-spin transi-
tion at mid-mantle pressures and temperatures (Catalli et al., 2010;
Kupenko et al., 2015; Xu et al., 2015). Several experimental stud-
ies support the notion that in bridgmanite with a mole fraction of 
Al ≥ Fe3+, all of the ferric iron remains in the high-spin state in 
the A site (e.g. Potapkin et al., 2013; Kupenko et al., 2015). Other 
investigations of bridgmanite on the MS–FA join, however, have 
concluded that Fe3+

A,HS swap position with Al3+
B and undergoes a 

site-exchange following a spin transition (e.g. Catalli et al., 2011;
Fujino et al., 2012).

The reasons for the conflicting experimental observations are 
not clear, although Hsu et al. (2012) suggested that a Fe3+

A,HS →
Fe3+

B,LS transition can explain a volume-reduction of 0.3% as re-
ported by Catalli et al. (2010) if at least 50% of the iron is located 
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at the B site. This is consistent with the volume-differences be-
tween the Fe3+

A,HS and Fe3+
B,LS configurations in Figs. 1–3. However, 

the LDA + U calculations reported by Hsu et al. (2012) carried out 
at 100 GPa and 2100 K, show that about 4% of the ferric iron oc-
cupies the B site, which is higher than that found in this study 
(at both GGA + U = 5 and HSE06 levels of theory). A population of 
only 4% of the Fe3+

B,LS still does not explain the volume-reduction 
of 0.6% suggested by Catalli et al. (2010). Hsu et al. (2012) ex-
plained the discrepancy between their calculated Fe3+

B,LS population 
and the experimental results of Catalli et al. (2010) by their incom-
plete sampling of the configurational space, overlooking important 
possible low-energy configurations.

Our results lend very little support to this view, because we 
investigated all possible configurations of Al and Fe within an 
80-ion cell for bridgmanite with 6.25% and 12.5% FA on the 
MS–FA join and with 6.25% FA + 6.25% A2 in the MS–FA–A2
system, and found that none of the LS configurations are ther-
mally accessible even at extreme temperature. For bridgmanite 
with 6.25% FA we also found the same low-energy configura-
tions as Hsu et al. (2012) and Zhang and Oganov (2006) where 
Al and Fe3+

A,HS prefer to cluster together as nearest neighbours. 
To check if extended Al–Fe clusters can alter the relative stabil-
ity of the Fe3+

A,HS and Fe3+
B,LS configurations, we carried out addi-

tional calculations at 100 GPa using a larger 360 atoms super-
cell. In these calculations 8 Al and 8 Fe were distributed such 
as to maximise the number of Al–Fe nearest-neighbours. In ad-
dition we investigated extreme configurations where Fe–Fe are 
aligned as nearest neighbours (although such configurations are 
high in energy in the 80-ion calculations), and also selected ran-
dom configurations. These additional test-calculations carried out 
in a 360-atom cell, confirm the results from the 80-ion cell that 
Fe3+

B,LS is always high in energy and thermally inaccessible. The 
Fe3+

B,LS configuration is about 30 eV/super cell higher in energy than 
the Fe3+

A,HS configurations with the lowest energy suggesting that 
the correlation-length is reasonably well captured in an 80-ion 
cell.

However, it is important to bear in mind that although we 
find that the B site is thermally inaccessible when Al/Fetotal ≥ 1, 
iron can be kinetically trapped at the B site depending on sample 
preparation and synthesis. It is therefore possible that a metastably 
trapped Fe3+

B,LS configuration can, at least partly, explain the spin-
transition observed in Mössbauer experiments (Catalli et al., 2011; 
Fujino et al., 2012, 2014), as well as the increasing Fetotal/Mg-ratio 
in bridgmanite coexisting with ferropericlase at 100–120 GPa and 
2300 K in the experimental investigation of the Fe/Mg-partitioning 
by Sinmyo and Hirose (2013). In these studies gel or glass where 
used as starting materials, whereas experiments with bridgman-
ite starting material synthesized in a multianvil press at about 
25 GPa showed that all iron was Fe3+

A,HS (Kupenko et al., 2015;
Potapkin et al., 2013). We speculate that gel and glass starting ma-
terials might favour trapping of metastable Fe3+

B,LS.
A possible spin transition is expected to affect the Fe–Mg par-

titioning between bridgmanite and ferropericlase considerably. The 
well documented gradual transition to low-spin Fe2+ in ferroper-
iclase at 40–80 GPa (e.g. Badro et al., 2003; Fujino et al., 2014) 
can explain the decrease and increase in the Fe/Mg ratio in co-
existing bridgmanite and ferropericlase, respectively, through the 
upper half of the lower mantle (see compilation in Fig. 4 in Sinmyo 
and Hirose, 2013). The suggestion of a reversed partitioning trend 
at 100–120 GPa (Sinmyo and Hirose, 2013) is not consistent with 
Fujino et al. (2014). Their Fig. 4 indicates that A-site Fe2+ in bridg-
manite remains high-spin to at least 120 GPa and that the sug-
gested site exchange and low-spin transition of Fe3+ occur within 
the 50–70 GPa range.

Challenges in controlling the iron charge may also explain the 
lack of agreement between experimental studies. Fujino et al.
(2014) pointed out the experimental difficulties in characteriza-
tion of the samples and suggested that they may contain both 
ferric and ferrous irons. Even if the starting materials are well 
characterized in terms of iron oxidation state, the tiny sample vol-
ume used in laser-heated diamond anvil cell experiments might 
be vulnerable to contamination from the surrounding reservoirs of 
native C (diamond) and mostly Re metal (gasket). The oxidation 
state of iron might therefore be influenced by redox reactions in-
volving ferric and ferrous oxide, carbonate and metal alloys: e.g. 
MgO+Fe2O3 +C = MgCO3 +FeO+Fe and 3FeO+Re = ReFe+Fe2O3.

5. Conclusions

We have investigated thousands of different Fe3+ and Al con-
figurations of bridgmantite with 6.25% and 12.5% FA followed by 
a statistical analysis of spin and site populations by configura-
tional Boltzmann averaging together with DFT. Because analysis of 
bridgmanite crystallized in experiments on peridotitic and basaltic 
model and natural compositions shows that the Al/Fetotal atomic 
ratio generally exceeds unity, some of the Al will probably partition 
into the A-site, charge-balanced by Al3+ in the B-site, at least in 
the upper part of the lower mantle. We therefore also investigated 
bridgmanite with 6.25% FA and 6.25% A2 which to our knowledge 
has not been studied computationally.

Comparison of results from GGA, GGA + U and HSE06 (with 25 
and 15% HF exchange) suggests that GGA frequently used to ex-
plain high- to low-spin transitions observed in several Mössbauer 
and X-ray emission spectroscopy experiments, accompanied by the 
site-exchange: Fe3+

A,HS + AlB → Fe3+
B,LS + AlA is hampered by spuri-

ous self interaction errors in the exchange correlation energy. We 
find that the main source of the discrepancy between the GGA and 
the GGA + U and HSE06 results is the large difference in exchange 
energy of the two spin-states, which is not well captured at the 
GGA level. There are 10 favourable exchange interactions of high 
spin Fe3+ but only 4 favourable exchange interactions of low spin 
Fe3+, and GGA will therefore always underestimate the energy dif-
ference between the LS and HS configurations. The good agreement 
between the HSE06 and the DFT + U results is particularly encour-
aging because they differ fundamentally in how they treat SIE.

We find no evidence for a high- to low-spin transition, followed 
by a site exchange of ferric iron within fully equilibrated sam-
ples of iron-bearing bridgmanite at lowermost mantle conditions 
when Al ≥ Fe3+ . That is the octahedral B-site is high in energy 
and thermally inaccessible to Fe3+ , consistent with recent Möss-
bauer experiments (Potapkin et al., 2013; Kupenko et al., 2015). 
Configurational Boltzmann averaging at 3000 K and 100 GPa shows 
that about 95% of the iron is HS and located at the A site, whereas 
about 5% is Fe3+

A,IS and less than 1% is Fe3+
B,LS. Although the volume 

change following the site and spin exchange is negative at 100 GPa 
(all Fe3+

A,HS configurations are larger than Fe3+
B,LS configurations), the 

flexibility of iron to locally adapt promotes its incorporation in the 
irregularly coordinated A-site, stabilising Fe3+

A,HS over Fe3+
B,LS.

Depending on sample preparation and experimental conditions, 
iron might become kinetically trapped at the B site and can there-
fore undergo a spin transition at high pressure and temperature 
accompanied by a volume-decrease. Such a volume collapse can 
be understood by changes in covalency/charge-transfer and “flex-
ible” Fe–O bonds rather than by the release of strain following 
the exchange of the cations: Fe3+

A,HS + AlB → Fe3+
B,LS + AlA. Indeed, 

calculated Bader charges and volumes of the different atoms in 
bridgmanite at 100 GPa and 3000 K (in the static limit) show 
that the Fe–O bond is characterized by considerable charge trans-
fer following spin transition and site exchange. The deviation from 
fully ionic character increases from 38% for Fe3+

A,HS to 49% for Fe3+
B,LS

(GGA + U). Popular concepts based on the comparison of cation 
radii to understand or predict spin-transition and site-preference 
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of iron is therefore unsuitable at deep mantle conditions, and the 
covalent nature of the Fe–O bond must be included in the analysis 
of such processes.

Because bridgmanite in peridotitic and basaltic lithologies 
mostly have Al/Fetotal ratios above unity, the FA-component is 
dominant. The crystallographic tendency to disproportionate fer-
rous iron to Fe3+ and Fe0 is therefore likely to presist throughout 
the mantle. A lack of Fe3+ spin transition in the lowermost mantle 
indicates that the K D (Fe/Mg) for bridgmanite–ferropriclase parti-
tioning may remain at about 0.5 down to the D′′ zone.
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Iron spin state and site distribution in FeAlO3-bearing bridgmanite 
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Supplementary information 

Crystal chemistry of bridgmanite in mantle rocks  

This supplementary information summarizes the importance of the FeAlO3 and Al2O3 

components in bridgmanite in mantle rocks. The Al/Fe
total

 ratios of bridgmantite crystallized 

from peridotitic and basaltic lithologies, both below and above the solidus, are generally above  

unity (Kesson et al. 1994; 1998; Hirose et al. 1999, 2005; Ono et al. 2001; Hirose, 2002; Hirose 

& Fei, 2002, Trønnes and Frost, 2002; Frost et al. 2004; Liebske et al. 2005; Murakami et al. 

2005; Ricolleau et al. 2010; Irifune et al. 2010; Sinmyo et al., 2011; Sinmyo and Hirose, 2013; 

Pradhan et al. 2015). With cation sums normalised to 200, the average contents of Al and Fe
total

 

are 9 and 8 in peridotitic and 37 and 25 in basaltic compositions, respectively. Additional 

analyses of the Fe
3+

/Fe
total

 ratio in bridgmanite crystallized in peridotite and basalt compositions 

and simplified synthetic compositions with variable proportions of Fe and Al (e.g. Lauterbach et 

al. 2000; Frost and Langenhorst, 2002, Frost et al., 2004; Sinmyo & Hirose, 2011), demonstrate 

that iron is present dominantly as the FeAlO3 component.  A positive correlation between the 

proportions of Al and Fe
3+

 (e.g. Fig. 5 in Sinmyo and Hirose, 2011) indicates that FeAlO3 may 

become the only iron component in basaltic bridgmanites with more than 20 Al cations per 200 

cation formulas. Our results show that the Fe
3+

A,HS + AlB configuration persists for this 

component through the entire lower mantle. The excess Al relative to Fe
3+

 in bridgmanite will be 

distributed nearly equally between the A and B sites.  Redistribution of Al and Fe
3+

 between the 

A and B sites accompanied by Fe
3+

 spin pairing is energetically unfavourable also also for 

bridgmanites with Al-excess (Fig. 3).     

Suggestions that the incorporation of trivalent cations in the B site of bridgmanite could be 

accompanied by oxygen vacancies (Navrotsky et al., 2003) are not supported by the experiments 

of Walter et al. (2006), indicating that compositions on the MgSiO3-MgAlO2.5 join break down 

to periclase coexisting with bridgmanite on the MgSiO3Al2O3 join (e.g. Mg5Al2Si3O14 = 2 MgO 

+ Mg3Al2Si3O12). This finding agrees with atomistic simulations by Brodholt (2000) and Akber-

Knutson and Bukowinski (2004), who concluded that oxygen-vacancies in bridgmantite are 

energetically unfavourable at high pressures. The solubility of the Al2O3 component in MgSiO3-

based bridgmanite is about 25%, corresponding to the pyrope composition (Walter et al. 2006).  

Based on analyses of bridgmanite crystallized from basaltic bulk compositions (e.g. Kesson et al. 

1994; Ono et al. 2001; Hirose & Fei, 2002; Hirose et al. 2005; Ricolleau et al. 2010; Pradhan et 

al. 2015) and from the composition Mg3FeAlSi3O12 (Nishio-Hamane et al. 2005), the solubility 

of the FeAlO3 component may also be close to 25%. 

Xu et al. (2015) suggested that bridgmanite in depleted harzburgite, as well as in the upper 

parts of the lower mantle where garnet occurs as an additional phase, will have low Al/Fe
total

 

ratio, significantly below unity. The incorporation of  Fe
3+

A in bridgmanite is promoted mainly 

by the the crystal-chemical need for charge balancing the trivalent Al, which partitions 

preferentially to the B site (Frost et al. 2004, Vanpetegem et al. 2006). Very low bulk rock 

Al/Fe
total

 ratio may therefore lead to bridgmanite compositions with low Fe
3+

/Fe
2+

 ratios and low 



contents of a separate Fe-dominated metal phase (Fe-Ni-S-alloy phase, e.g. Frost et al. 2004) in 

the rock.  Bridgmanite in lithologies with high Fe
2+

 and low Al, e.g. Fe-rich peridotite cumulates, 

may undergo transition to low-spin Fe
2+

A
 
in the lowermost mantle (e.g. Badro et al. 2004; Badro 

2014). This would potentially increase the partitioning of Fe to bridgmanite, coexisting with 

ferropericlase towards the core-mantle boundary.  Charge-balanced configurations with Fe
3+

A,HS 

+ Fe
3+

B,LS (Xu et al. 2015) or AlA + Fe
3+

B,LS (Sinmyo and Hirose, 2013; Fujino et al, 2014) are 

less likely to cause a similar partitioning behaviour. 

The occurrence of bridgmanite with low Al/Fe
total

 ratios is unlikely in ordinary peridotite and 

basalt, even in the presence of coexisting garnet in peridotite in the uppermost lower mantle or in 

the presence of a coexisting Al-rich phase in basalt in the entire lower mantle. Hirose (2002) 

presented high quality EMPA analyses of ten bridgmanite assemblages, five with and five 

without coexisting garnet, from subsolidus peridotite experiments at uppermost lower mantle 

conditions.  The average Al/Fe
total

 ratios of the bridgmanites are quite similar in the two types of 

assemblages: 0.96 in those with garnet and 1.02 in those without garnet. The basaltic  

bridgmanites coexisting with Al-rich phases throughout the lower mantle (the hexagonal NAL or 

the orthorhombic Ca-ferrite structured phases, close to the NaAlSiO4-MgAl2O4 join) have 

considerably higher Al/Fe
total

 ratios, averaging 1.5 (see discussion above).  

Melt extraction from depleted residues dominated by olivine and orthopyroxene (harzburgite) 

in the upper mantle will result in decreasing residual Al/Fe ratio because the bulk residue has 

fairly constant Fe content even at relatively extensive depletion, whereas Al becomes more 

depleted. The residual Mg/Si and (Mg+Fe)/Si ratios will increase after shallow extraction of 

basaltic melts.  However, extensive Hadean melt depletion in the lower mantle, possibly 

combined with (early) cumulate crystallization, may not alter the residual Al/Fe ratio much, due 

to strong Fe-partitioning to the melt (Nomura et al. 2011; Tateno et al. 2014; Pradhan et al. 

2015).  The value of KD
bridgmanite/melt

(Fe/Mg) is 0.30.4 and about 0.1 at pressures below and 

above 60-80 GPa, respectively.  The Mg/Si ratio is not fractionated significantly between a 

peridotitic residue and a slightly less or slightly more magnesian melt in the transition zone and 

lower mantle (Liebske and Frost 2012; de Koker et al. 2013). Depleted harzburgites with high 

Mg/Si-ratio after shallow extraction of basaltic magmas, however, will have higher proportions 

of ferropericlase with Fe/Mg ratio exceeding that of bridgmanite (e.g. Irifune et al. 2010).  This 

will increase the Al/Fe ratio in bridgmanite and the combined effects might be to minimize a 

reduction of the Al/Fe-ratio in residual mantle lithologies. 
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