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[1] We have critically reviewed and discussed currently
available information regarding the spin and valence states
of iron in lower mantle minerals and the associated effects
of the spin transitions on physical, chemical, and transport
properties of the deep Earth. A high-spin to low-spin
crossover of Fe2+ in ferropericlase has been observed to
occur at pressure-temperature conditions corresponding to
the middle part of the lower mantle. In contrast, recent studies
consistently show that Fe2+ predominantly exhibits extremely
high quadrupole splitting values in the pseudo-dodecahedral
site (A site) of perovskite and post-perovskite, indicative of a
strong lattice distortion. Fe3+ in the A site of these structures
likely remains in the high-spin state, while a high-spin to
low-spin transition of Fe3+ in the octahedral site of perovskite
occurs at pressures of 15–50 GPa. In post-perovskite, the

octahedral-site Fe3+ remains in the low-spin state at the
pressure conditions of the lowermost mantle. These changes
in the spin and valence states of iron as a function of
pressure and temperature have been reported to affect
physical, chemical, rheological, and transport properties
of the lower mantle minerals. The spin crossover of Fe2+

in ferropericlase has been documented to affect these
properties and is discussed in depth here, whereas the
effects of the spin transition of iron in perovskite and
post-perovskite are much more complex and remain
debated. The consequences of the transitions are evaluated
in terms of their implications to deep Earth geophysics,
geochemistry, and geodynamics including elasticity, element
partitioning, fractionation and diffusion, and rheological and
transport properties.
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1. INTRODUCTION

[2] The Earth’s lower mantle, as described in terms of a
pyrolitic compositional model, is mainly composed of
ferropericlase ((Mg,Fe)O; abbreviated as fp; approximately
20% in volume), aluminous silicate perovskite (Al-(Mg,Fe)
(Si,Fe)O3; hereafter called perovskite and abbreviated as Pv;
approximately 75% in volume), and calcium silicate
perovskite (CaSiO3; approximately 5% in volume) (Figure 1)
[e.g., Ringwood, 1982; Irifune 1994; Irifune and Isshiki,
1998; Irifune et al., 2010]. Silicate perovskite transitions to
silicate post-perovskite ((Mg,Fe)(Si,Fe)O3; abbreviated as

PPv) at pressure-temperature (P-T) conditions of the lower-
most mantle and is expected to be stable only within the D00

layer just above the core-mantle boundary [e.g., Murakami
et al., 2004; Oganov and Ono, 2004; Hirose, 2006]. It should
be cautiously noted that the exact mineral proportions of the
lower mantle remain highly uncertain and debated [e.g.,
Ricolleau et al., 2009; Murakami et al., 2012]. Specifically,
Mid-Ocean Ridge Basalt (MORB) assemblages at lower
mantle P-T conditions are expected to contain high-pressure
silica and Al-rich phases, and ferropericlase may be absent
[Irifune and Ringwood, 1987, 1993].
[3] Physical and chemical properties of planetary materials

directly reflect the electronic structures and bonding charac-
ters of the constituting atoms. The configuration and interac-
tion of the outermost shell electrons of the atoms is of
particular importance in understanding earth materials. Under
the extreme high P-T conditions of the deep Earth, however,
the electronic configurations can be significantly altered,
causing an electronic spin-pairing transition. This transition
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can, in turn, significantly affect the properties of the materials
that compose the interior of our planet. Indeed, pressure-
induced electronic spin-pairing transitions of iron and their
associated effects, postulated nearly 50 years ago by Fyfe
[1960] and later predicted by ab initio computations by
Cohen et al. [1997], have recently been reported for lower
mantle minerals at high pressures [e.g., Badro et al., 2003,
2004; Li et al., 2004; Li et al., 2005a; Lin et al., 2005]. Here
we review what is known about the nature of the spin transi-
tions, focusing on the effects of spin transitions on the
thermoelastic, chemical, rheological, and transport proper-
ties of the lower mantle minerals at relevant P-T conditions.
[4] Iron is the most abundant transition metal within the

Earth and features 3d electronic shells which can be partially
filled, allowing for more complex structures than other
major rock-forming elements. Iron exhibits two main
valence states in lower mantle materials: ferrous iron (Fe2+),
with six 3d electrons, and ferric iron (Fe3+), with five 3d
electrons [e.g., Cohen et al., 1997; McCammon, 1997, 2006]
(Figure 2). High P-T experimental results for pyrolitic compo-
sitions show that the concentration of iron is approximately
20 mol% in ferropericlase, where it exists mainly as ferrous
iron (Fe2+). Perovskite and post-perovskite each contain
approximately 10 mol% iron, although both can contain very
high amounts of ferric iron (in the case of perovskite, up to
~50–70% of total Fe) at lower mantle conditions [e.g., Frost
et al., 2004; McCammon, 1997, 2006; Irifune et al., 2010].
The ionic radii and electronic configurations of the high-spin
and low-spin states of iron ions in the same crystallographic
site are intrinsically different [Shannon and Prewitt, 1969;
Shannon, 1976; Burns, 1993]. For example, the ionic radius
of the Fe2+ in the sixfold octahedral site is 0.78 Å for the
high-spin state and 0.61 Å for the low-spin state. This differ-
ence is 0.17 Å (22%) in the ionic radius or 52% in volume
between high-spin and low-spin states. On the other hand,
all six 3d electrons of the low-spin Fe2+ are paired in the outer
shell orbitals, whereas high-spin Fe2+ has four unpaired

electrons occupying electronic orbitals. That is, the spin transi-
tion of iron in lower mantle minerals can result in significant
changes in physical (e.g., density and bulk modulus), transport
(e.g., electrical conductivity and radiative heat transfer), and
chemical (e.g., element partitioning) properties (see further
discussions below).

2. SPIN TRANSITIONS IN MANTLE MINERALS

[5] Classically, crystal field theory (CFT) has been success-
fully used to describe the electronic structure of transition
metal compounds with the positively charged metal cation
and the negative charge on the nonbonding electrons
of the ligand [Burns, 1993]. The metal’s five degenerate
d-orbitals experience specific energy changes when
surrounded by certain symmetries of ligands, which act
as point charges. In combination with molecular orbital
theory, CFT can be transformed to ligand field theory
(LFT), which allows for a better understanding of the
process of chemical bonding, electronic orbital structures,
and other characteristics of coordination complexes.
[6] Take, for example, an octahedron in which six ligands,

each positioned along a Cartesian axis, form an octahedral
shape around a metal ion, such as the FeO6 octahedron in
the lower mantle ferropericlase (Figure 2a) [Lin and Tsuchiya,
2008a]. Based on CFT [Burns, 1993], the d-orbitals of the
metal Fe2+ ion in this complex split into two sets with an
energy difference Δc (the crystal-field octahedral splitting
parameter). The dz2 and dx2�y2 orbitals lie along Cartesian axes
and will therefore experience an increase in energy due to re-
pulsion caused by their proximity to the ligands [Burns, 1993]
(Figure 2a). The dxy, dxz, and dyz orbitals do not lie directly
along any Cartesian axes but lie instead in planes between
the ligands and are thus lower in energy than the dz2 and
dx2�y2 , actually being stabilized. The three lower-energy
orbitals are collectively referred to as t2g and the two
higher-energy orbitals as eg. It should be noted, however, that
the orbital splitting energies are directly related to the specific
molecular coordination geometry of the complex. Thus, a
tetrahedral ligand arrangement causes the t2g orbitals to be
higher in energy than the eg orbitals and has a crystal-field
splitting energy of Δc. The occupation of the 3d orbitals is
defined by the surrounding environment of the iron ion and
influenced by factors such as bond length, crystallographic
site, pressure, and temperature, some of which can be
interconnected.
[7] Based on the crystal field theory, the spin transition of

iron in lower mantle phases is volume driven and results
primarily from the competition between two quantities: the
Δc and the exchange splitting energy (Λ) [e.g., Burns, 1993]
(Figure 2b). For Fe2+ in the octahedral site of ferropericlase,
for example, the 3d electrons of iron can occupy different
degenerate sets of the 3d orbitals, namely the relatively
lower-energy triplet t2g orbitals and the relatively high-energy
doublet eg orbitals. Under ambient conditions in silicates and
oxides, it is energetically favorable for the 3d electrons to
occupy different orbitals with the same electronic spin, specifi-
cally the high-spin state with four unpaired electrons and two
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Figure 1. Mineralogical model of the Earth’s interior as a
function of depth (pressure). The mineral volume percentage
is based on literature results for a pyrolite compositional
model [e.g., Ringwood, 1982; Irifune and Isshiki, 1998;
Irifune et al., 2010; Hirose, 2006]. Mineral abbreviation:
Opx and cpx, orthopyroxene and clinopyroxene, respectively;
CaPv, calcium silicate perovskite.
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(a)

(b)

Figure 2. (a) d-orbital configurations in an octahedral site are shown to demonstrate the spatial organization of
the ligands with respect to the orbitals along the Cartesian axes. (b) Crystal structures of lower mantle
ferropericlase (upper left) and silicate perovskite (bottom left). Cubic ferropericlase is in the rock salt structure
(space group: Fm�3m), whereas orthorhombic perovskite is in the Pbnm space group. Crystal field splitting
diagrams with the crystal field splitting energy (Δc) for iron in the octahedral and dodecahedral sites are also
shown for these structures (right figures). Iron is shown as Fe2+ in the high-spin, intermediate-spin, and/or
low-spin electronic configurations in the octahedral and dodecahedral sites, respectively. Electronic configura-
tions of Fe3+ can be understood by having five electrons in the 3d orbitals.
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paired electrons in Fe2+ (the total spin quantum number (S) is
equal to 2 because each electron has S=1/2). In this case, the
hybridized t2g and eg orbitals of the sixfold-coordinated Fe2+

are separated by the crystal-field splitting energy, which is lower
than the electronic spin-pairing energy (Figure 2b). However,
changes inP-T, site occupancy, and/or composition can have in-
fluences on the crystal-field splitting energy with respect to the
spin-pairing energy. Under high pressures, the crystal-field
splitting energy increases with respect to the spin-pairing en-
ergy, eventually leading to the pairing of the 3d electrons of
the opposite spin, that is, the low-spin state with all six 3d elec-
trons paired in the low-spin Fe2+ (S=0) (Figure 2b). The elec-
tronic density distribution of the 3d shell of the high-spin Fe2+

ions in the octahedral coordination is non-spherical with S=2
and t32g"e

2
g"t

1
2g#, whereas Fe

2+ ions in the low-spin state are more

spherically symmetric with S=0 and t32g"t
3
2g# (arrows indicate

spin up or spin down, and superscripted numbers represent the
orbitals’ occupancies) [e.g., Burns, 1993]. In silicate perovskite
and post-perovskite, this simplified crystal-field picture for the
pressure-induced spin transition becomes more complex
through crystallographic site distortion and electronic band
overlap where occupancy degeneracy is lifted (Figure 2b) [e.
g., Burns, 1993], complicating our understanding of the spin
transition in these systems (see Lin and Tsuchiya [2008] and
Wentzcovitch et al. [2012] for additional review). Figure 3
summarizes our current understanding of the spin states of iron
in lower mantle phases as a function of pressure. Detailed dis-
cussions are presented below in sections 2.1 and 2.2.

2.1. Spin Transition in Ferropericlase
[8] Ferropericlase with a cubic rock-salt structure refers to

a MgO-rich composition in the solid solution series between
end-member periclase (MgO) and wüstite (Fe1�XO)
(X indicates the nonstoichiometric nature of the compound
and typically has a value of 0.04–0.12). Lower mantle
ferropericlase contains approximately 20% Fe2+ in the octa-
hedral site of the crystal structure, and the presence of Fe3+

is typically lower than 1% [e.g., McCammon et al., 1998].
A pressure-induced spin-pairing transition of Fe2+ in

ferropericlase has been reported to occur over a narrow
pressure range of 40–60 GPa at room temperature using a
number of high-pressure diamond anvil cell (DAC) tech-
niques in conjunction with X-ray and laser spectroscopies
as well as theoretical calculations (Figure 3) [e.g., Badro
et al., 2003; Lin et al., 2005] (see Lin and Tsuchiya
[2008] for a review). However, a few high-pressure
conventional Mössbauer studies report broader transition
pressure ranges, probably due to the large sample size and
the development of large pressure gradients (argon,
ethanol-methanol pressure medium, or no medium was
used) in the analyzed samples [Speziale et al., 2005; Kantor
et al., 2006, 2009]. The disappearance of the quadrupole
splitting in Mössbauer spectroscopy (MS) and the Kb’
satellite peak intensity in X-ray emission spectroscopy
(XES) is indicative of the spin transition at high pressures.
[9] Most importantly, the spin transition broadens into a

smooth crossover at relevant P-T conditions of the lower
mantle; the respective region is referred to as the spin transi-
tion zone (STZ) (Figure 4) [e.g., Sturhahn et al., 2005;
Tsuchiya et al., 2006; Lin et al., 2007a; Wentzcovitch et al.,
2009; Mao et al., 2011a]. The spin crossover arises from a
condition in which the thermal energy at high P-T is sufficient
to overcome the energy difference between the high-spin and
low-spin states [e.g., Sturhahn et al., 2005; Tsuchiya et al.,
2006]. The fraction of the low-spin state (nLS) at a given
P-T condition is shown theoretically and experimentally to
be satisfactorily described by

nLS ¼ 1

1þ exp ΔG P; Tð Þ�=Tð Þ (1)

where ΔG(P,T)* is the difference of the Gibbs free energy
between the low-spin and high-spin states [Tsuchiya et al.,
2006; Speziale et al., 2007; Wentzcovitch et al., 2009; Mao
et al., 2011a]. Along an expected lower mantle geotherm
[Brown and Shankland, 1981], experimental results show that
the crossover starts at approximately 70 GPa (1700 km depth)
and 2200 K and completes at approximately 125 GPa
(2700 km depth) and 2400 K (Figure 4) [Lin et al., 2007a;

Iron in Mantle Minerals at Pressure and 300 K

Figure 3. Spin states of iron in lower mantle phases as
a function of pressure. Red: high-spin state; grey: spin
crossover region; blue: low-spin state. Both theoretical and
experimental results are used for the summary, whereas the
high quadrupole component of the A-site Fe2+ in perovskite
and post-perovskite is grouped together in the high-spin state.
See Figures 4–6 and sections 2.1 and 2.2 for details.

Figure 4. Electronic spin crossover of iron in ferropericlase
(Mg,Fe)O along an expected lower mantle P-T path by Brown
and Shankland [1981]. nLS: low-spin fraction of Fe2+ in the
octahedral site in ferropericlase.
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Mao et al., 2011a]. Thus, the spin crossover can occur in the
middle to lower part of the lower mantle, and the high-spin
and low-spin states of ferropericlase can exist in the uppermost
and lowermost mantle, respectively [Tsuchiya et al., 2006; Lin
et al., 2007a; Wentzcovitch et al., 2009; Mao et al., 2011a].
Due to the continuous nature of the spin crossover, the effects
of the spin crossover of iron at relevant P-T of the lower
mantle are expected to occur over a broader pressure range
than those reported at ambient-temperature conditions. That
is, the consequences of the spin crossover on geophysical
and geochemical properties of the mantle may not be as
evident, although a number of unexpected behaviors can also
occur through the fluctuation of the fraction of the high-spin
and low-spin states (see section 3, Effects of the Spin
Transition, for details).

2.2. Spin andValence States of Iron in Silicate Perovskite
[10] Aluminum-containing silicate perovskite stabilizes in

the orthorhombic structure (space group: Pbnm) in the lower
mantle (Figure 2), in which Al3+ substitutes for Si4+ in the
octahedral site, requiring a charge-coupled substitution
and/or a cation vacancy to retain charge neutrality. Experi-
mental and theoretical studies suggest that iron in perovskite
can exist in Fe2+ and Fe3+ states, and can possibly occupy one
of two crystallographic sites: the large pseudo-dodecahedral
Mg2+ site (A site) or the small octahedral Si4+ site (B site)
(Figure 2) [e.g., McCammon, 2006; Hsu et al., 2010, 2011].
Current consensus on the site occupancy holds that Fe2+

mainly substitutes for Mg2+ in the larger A site, while Fe3+

occupies both the A and B sites. The abundance of Fe3+ in
the A and B sites appears to strongly depend on the Al content

of perovskite and can also be affected by the thermodynamic
history (e.g., heating or annealing) of the sample [Hsu et al.,
2010, 2011; Fujino et al., 2012].
[11] Under ambient conditions, both Fe2+ and Fe3+ in

perovskite exist in the high-spin state [e.g., McCammon,
2006; McCammon et al., 2008a, 2008b; Hsu et al., 2010,
2011; Lin et al., 2012a]. Recently, electronic spin states of
Fe2+ and Fe3+ in silicate perovskite have been extensively
studied at high pressures [e.g., Badro et al., 2004; Li et al.,
2004, 2006; Jackson et al., 2005; Stackhouse et al., 2006,
2007; Bengtson et al., 2008, 2009; Grocholski et al., 2009;
Catalli et al., 2010a, 2011; Hsu et al., 2010, 2011, 2012;
McCammon et al., 2008a, 2008b; Fujino et al., 2012; Lin et
al., 2012a; Metsue and Tsuchiya, 2012]. The interpretations
of these results have been quite different, although some gen-
eral trends have been identified in experimental Mössbauer
and X-ray emission spectroscopic studies as well as in theo-
retical predictions. Both experimental and theoretical studies
have reported extremely high hyperfine quadruple splitting
(QS) values of Fe2+ (as high as ~4.4 mm/s) above approxi-
mately 30 GPa [e.g., Jackson et al., 2005; McCammon et
al., 2008a; Grocholski et al., 2009; Hsu et al., 2010, 2011;
Bengtson et al., 2009; Lin et al., 2012a] (Figure 5), while a re-
duced intensity of the Fe Kb’ satellite emission was observed
with increasing pressure [Badro et al., 2004; Li et al., 2004,
2006; Fujino et al., 2012]. Combined with previous X-ray
emission spectroscopic analyses for the total spin momentum
of iron in perovskite [Badro et al., 2004; Li et al., 2004,
2006], the extremely high QS has been interpreted as a result
of the occurrence of the intermediate-spin Fe2+ with a total
spin momentum of one (S=1) in the A site starting at around
30 GPa [Lin et al., 2008; McCammon et al., 2008a, 2010;
Narygina et al., 2010]. First-principles theoretical calcula-
tions, however, show that the A-site Fe2+ is stable in the
high-spin state at all mantle pressures and that the extremely
high QS component is a result of a change of Fe-O distances
related to the A site (redistribution of Fe2+ in the A site)
[Bengtson et al., 2009; Hsu et al., 2010, 2011; Metsue and
Tsuchiya, 2012], rather than the high-spin to the
intermediate-spin transition [e.g., McCammon et al., 2008a;
Narygina et al., 2010]. We note that the high QS value is
not unique to the intermediate-spin state, as iron-bearing py-
rope in the high-spin state exhibits the largest quadrupole
splitting (QS) in Mössbauer spectra among all common Fe-
bearing rock-forming silicate minerals at ambient conditions;
garnet exhibits extremely high QS values of 3.47–3.58 mm/s
[�Cerná et al., 2000]. The collapse of the QS in the A-site Fe2+

was reported to take place at approximately 120 GPa as a re-
sult of the occurrence of the low-spin Fe2+ [McCammon et
al., 2010].
[12] It has been shown both experimentally and theoreti-

cally that Fe3+ in perovskite enters into both A and B sites,
suggesting a charge-coupled substitution mechanism [e.g.,
McCammon et al., 1998]. Recent experimental and theoreti-
cal studies show that a high-spin to low-spin transition
of the B-site Fe3+ occurs at approximately 15–50 GPa,
which is associated with an increased QS value in the
low-spin state (Figure 5) [e.g., Jackson et al., 2005;

 TheoryExperiments

Figure 5. Quadrupole splitting (QS) of Fe2+ and Fe3+ in
silicate perovskite from recent experimental and theoretical
results at high pressures [e.g., Jackson et al., 2005; Li et al.,
2006; Lin et al., 2008, 2012a;Grocholski et al., 2009; Catalli
et al., 2010a; Hsu et al., 2010, 2011, McCammon et al.,
2008a, 2010; Bengtson et al., 2008, 2009; Narygina et al.,
2009; Mao et al., 2011a]. (a) Experimental results; (b) theo-
retical results. Red boxes: high-spin state; blue boxes: low-
spin state. The QS range for a specific spin state reflects the
effect of pressure and uncertainties in various studies.
A and B represent A-site and B-site of Fe in perovskite,
respectively. The extremely high QS component of Fe2+ is
grouped and labeled as the HS state here (see section 2.2.
for further discussions).
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Stackhouse et al., 2007; Catalli et al., 2010a;Hsu et al., 2011;
Lin et al., 2012a]. The A-site Fe3+ remains in the high-
spin state to at least 136 GPa, i.e., over the entire pressure
range of the lower mantle. These studies also suggest that
Fe3+ remains in the high-spin state in Al-bearing perovskite
in the A site, although site exchange between Al3+ and Fe3+

occurring at high P-T has been proposed to promote Fe3+ in
the B site [e.g., Grocholski et al., 2009; Catalli et al., 2010a;
Hsu et al., 2012].
[13] Based on the aforementioned discussion on the spin

and valence states of iron in perovskite, it is most likely that
the B-site Fe3+ undergoes a spin transition while the A-site
Fe2+ and Fe3+ remain in the high-spin state (Figure 3). These
results can be understood in terms of a volume-driven spin
transition of iron in the octahedral coordination, which is
more favorable for the spin transition than any other coordina-
tion because of the alignment of negative charges (oxygen
ions) along particular d-orbitals of iron ions. One possible ex-
planation to reconcile recent Mössbauer and X-ray emission
results is that some of the observed Kb’ intensity reduction
may be affected by pressure-induced broadening effects [e.g.,
Lin et al., 2005], which have been previously neglected in
the data processing. In the X-ray emission data analyses, it
had been assumed that the Kb emission line shape was not af-
fected by applied pressures. Further examinations of literature
X-ray emission spectra of ferropericlase, however, show that
a slight reduction in the satellite intensity can be seen before
the well-defined spin transition at 40–60 GPa and that the
low-spin state has much broader Kb main peaks than the
high-spin state [e.g., Lin et al., 2005, 2006a]. It is thus conceiv-
able that part of the inferred reduction of the total spin momen-
tum as derived from XES spectra is indeed due to our currently
limited understanding of the emission process as a function of
pressure. This notion of the broadening effect may also help us
to understand the spin states of iron in perovskite and post-
perovskite (see section 2.3 below).

2.3. Spin and Valence States of Iron in Silicate
Post-Perovskite
[14] Post-perovskite is found to be stable in the CaIrO3-type

structure (Cmcm) at the P-T conditions of the lowermost mantle
region, the D00 zone [e.g., Murakami et al., 2004; Oganov and
Ono, 2004], while iron-rich post-perovskite has also been
reported to exist in the Pmcm and Pmma space groups due to
an ordered cation distribution in the crystallographic sites
[Yamanaka et al., 2012]. It has been reported to accommodate
significant amounts of Fe3+, similar to perovskite [Sinmyo
et al., 2006; Jackson et al., 2009]; however, other studies con-
tradict this view [Sinmyo et al., 2008, 2011; Mao et al., 2010],
and the exact amount and the site occupancy of Fe3+ merits
further investigation. A number of kinked structures, formed
by sliding the {010} planes of the perovskite structure with
variation in the stacking sequence of SiO6 octahedral layers,
have also been reported to exist in post-perovskite [Oganov
et al., 2005; Tschauner et al., 2008; Mao et al., 2010]. The
corresponding plane slips in post-perovskite might introduce
more crystallographic defects favorable for the substitution of
Si by Fe3+.

[15] High-pressure Mössbauer spectroscopy results show
that Fe2+ exhibits extremely high QS of 3.8–4.5 mm/s, indi-
cating that Fe2+ likely substitutes Mg2+ in the bipolar-
prismatic site (also called A site here for simplicity), similar
to Fe2+ in the A site in perovskite [Lin et al., 2008; Jackson
et al., 2009; Mao et al., 2010] (Figure 6). In conjunction
with a complementary high P-T X-ray emission spectro-
scopic study, it has been suggested that iron predominantly
exists in the intermediate-spin Fe2+ state with a total spin
momentum of one in the CaIrO3-type post-perovskite at
relevant P-T conditions of the lowermost mantle [Lin
et al., 2008; Mao et al., 2010]. Since the intermediate-spin
Fe2+ is found in PPv with both 25 mol% and 40 mol% Fe,
it is suggested that it is predominantly stable over a wide
range of Fe content in post-perovskite relevant to the D00

region, where Fe-enrichment may be expected [Mao et al.,
2004; Lin et al., 2008; Mao et al., 2010]. Analogous to the
discussion for Fe2+ in perovskite, however, first-principles
calculations suggest that Fe2+ in post-perovskite is in
the high-spin state at all mantle pressures and that the
intermediate-spin and low-spin states of the A-site Fe2+ are
highly unfavorable energetically [Stackhouse et al., 2006;
Yu et al., 2012]. Theoretical calculations also show that the
A-site Fe2+ in the high-spin state can exhibit extremely high
QS at lowermost mantle pressures [Yu et al., 2012], consis-
tent with those observed in Mössbauer spectra [Lin et al.,
2008; Mao et al., 2010]. That is, the extremely high QS
component of the experimental Mössbauer spectra can be
explained as a result of the lattice distortion similar to that
of silicate perovskite. In this scenario, the reduction in the
derived total spin momentum from the integration of the
satellite intensity in the Fe Kb emission spectra may be
partially attributed to the pressure-induced broadening effect
discussed earlier, together with the presence of the low-spin
Fe3+ in the B site (Figures 3 and 6). It should be noted here
that standard density-functional theory (DFT) does not de-
scribe the onsite Coulomb interactions between 3d electrons

TheoryExperiments

Figure 6. Quadrupole splitting of Fe2+ and Fe3+ and their
assigned spin and valence states in post-perovskite [Lin
et al., 2008; Jackson et al., 2009; Catalli et al., 2010b;
Mao et al., 2010; Yu et al., 2012]. (a) Experiments; (b) the-
ory. Red: high-spin state; blue: low-spin state. The
extremely high QS component of Fe2+ is grouped and
labeled as the high QS state in grey box here (see section
2.3 for further discussions).
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of iron in iron-bearing minerals such as perovskite and post-
perovskite properly, which can lead to difficulties in
correctly predicting the electronic band gap as well as the
stability of the spin and valence states of iron in the lower
mantle phases. The DFT+Hubbard U (DFT +U) method,
on the other hand, provides more reliable predictions and
has been recently used to calculate hyperfine parameters of
perovskite and post-perovskite that are consistent with
experimental observations [Hsu et al., 2010, 2011; Metsue
and Tsuchiya, 2012; Yu et al., 2012].
[16] High-pressure Mössbauer spectroscopic results on

post-perovskite also suggest that Fe3+ exists in two different
lattice sites of post-perovskite [Jackson et al., 2009; Catalli
et al.,2010b; Mao et al., 2010]. The observed low QS is
assigned to the high-spin Fe3+ in the bipolar-prismatic A
site, whereas the high QS (~2 mm/s) is assigned to the
low-spin Fe3+ in the octahedral B site [Lin et al., 2008; Jack-
son et al., 2009; Catalli et al., 2010b;Mao et al., 2010], con-
sistent with theoretical calculations [Yu et al., 2012]
(Figure 6). In this scenario, Fe3+ enters the sites through
charge-coupled substitutions, which are also suggested by
theoretical calculations [Yu et al., 2012]. Because the ionic
radius of the low-spin Fe3+ is smaller than that of the high-
spin Fe3+, the low-spin Fe3+ is more stable in the smaller octa-
hedral site in post-perovskite, consistent with a volume-driven
spin transition behavior. The abundance of Fe3+ is observed to
be affected by the presence of the kinked structures in post-
perovskite [Jackson et al., 2009; Mao et al., 2010]. We note
that anomalously high concentrations of Fe3+ could also be
produced by thermal gradients in laser-heating syntheses as
shown for perovskite [Fialin et al., 2009]. A small amount
of metallic iron phase coexisting with Fe3+-rich post-
perovskite has been observed by Jackson et al. [2009], who
proposed that the formation of metallic iron and Fe3+ in
post-perovskite is achieved by disproportionation of Fe2+ to
form iron metal and Fe3+, similar to that in perovskite [Frost
et al., 2004]. However, in a recent study, Sinmyo et al.
[2011] did not observe metallic Fe associated with post-
perovskite for a wide range of compositions.
[17] The notable difference between the Mössbauer pa-

rameters of the perovskite and post-perovskite phases is that
the QS corresponding to the low-spin Fe3+ site is much
smaller in post-perovskite. The smaller QS associated with
the low-spin site in post-perovskite can be explained by a
less distorted octahedral site, because distortion from a cubic
environment around the iron nucleus results in an increased
QS value [Hawthorne, 1988]. Since post-perovskite is the
high-pressure polymorph of perovskite, the QS of Fe2+ in
post-perovskite could be similar to that of Fe2+ in perovskite,
as both phases exhibit extremely high QS values of approx-
imately 4 mm/s (Figures 5 and 6).

2.4. Spin Transition in Magnesite-Siderite System
[18] Magnesite forms a continuous solid solution with

siderite (FeCO3) in the rhombohedral structure with the R�3c
space group. The electronic spin-pairing transition of Fe2+ in
the magnesite-siderite system has been recently reported to
occur at high pressures and room temperature experimentally

and theoretically using high-pressure X-ray emission spectros-
copy, X-ray diffraction, laser Raman spectroscopy, and first-
principles calculations [Mattila et al., 2007; Shi et al., 2008;
Lavina et al., 2009, 2010a, 2010b; Nagai et al., 2010; Farfan
et al., 2012; Lin et al., 2012b]. These studies show that the
transition at 42–50 GPa is accompanied by a volume
reduction of approximately 6–10% and that the compositional
effect on the transition pressure is small. It has been suggested
that low-spin ferromagnesite with a smaller unit cell volume
can become more stable than pure magnesite at relevant high
P-T conditions of the mantle [e.g. Lin et al., 2012b]. Although
high P-T experiments have shown that the solubility of iron in
magnesite in rock assemblages is low, the low-spin
ferromagnesite can become a potential deep carbon bearing
mineral at mid-lower mantle conditions [Dasgupta and
Hirschmann, 2010].

3. EFFECTS OF THE SPIN TRANSITION

[19] The geophysical relevance of the electronic spin tran-
sitions resides in their effects on the physical and chemical
properties of lower mantle phases. Here we evaluate the con-
sequences of the spin transitions on properties of lower man-
tle minerals. We have also evaluated literature data relevant
to iron-bearing perovskite and post-perovskite in order to
shed light on the potential effects of iron-magnesium sub-
stitution and the spin transition.

3.1. Thermal Equation of States
[20] Recent experimental and theoretical studies have

shown that the pressure-induced electronic spin transition
of iron results in a reduction in the unit cell volume of
ferropericlase at high P-T conditions [e.g., Lin et al., 2005;
Fei et al., 2007a; Lin and Tsuchiya 2008; Wentzcovitch
et al., 2009] and may also cause changes in the unit cell
volume of perovskite and post-perovskite [e.g., Hsu et al.,
2010, 2011; Catalli et al., 2010a, 2010b, 2011; Mao et al.,
2011b; Yu et al., 2012]. The obtained pressure-volume
(P-V) relations are not only important to constrain the effect
of the spin transitions on the thermoelastic properties of the
host minerals but also critical to model the spin-crossover
diagram in the lower mantle [Lin et al., 2005; Sturhahn
et al., 2005; Tsuchiya et al., 2006; Wu et al., 2009; Mao
et al., 2011a].
3.1.1. Ferropericlase
[21] The P-V relations of ferropericlase have been mea-

sured experimentally and been compared to those of
pure end-member MgO in order to understand the effect
of the spin transition of Fe on volume, density, and
incompressibility of ferropericlase at high P-T conditions
(Figure 7). High-spin ferropericlase has a larger unit cell
volume than MgO due to the substitution of the larger Fe2+

cation for Mg2+, but a volume reduction of a few percentage
points occurs across the spin transition to the low-spin state.
Once the spin transition is completed, the unit cell volume of
ferropericlase with up to 39 mol% Fe has been found to be
similar to or slightly lower than that of MgO at given P-T
conditions of the lower mantle (Figure 7) [Lin et al., 2005;
Fei et al., 2007a; Speziale et al., 2007; Marquardt et al.,
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2009a; Tange et al., 2009; Komabayashi et al., 2010; Mao
et al., 2011a]. The magnitude of the volume reduction is
greater for ferropericlase with a higher Fe content but can
be slightly reduced by elevating temperature at high pres-
sures for a given composition [Mao et al., 2011a]. Overall,
the volume reduction across the spin transition is in the order
of 1.5 to 3% for ferropericlase with relevant lower mantle
compositions (Figure 7), consistent with ~4% volume
reduction predicted theoretically [Tsuchiya et al., 2006;
Wentzcovitch et al., 2009].
[22] Comparison of the P-V relations of ferropericlase to

those of MgO between the high-spin and low-spin states also
provides constraints on the spin-crossover diagram of
ferropericlase at high P-T conditions, as the unit cell volume
change can be related to the high-spin and low-spin fractions
(see Equation (1)) [Mao et al., 2011a]. Based on the experi-
mentally measured P-V data, the onset of the spin transition
at 300 K occurs at approximately 40–60 GPa (Figure 8a)
[Lin et al., 2005; Speziale et al., 2007; Marquardt et al.,
2009a; Tange et al., 2009; Komabayashi et al., 2010; Mao
et al., 2011a], consistent with theoretical predictions
[Tsuchiya et al., 2006; Wentzcovitch et al., 2009].

Nevertheless, Fei et al. [2007a, 2007b] reported a signifi-
cantly lower onset pressure for ferropericlase with 20% Fe
after thermal annealing. The onset and width of the spin
transition does not exhibit any obvious compositional de-
pendence at 300 K (Figure 8a) [Lin et al., 2005; Fei et al.,
2007a, 2007b; Speziale et al., 2007; Marquardt et al.,
2009a; Komabayashi et al., 2010; Mao et al., 2011a], in
contrast to a theoretical study that showed an increase in
the onset pressure with Fe content [Persson et al., 2006].

Figure 8. (a) Spin-crossover pressure, (b) change in density,
and (c) isothermal bulkmodulus of ferropericlase as a function
of iron content. Arrow in Figure 8a shows the high-spin to
low-spin transition of Fe in ferropericlase with increasing
pressure. The variation of Fe content in ferropericlase is taken
from Lin et al. [2005] (fp17), Speziale et al. [2005] (fp20), Fei
et al., 2007a, 2007b (fp20 and fp39),Marquardt et al., 2009a,
2009b (fp10), Komabayashi et al. [2010] (fp19), and Mao
et al. [2011a] (fp25). In Figures 8b and 8c, relative deviation
in density (r) at various temperatures and isothermal bulk
modulus (KT) at 300 K is calculated using the high-spin state
as the reference for each given composition. The calculated
deviation in density at high temperature in Figure 8b is from
Komabayashi et al. [2010] at 1600–1900 K and from Mao
et al. [2011a] at 1200 K, 1500 K, 1800 K, and 2000 K. The
density deviation is calculated at the pressure where the spin
transition has been completed. Representative error bars are
shown for ΔKT/KT on the right of Figure 8c. See Figure 7
for some of the data used here.

a

b

/V

Variation of Volume with Pressure

fp19

fp25

Figure 7. Relative volume deviation of ferropericlase with
respect to MgO reference at high pressures. (a) 300 K. Or-
ange circles: 10% Fe [Marquardt et al., 2009a, 2009b]; blue cir-
cles: 17% Fe [Lin et al., 2005; Speziale et al., 2007]; green
circles: 19% Fe [Komabayashi et al., 2010]; black circles:
20% Fe [Fei et al., 2007a, 2007b]; magenta circles: 25 % Fe
[Mao et al., 2011a]; red circles: 39% Fe [Fei et al., 2007a,
2007b]. (b) high temperatures. Black, blue, magenta, and red
circles: 25%Fe at 1200K, 1500K, 1800K, and 2000K, respec-
tively [Mao et al., 2011a]; green circles: 19% Fe at 1600–1900
K [Komabayashi et al., 2010]. Representative error bars are
shown on the right bottom (a) and top (b) corners of the figure.
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On the other hand, experimental P-V-T measurements,
conducted under similar conditions by using same pressure
calibrant material (Au) and pressure medium (NaCl) in con-
junction with laser annealing, have shown an increase of
both the onset pressure and the width of the spin transition
with increasing temperature (Figure 7b) [Komabayashi et al.,
2010; Mao et al., 2011a], although the temperatures in
Komabayashi et al. [2010] were not well constrained. The
experimentally determined width of the spin transition at
high temperatures is narrower than the theoretical predic-
tions [Tsuchiya et al., 2006; Wentzcovitch et al., 2009].
[23] Using the P-V relations of ferropericlase, we have

evaluated the variation of density (Δr) and isothermal bulk
modulus (ΔKT) across the spin transition using the EoS of
the high-spin state as the reference for each given composi-
tion (Figures 8b and 8c) [Lin et al., 2005; Fei et al., 2007a,
2007b; Speziale et al., 2005; Marquardt et al., 2009a;
Komabayashi et al., 2010; Mao et al., 2011a]. For
ferropericlase with 10% FeO, the spin transition of Fe2+ leads
to a 1.4 (�0.1)% increase in density. Increasing FeO content
in the system further increases the density contrast between
the high-spin and low-spin states, reaching 3.4 (�0.1)% in
the case of 39% FeO content (Figure 8b). Mao et al.
[2011a] reported a systematic decrease in the Δr with increas-
ing temperature for ferropericlase with 25% FeO, consistent
with theoretical calculations [Wentzcovitch et al., 2009]. In
contrast, Komabayashi et al. [2010] found Δr to be larger
at high temperature than at 300 K for ferropericlase with
19% FeO. The spin transition of Fe2+ also causes a slight
increase in the bulk modulus of ferropericlase (Figure 8c)
[Lin et al., 2005; Fei et al., 2007a, 2007b; Speziale et al.,
2007; Marquardt et al., 2009a; Komabayashi et al., 2010;
Mao et al., 2011a]. A comparison between the high-spin
and low-spin states of ferropericlase from most recent exper-
imental works shows approximately 1 to 4% increase in KT

associated with the spin transition (Figure 8c) [Lin et al.,
2005; Fei et al., 2007a, 2007b; Marquardt et al., 2009a;
Komabayashi et al., 2010; Mao et al., 2011a], consistent
with a ~6% increase in theoretical calculations when uncer-
tainties are taken into account [Wentzcovitch et al., 2009]. It
should be noted, however, since the spin transition occurs at
40–60 GPa, the EoS parameters of ferropericlase in the LS
state are poorly constrained due to the limited pressure range
in most of the experimental works [Fei et al., 2007a, 2007b;
Speziale et al., 2005; Marquardt et al., 2009a, 2009b;
Komabayashi et al., 2010], leading to large uncertainties in
the derived KT for the low-spin state and the ΔKT across
the spin transition.
[24] Reduction in the elastic moduli associated with the spin

transition in ferropericlase has been reported experimentally
and theoretically [Crowhurst et al., 2008; Lin and Tsuchiya,
2008; Marquardt et al., 2009b; Wentzcovitch et al., 2009]
(see section 3.2, SoundVelocities, for more discussion). Using
known P-V equations, the softening of the isothermal bulk
modulus (KT) in ferropericlase can be derived following the
method byWentzcovitch et al. [2009]. In the region of the spin
transition, the KT depends on the volume and the bulk modu-
lus of both the high-spin and low-spin states and the pressure

dependence of nLS, which is responsible for the softening inKT

(Figure 9) [Fei et al., 2007a, 2007b; Crowhurst et al., 2008;
Lin and Tsuchiya, 2008; Lin et al., 2009; Marquardt et al.,
2009b]. Although most of the calculated KT from the EoS of
ferropericlase suffer from large uncertainties, comparison of
literature results shows a positive effect of the spin transition
on the elastic moduli.
[25] Mao et al. [2011a] used thermal elastic modeling of

the experimental P-T-V curves of ferropericlase to derive a
density increase of 1.2%, an increase in thermal expansion
coefficient by 200% over a range of 1000 km, and a maxi-
mum decrease of 37% and 13% in bulk modulus and bulk
sound velocity, respectively, at ~2180 km depth across the
spin crossover. The softening in KT derived from experimen-
tal elastic parameters is less pronounced than that estimated
from computational studies [e.g., Wentzcovitch et al., 2009].
3.1.2. Silicate Perovskite and Post-Perovskite
[26] As mentioned in section 2, the spin crossover behavior

of Fe in silicate perovskite and post-perovskite is much more
complex compared to ferropericlase due to the existence of
different valence states and crystallographic site occupancies
of Fe in both phases. However, current consensus is that a
high-spin to low-spin transition of Fe3+ in the octahedral site
occurs at pressures of 15–50 GPa (Figure 3) [Hsu et al., 2011;
Lin et al., 2012a]. Using the EoS of end-member perovskite
(MgSiO3) as a reference [Mao et al., 2011b], we have evalu-
ated the deviations of the unit cell volumes of Fe-bearing pe-
rovskite with pressure in various compositions and compared
with theoretical calculations (Figure 10). For perovskite
containing mainly Fe2+, which occupies the large dodecahe-
dral A site and likely remains in the high-spin state in the
lower mantle (see section 1.2; Figures 2 and 3), the volume
deviation as a function of pressure does not show any abrupt
observable changes (Figure 10b) [Lundin et al., 2008; Mao

Ferropericlase: Bulk Modulus

Fe content (mol.%)

Figure 9. Isothermal bulk modulus (KT) of ferropericlase
as a function of pressure across the spin transition. A number
of studies with different Fe contents are shown. Black line:
10% FeO [Marquardt et al., 2009a, 2009b]; blue line: 17%
FeO [Lin et al., 2005; Speziale et al., 2007]; green line:
19% FeO [Komabayashi et al., 2010]; orange line: 20%
FeO [Fei et al., 2007a, 2007b]; magenta line: 25 % FeO
[Mao et al., 2011b]; red line: 39% FeO [Fei et al., 2007a,
2007b]; grey dashed line: 18.75% FeO [Wentzcovitch et al.,
2009]. Representative error bars are shown on top of the KT.
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et al., 2011b; Boffa Ballaran et al., 2012]. In contrast to the A-
site Fe2+, Fe3+ in the smaller octahedral site undergoes a high-
spin to low-spin transition at lower mantle pressures, leading
to a reduction of 0.5–1% in the unit cell volume between 40
and 60 GPa [Catalli et al., 2011a; Hsu et al., 2011; Tsuchiya
and Wang, 2013]. Similar volume reductions have not been
observed in Al-free Fe3+-bearing perovskite. However, this
could be due to the site occupancies, limited available data
points, and limited data quality between 30 and 50 GPa in
Catalli et al. [2010a]. The high-spin to low-spin transition of
Fe3+ in Al-bearing perovskite has been shown to be sharper
than that in the Al-free system based on synchrotron
Mössbauer and X-ray emission measurements [Catalli et al.,
2011a]. The presence of low-spin Fe3+ makes the Fe-bearing
perovskite stiffer than MgSiO3-Pv with pressure [Catalli
et al., 2010a; Hsu et al., 2011; Mao et al., 2011b]. To date,
we still lack the experimental constraints on the effect of tem-
perature on the EoS of perovskite across the spin transition.
Recent theoretical work by Tsuchiya and Wang [2013] has
shown an increase in the onset pressure and width of the spin
transition of Fe3+ in perovskite with increasing temperature,
similar to the observation in ferropericlase.
[27] The EoS of post-perovskite is much less constrained

compared to that of ferropericlase and perovskite, largely
because of the experimental difficulties in studies conducted

at extremely high P-T conditions. Post-perovskite becomes
thermodynamically unstable in decompression due to syn-
thesizing conditions, making the measured P-V curves less
reliable at lower pressures. A survey of the literature data
on the P-V relations shows that the unit cell volume of
post-perovskite expands with the addition of Fe [Mao
et al., 2006; Shieh et al., 2006, 2011; Guignot et al., 2007;
Shim et al., 2008, Nishio-Hamane and Yagi, 2009; Catalli
et al., 2010b], although the incompressibilites of Fe-
bearing and Fe-free post-perovskite appear to be similar over
the limited experimental pressure range (Figure 11). Post-
perovskite with much higher Fe-content (Fe/(Fe +Mg) =
73% and 90%), synthesized from almandine, has been
reported to exhibit a slightly higher incompressibility than
the MgSiO3 counterpart [Shieh et al., 2011]. Since most of
the samples used in the EoS studies were not characterized
for the spin and valence states of Fe, a quantitative and sys-
tematic understanding of the effects of Fe spin and valence
states remains difficult. The study by Catalli et al. [2010b]
has suggested that post-perovskite with low-spin Fe3+

exhibits a unit cell volume close to that of MgSiO3 post-
perovskite at similar pressures, indicating a reduction in
the unit cell volume caused by the spin transition of Fe3+.
Future experimental and theoretical studies are needed to
investigate the combined effect of temperature and spin
transition of Fe on the EoS of post-perovskite.

3.2. Sound Velocities
[28] Studying sound velocities of candidate lower mantle

minerals at relevant P-T conditions is critical in understanding
mineralogical models, seismic profiles, and geodynamics of
the region. Prior to the discovery of the spin transitions of iron
in the lower mantle, sound velocities of lower mantle materials
were commonly studied as functions of pressure, temperature,
and composition, including the influence of minor elements
such as iron and aluminum. The spin transition of iron addi-
tionally complicates our understanding of the elasticity of
ferropericlase and perovskite and requires further investiga-
tions [e.g., Lin et al., 2006b; Crowhurst et al., 2008;
Marquardt et al., 2009a; Antonangeli et al., 2011]. For exam-
ple, increasing pressure typically increases the compressional
wave velocity of ferropericlase, whereas increasing tempera-
ture decreases it. Nevertheless, it has been reported that the
compressional wave velocity may be softened across the
spin transition of ferropericlase with increasing pressure.
3.2.1. Ferropericlase
[29] The electronic spin-pairing transition of Fe in the

minerals of the lower mantle causes a change on the topol-
ogy of the 3d electronic charge density. The effect of the
spin transition on the elasticity of ferropericlase can be
understood through the change of the relative strength of
the interactions between the Fe atom and the surrounding
oxygen and magnesium (or iron) atoms in the crystal
lattice of the Fe-bearing minerals of the lower mantle.
Wu et al. [2009] gave a very “intuitive” account of the
nature of this effect in the case of ferropericlase. The local
shear interaction along the cubic face diagonal [110]
weakens when Fe is in the low-spin configuration; this does

Fe-bearing Silicate Perovskite

Pv
Pv4
Pv9
Pv15
Pv25
Fe3+-Pv*
Al-Pv13
Al-Pv40
Theo.

Figure 10. (a) Pressure-volume relations and (b) the unit
cell volume deviation of Fe-containing perovskite from the
MgSiO3 counterpart at 300 K. The volume deviation was
derived using MgSiO3-perovskite as the reference. Red and
black circles: Mao et al. [2011b]; blue, green circles: Lundin
et al. [2008]; magenta circles: Catalli et al. [2010a] (the pe-
rovskite sample was synthesized from glass with starting
composition, 0.9MgSiO � 0.1Fe2O3); orange circles: Catalli
et al. [2011]; purple line: Hsu et al. [2011]; cyan and violet
circles: Boffa Ballaran et al. [2012].
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not happen for the shear interaction along the [100] direction.
The result is a change of the shear anisotropy in case of the
low-spin configuration with respect to the high-spin counter-
part as observed experimentally [Marquardt et al., 2009b].
[30] Effects of the spin transition on sound velocities of

ferropericlase were first reported using Nuclear Resonant
Inelastic X-ray Scattering (NRIXS) in a DAC, in which
significant changes in derived Vp and Vs across the spin tran-
sition were observed [Lin et al., 2006b]. However, it has since
been shown that the Vp and Vs values derived from the Debye
sound velocity of the measured partial phonon density of
states of Fe in ferropericlase are lower than expected
from results of complementary experimental methods for
the studied composition. The first direct measurements
on acoustic wave velocities of single-crystal ferropericlase
((Mg0.94Fe0.06)O) using Impulsive Stimulated Light Scattering
(ISLS) indicated that there is a reduction in elastic wave veloc-
ities across the iron spin transition [Crowhurst et al., 2008].
The results suggested a marked reduction in compressional
wave velocity and a small decrease in shear velocity
(Figure 12). One year later, Brillouin scattering results showed
no substantial reduction in shear velocities in (Mg0.9Fe0.1)O but
could not give direct information about the behavior of the
compressional acoustic velocity due to experimental limitations

[Marquardt et al., 2009b]. In contrast to ISLS, where the
pseudo-surface shear velocity is measured and used to invert
for the elastic shear constants, Brillouin scattering allows
for a direct quantification of the bulk acoustic shear
wave velocity. A very recent Brillouin scattering study by
Murakami et al. [2012], which was performed on polycrys-
talline (Mg0.92Fe0.08)O, confirmed that the iron spin cross-
over does not substantially lower the average shear

Post-Perovskite: Pressure-Volume Relation

PPv
PPv10
PPv40
Fe3+-PPv*

Al-PPv9
Al-PPv15
Alm38-PPv
Alm54-PPv
Alm73-PPv
Alm90-PPv

Figure 11. (a) Pressure-volume relations and (b) the volume
deviation of Fe-containing post-perovskite (PPv) at 300 K.
The volume deviation was derived using MgSiO3 PPv as the
reference. Circles: Mg-Fe PPv; diamonds: Mg-Fe PPv with
Al; open squares: PPv synthesized from pyrope-almandine;
red circles: Guignot et al. [2007]; blue circles: Nishio-Hamane
and Yagi [2009]; orange circles: Mao et al. [2006]; green
circles:Catalli et al. [2010b] (the perovskite sample was synthe-
sized from glass with starting composition, 0.915MgSiO
0.085Fe2O3); black diamonds: Shieh et al. [2006]; magenta
diamonds: Nishio-Hamane and Yagi [2009]; dark yellow,
olive, navy, and pink squares: Shieh et al. [2011].
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Figure 12. (a) Sound wave velocities of ferropericlase
(MgFe)O and (b, c) their deviations from MgO at high
pressures. Grey dashed lines: MgO, computational [Karki
et al., 1999]; green triangles: (Mg0.94Fe0.06)O, single-crystal
Brillouin scattering [Jackson et al., 2006]; green reversed
triangles: (Mg0.94Fe0.06)O, single-crystal ISLS [Crowhurst
et al., 2008]; orange diamonds, (Mg0.92Fe0.08)O, polycrystal-
line Brillouin scattering [Murakami et al., 2012]; red circles:
(Mg0.9Fe0.1)O, single-crystal Brillouin scattering [Marquardt
et al., 2009a, 2009b]; black triangles: (Mg0.85Fe0.15)O,
single-crystal gigahertz interferometry [Jacobsen et al.,
2002); black crosses: (Mg0.83Fe0.17)O, polycrystalline ultra-
sonics [Kung et al., 2002]; blue squares: (Mg0.83Fe0.17)O,
single-crystal IXS [Antonangeli et al., 2011]; light blue
right-pointing triangles: (Mg0.75Fe0.25)O, polycrystalline
NRIXS [Lin et al., 2006a, 2006b; Lin et al., 2007a, 2007b].
Error bars as reported in the literature, sometimes smaller than
symbol sizes. The shaded region denotes the pressure range
where the iron spin crossover is expected to take place.
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velocities. Even though these recent results from polycrys-
talline Brillouin scattering experiments are promising, it
should be noted that effort is still necessary to understand
the quality and reliability of the bulk elastic properties
determined by Brillouin scattering from polycrystalline
materials at high pressures. The stress distribution in a
diamond-anvil cell at high pressures is not uniform. There-
fore, a major complication might arise from the develop-
ment of a crystallographic lattice-preferred orientation
(LPO) in the polycrystalline sample, in which case the mea-
sured aggregate velocity will be an average distribution
function weighted by the grains’ orientation and could
strongly deviate from the isotropic average velocity. Further
potential bias of measured velocities could arise from the
anisotropic deformation behavior of the sample’s crystals,
leading to intergranular stresses and the anisotropic
coupling between probing laser light and probed acoustic
phonons. Additional care has to be taken to precisely char-
acterize the average crystallite size, as small grain size can
also have an impact on the measured bulk elastic properties
[Marquardt et al., 2011].

[31] Recently, Antonangeli et al. [2011] published inelastic
X-ray scattering (IXS) results on single-crystal (Mg0.83Fe0.17)
O and did not observe any reduction of compressional veloc-
ities. These results thus contradict the previous direct determi-
nation of compressional wave velocities across the spin
transition [Crowhurst et al., 2008] that reported a significant
drop in the compressional velocity and the bulk modulus
(Figure 13).
[32] A computational study on (Mg0.8125Fe0.1875)O, how-

ever, found a marked reduction in the adiabatic bulk modulus
and consequently in the bulk sound velocity [Wentzcovitch
et al., 2009]. This theoretical study thus qualitatively supports
the work of Crowhurst et al. [2008]. Applying the thermody-
namic definition of the bulk modulus to the P-V compression
curve from high-pressure synchrotron X-ray diffraction data
also leads to a reduction across the spin transition [Crowhurst
et al., 2008; Lin and Tsuchiya, 2008; Lin et al., 2009;
Marquardt et al., 2009a; Mao et al., 2011a] (see section
3.1.1 for details). This approach, however, does not provide
direct constraints on the compressional velocity.
[33] In addition to aggregate elastic properties, the experimen-

tal studies that were performed on single-crystal ferropericlase
allow for the determination of the elastic constants Cij

(Figure 14a). The discussed discrepancies between the extant data
are reflected in these constants as well. The study ofCrowhurst et
al. [2008] indicates the reduction of all three cubic elastic
constants, whereas Antonangeli et al. [2011] do not observe
substantial reduction in any of the constants. A very interesting
observation is that the change of the iron spin state seems to
markedly enhance the elastic shear anisotropy of ferropericlase,
in which the low-spin ferropericlase is substantially more aniso-
tropic compared to its high-spin counterpart [Marquardt et al.,
2009b; Antonangeli et al., 2011] (Figures 14b and 14c).
[34] Assuming that there are no systematic biases in the

two experimental works that provide constraints on the
behavior of the compressional velocity across the spin transi-
tion [Crowhurst et al., 2008; Antonangeli et al., 2011], recon-
ciling both results remains a challenge. A possible explanation
might be related to the differences in the frequency and the
scattering vector (or inversely the “length scale”) of the exper-
imental probes (Figure 15). Phonon dispersion frequency
probed by the IXS is a few orders higher than that in the ISLS
and Brillouin scattering techniques, whereas its length scale is
a few orders of magnitude shorter [Robert et al., 2004]. The re-
sults of each method correspond to a certain frequency and
length scale range and thus may not be comparable, as the spin
transition involves dynamic electronic processes with ultrafast
changes of the electron spins and orbital occupancies. It is
therefore conceivable that its effect on the acoustic wave ve-
locities critically depends on frequency and length scale (sim-
ilar to a viscoelastic response) [see, for instance, Abramson et
al., 1999, Figure 19] such that the potential reduction within
the transition would be seen quite differently in an ultra-high
frequency probe like the IXS. In this case, the ISLS and
Brillouin scattering results would be more meaningful regard-
ing the implications of the measured elasticity across the spin
transition for seismological observations [Jackson, 2008]
(Figure 15). The currently available mineral physics studies
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that directly probed compressional and shear velocities (ISLS
and Brillouin spectroscopy, respectively) in single crystals in-
dicate that the effect of the iron spin transition is that (1) the
compressional velocities are markedly depressed across the
spin transition, (2) the average shear velocity is less affected,
and (3) the shear anisotropy is enhanced.
3.2.2. Perovskite and Post-Perovskite
[35] To our knowledge, there are no published experimen-

tal data relative to the sound wave velocities of Fe-bearing
perovskite that provide direct information about the effect
of the iron spin state. Computations on (Mg,Fe)(Si,Al)O3-
perovskite indicate that the effect of the iron spin state on
the bulk and shear moduli is negligible [Li et al., 2005b].
Another computational study on Fe-bearing perovskite
[Caracas et al., 2010] also found that there is no significant
impact of the spin state on bulk elastic properties, but differ-
ences in the elastic anisotropy of the low- and high-spin
FeSiO3 end-member have been reported in this study.

[36] A study on Fe-rich post-perovskite using the NRIXS
method provided the first experimental constraints on the bulk
sound wave velocities of this phase but did not discuss the spin
state of the respective sample [Mao et al., 2006]. Importantly,
in this study the Debye sound velocity was derived from the
measured partial phonon density of states (DoS) of iron in
post-perovskite [Sturhahn, 2004] and was then used to calcu-
late the sound velocities using relevant bulk modulus and den-
sity values. However, it has been shown in other studies and
been discussed above [Lin et al., 2006b; McCammon et al.,
2008b] that the sound velocities of ferropericlase and perov-
skite derived by this approach are lower than observed by
other techniques. A computational study on sound wave
velocities of Fe-bearing post-perovskite [Stackhouse et al.,
2006] finds only small effects of the iron spin state on elastic
properties. Based on our current understanding, the magnitude
of the effects on the elastic properties associated with the high-
spin and low-spin transition are stronger for ferropericlase
than for (Mg,Fe)SiO3 perovskite and post-perovskite.

3.3. Transport Properties
[37] Transport properties of iron-containing lower mantle

minerals can be strongly affected by the electronic configura-
tions in the partially filled 3d-electron orbitals that exhibit a
band gap in the eV range, including the radiative component
of thermal conduction [e.g., Burns, 1993] and electrical con-
ductivity [e.g., Dobson et al., 1997; Dobson and Brodholt,
2000; Lin et al., 2007a, 2007b]. Specifically, increasing
iron concentration generally enhances optical absorption
and electrical conductivity and hence reduces radiative
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thermal conductivity and electrical resistance in high-
spin ferropericlase and silicate perovskite [e.g., Burns,
1993; Dobson et al., 1997; Yoshino et al., 2011]. The elec-
tronic configurations of Fe2+ and Fe3+ in the crystallo-
graphic sites of ferropericlase and silicate perovskite
change significantly across the spin transition (Figure 2)
(e.g., see Lin and Tsuchiya [2008] for a review), indicat-
ing that the spin transition can affect the transport proper-
ties of lower mantle crystals. Here we discuss the effects
of the spin transition on transport properties, focusing on
the spin transition of Fe2+ in ferropericlase and the B-site
Fe3+ in perovskite (Figure 3).
3.3.1. Electrical Conductivity
[38] Previous studies have shown that the electrical con-

ductivity of ferropericlase is very sensitive to iron content,
Fe2+ to Fe3+ ratio, and point defects [e.g., Dobson et al.,
1997; Dobson and Brodholt, 2000]. The electrical resistance,
activation energy, and activation volume of (Mg,Fe)O
decrease with increasing iron content in the high-spin state.
Electrical conductivity of ferropericlase across the spin
transition has been studied using DACs and Kawai-type
multi-anvil apparatus to pressures over 100 GPa and tem-
peratures up to 500–600 K (Figure 16) [Lin et al., 2007b;
Ohta et al., 2007; Yoshino et al., 2011]. The electrical con-
ductivity of ferropericlase gradually rises by 1 order of
magnitude with increasing pressure up to approximately
50 GPa but decreases by a factor of approximately 3
between 50 and 70 GPa for samples with approximately
20–25% FeO (Figure 16) [Lin et al., 2007a, 2007b;
Ohta et al., 2007]. For samples with lower iron content
(7–10% FeO), the electrical conductivity remains almost
constant between 25 and 40 GPa and then increases slightly
with increasing pressures [Yoshino et al., 2011]. The

observed decrease or flattening of the electrical conductiv-
ity is consistent with the reported pressure range of the spin
transition in ferropericlase and has been attributed to the
isosymmetric high-spin to low-spin transition of iron.
Low-spin ferropericlase is observed to exhibit lower elec-
trical conductivity than high-spin ferropericlase at high
pressures as a result of the decreased electron mobility
and/or density of the charge carriers across the spin transi-
tion [Lin et al., 2007b]. The measured activation energy of
the low-spin ferropericlase is consistent with small polaron
conduction (electronic hopping, charge transfer), although
the conduction mechanisms at relevant P-T conditions of
the lower mantle still require investigation. Using the
decreased electrical conductivity as an indicator, the spin
transition appears to occur at relatively low pressures for
MgO-rich ferropericlase (Figure 16) [Yoshino et al.,
2011], suggesting a compositional effect on the onset pres-
sure of the transition. At temperatures up to 600 K, the
pressure range of the decreased electrical conductivity
broadens for ferropericlase containing 7% FeO, indicating
a spin crossover behavior. An extrapolation of the electri-
cal conductivity of the low-spin ferropericlase to lower
mantle P-T conditions (~2500 K and ~100 GPa) yields
an electrical conductivity in the order of tens of S/m
[Lin et al., 2007b], consistent with model values for the
lower mantle [e.g., Olsen, 1999]. Such a value is appar-
ently too low to account for the possible existence of a
highly conductive layer with the conductance of >108 S
at the base of the lower mantle, although the conductance
depends on the thickness of the layer as well.
[39] Electrical conductivity measurements designed spe-

cifically for understanding the effect of the spin transition
in perovskite and post-perovskite are rather scarce [e.g.,
Ohta et al., 2008, 2010a, 2010b]. It has been shown that
the electrical conductivity of Mg0.9Fe0.1SiO3 perovskite in-
creases with pressure up to 70 GPa, decreases to around 85
GPa, and again increases mildly to 135 GPa [Ohta et al.,
2008, 2010a, 2010b]. It was suggested that the reduction in
the conductivity of perovskite at 70–85 GPa is related
to the high-spin to low-spin transition of iron in perovskite
[e.g., Ohta et al., 2008, 2010a, 2010b]; however, as summa-
rized in the discussion of the spin transition in perovskite
(Figures 3 and 5), consensus on current experimental and
theoretical results point to a spin transition of the B-site
Fe3+ at 15–50 GPa and a low-spin transition of the A-
site Fe2+ at approximately 120 GPa. Therefore, the abrupt
decrease in the electrical conductivity does not appear to
be consistent with the current understanding of the spin
transition in perovskite.
[40] Electrical conductivity has been measured in silicate

post-perovskite (Mg0.9Fe0.1SiO3) in a laser-heated DAC at
P-T conditions relevant for the lowermost mantle [Ohta
et al., 2008]. The results indicate that the electrical conduc-
tivity of post-perovskite is about 3 orders of magnitude
higher than that of perovskite with a similar chemical com-
position. However, this is probably due to the layered crystal
structure of post-perovskite, with short Fe-Fe distances
normal to the layers rather than to spin transition of Fe3+.

Figure 16. Electrical conductivity of ferrpericlase at high
pressures and 300 K. fp7 and fp10: Yoshino et al. [2011];
fp19: Ohta et al. [2007]; fp25: Lin et al. [2007b]. Grey arrow
indicates the occurrence of the decreased electrical conduc-
tivity as a result of the spin transition. Error bars for these
measurements are likely large (~30–50%).

LIN ET AL.: SPIN TRANSITION IN LOWER MANTLE

257



Finally, although the measured sample resistances are fairly
accurate, conductivities converted from the resistances are
expected to have systematic errors of up to 30% [Nellis
et al., 1999], mainly due to uncertainties in the sample
geometry and thickness.
3.3.2. Thermal Conductivity
[41] Thermal conductivity of the lower mantle phases is a

key parameter controlling the heat transfer and hence the
evolution and style of deep Earth dynamics. Specifically,
the thermal conductivity of lower mantle materials affects
how heat flows from the outer core into the lowermost
mantle, which in turn affects the inner working of the
geodynamo and the solidification of the inner core. The ther-
mal conductivity consists of the lattice and radiative thermal
components. An effect of the spin transition on the lattice
thermal conductivity is expected due to the increase in den-
sity and the possible modification of the vibrational
spectrum (both on acoustic phonon velocities and density
of states) associated with the transition.
3.3.2.1. Lattice Thermal Conductivity
[42] Measurement of the lattice (phonon) contribution

to thermal diffusivity (D = k/(rCP) where k is thermal
conductivity, r is density, and CP is specific heat at constant
pressure) at high pressures is extremely challenging.
However, very recent results have been published for both
perovskite and ferropericlase to maximum P-T of 26 GPa
and 1273 K in large-volume press experiments [Manthilake
et al., 2011]. Lattice thermal conductivity of silicate
perovskite (Mg0.9Fe0.1)SiO3 has been measured in a DAC
at a given pressure of 125 GPa (a pressure relevant to
understand the effects of Fe spin-transition) with pulse laser
heating and time-resolved optical radiometry [Beck et al.,
2007; Goncharov et al., 2010]. Preliminary results
suggest a value of k = 25 (�10) Wm�1K�1 [Goncharov
et al., 2010], broadly consistent with an extant estimate of
k = 12Wm�1K�1 based on ambient pressure measurements
of MgSiO3 perovskite [Osako, 1991]. However, this
technique is still in an early development stage, and the
results and their interpretations have been disputed
[Beck et al., 2007, 2009; Hofmeister, 2009].
[43] Density-Functional Theory (DFT)-based ab initio com-

putational approaches have also been recently developed to
determine the lattice thermal conductivity of lower mantle
phases at relevant P-T conditions, thus supplementing the very
few available experimental results. Due to the technical chal-
lenges involved with the incorporation of Fe, the published
results are relative to the lattice thermal conductivity of MgO
[de Koker, 2010; Stackhouse et al., 2010; Tang and Dong,
2010] and recently for MgO perovskite and MgSiO3 post-
perovskite [Haigis et al., 2012]. However, recent rapid prog-
ress in determining thermoelastic properties and hyperfine
electronic structures of Fe-bearing mantle oxides and silicates
at high P-T, including the effects of the spin transition of iron
[Tsuchiya et al., 2006; Caracas and Cohen, 2008; Bengtson
et al., 2009; Wentzcovitch et al., 2009; Hsu et al., 2010,
2011], suggest that the effect of the spin-pairing transition on
thermal transport properties will be accessible by ab initio
computations in the near future.

3.3.2.2. Radiative Thermal Conductivity
[44] More results are available regarding the radiative

component of the thermal conductivity in both ferropericlase
and perovskite, which has been estimated from ultraviolet
(UV) optical and near-infrared (IR) absorption spectroscopy
measured in the DAC across the whole pressure range of the
lower mantle (Figure 17).
3.3.3. Ferropericlase
[45] Measurements performed on (Mg0.88Fe0.12)O to

84 GPa at ambient temperature show that the spin transition
of Fe2+ is associated to the appearance of two new absorption
bands in the regions of 10,000 and 15,000 cm�1 that can be
assigned to the 1A1g ! 1T1g and

1A1g ! 1T2g transitions of
the low-spin Fe2+ (Figure 17a); however, the estimated
effect is to decrease the radiative thermal conductivity only
by about 15% at temperatures between 2000 and 3000 K
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2+
0.059Fe

3+
0.042)SiO3

has an initial thickness of 30 mm; the sample of post-
perovskite has a composition (Mg0.9Fe0.1)SiO3 and an initial
thickness of 5.75 mm [Goncharov et al., 2010].
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[Keppler et al., 2007]. Additional experimental results for
(Mg0.79Fe0.21)O up to 36 GPa are in qualitative agreement
but, due to the larger iron content, show a 10-fold increase of
the linear absorption coefficient [Goncharov et al., 2010]. This
implies a significant decrease of conductivity as a result of iron
addition, as radiative thermal conductivity (krad) is given by

krad /
Z
υ

E υð Þ
A υð Þdυ (2)

where υ is frequency, E(υ) is the emissivity of the black body,
and A(υ) is the absorption coefficient in the near-IR frequency
corresponding to the maximum of the black-body radiation
curve in the 2000–3000 K range expected in the lowermost
mantle [Goncharov et al., 2010]. These results suggest that
the spin transition in ferropericlase does not have a major
effect on the average radiative thermal conductivity of the lower
mantle but that the absolute value of the radiative thermal
conductivity of ferropericlase is sensitive to its iron content.
[46] Optical absorption measurements performed on sam-

ples of (Mg1� xFex)O with 0.06< x< 0.25 characterized by
high Fe3+ contents show that the oxidation state of iron has
a strong effect on the absorption spectrum of ferropericlase
across the whole near-IR to UV region, making it substan-
tially opaque in the region of the maximum black-body radi-
ation at temperatures of the lower mantle (Figure 17a). In this
case, however, the effect of the spin transition is to slightly
decrease the radiative thermal conductivity [Goncharov
et al., 2006, 2010]. Additional measurements of UV, optical,
and near-IR absorption of ferropericlase (Mg0.85Fe0.15)O with
high Fe3+ content at simultaneous high P-T up to 55 GPa and
800 K show a minor temperature effect at high pressures,
suggesting that the results obtained at ambient temperatures
can be extended to the temperature regime of the lower man-
tle [Goncharov et al., 2008].
3.3.3.1. Perovskite and Post-Perovskite
[47] Measurements of UV, optical, and near-IR absorption

of perovskite with a composition (Mg0.892Fe
2+
0.059Fe

3+
0.042)

(Si0.972Al0.028)O3 compressed to 125 GPa (Figure 17b) show
negligible absorption in the near-IR region (7000 cm�1),
which is characteristic of the crystal-field bands of Fe2+,
while the Fe2+-Fe3+ inter-valence optical transition bands
(at 15000–20000 cm�1) dominate the spectra due to the very
large amount of Fe3+ caused by the presence of Al in the
perovskite structure [Keppler et al., 2008]. Goncharov et al.
[2008, 2010] investigated (Mg0.9Fe0.1)SiO3 with 11% Fe3+

content. Experiments performed to a maximum pressure of
46 GPa show a substantial absorption in the spectral region
of the Fe2+ crystal-field bands (Figure 17b), in agreement with
results at room pressure for (Mg0.94Fe0.06)SiO3 by Keppler
et al. [1994] with a pressure-induced blue-shift and a decrease
in intensity attributed to the spin crossover of Fe2+ in the A-site
[Goncharov et al., 2008]. These observations are in apparent
disagreement with the most currently accepted interpretation
that the B-site Fe3+ undergoes a spin-pairing transition in the
pressure range between 15 and 50 GPa. The decreased absorp-
tion in the near-IR region is accompanied by an increase in the
absorption in the 15,000 to 20,000 cm�1 region due to intense

Fe2+-Fe3+ inter-valence absorption bands (Figure 17b).
Additional measurements up to 133 GPa indicate a progres-
sive increase of the absorption, especially in the 15,000 to
20,000 cm�1 range [Goncharov et al., 2008, 2010]. Both
studies on Al-bearing and Al-free perovskite suggest that
the occurrence of the spin-pairing transition of Fe does not
substantially affect the radiative thermal conductivity of
perovskite [Keppler et al., 2008; Goncharov et al., 2008,
2009, 2010]. However, these results show that the absolute
value of the radiative thermal conductivity of perovskite is
substantially affected by the valence state of iron that is in
turn controlled by the presence of Al3+ in substitution of
Si4+. With a fixed total Fe content of approximately 9 mol
%, the radiative thermal conductivity estimated at lower-
most mantle conditions at 130 GPa and 2500 K increases
5 times from 0.4 to 2Wm�1K�1 from Al-free perovskite
with Fe3+/Fe2+ ratio equal to 0.12 to Al-bearing perovskite
with Fe3+/Fe2+ ratio of 0.81 [Keppler et al., 2008;
Goncharov et al., 2009].
[48] To our knowledge, only one set of measurements

of IR, optical, and UV absorption has been performed for
Al-free post-perovskite with 10, 20, and 30 mol% iron to
140 GPa and ambient temperature [Goncharov et al., 2010].
That study shows, as expected, that increasing iron content
from 10 to 30 mol%, the absorption coefficient increases by
a factor of 8 in the whole frequency range between 5000
and 25000 cm�1. Weak absorption bands at 8000 cm�1 and
a strong band at 12,000 cm�1 were also observed. The strong
band at 12,000 cm�1 is absent in Al-free perovskite, however,
and the difference is most likely due to a different Fe3+/Fe2+

ratio with respect to perovskite with identical total Fe
content [Goncharov et al., 2010]. This very limited infor-
mation does not allow us to make any inferences about
the effect of the spin-pairing transition on the thermal con-
ductivity of post-perovskite.
3.3.3.2. Rheology and Textures
[49] Understanding the potential effects of the spin

transition on lattice preferred orientation, plastic flow,
and flow-induced fabrics in ferropericlase, perovskite, and
post-perovskite is of great importance to understanding
geophysics and geodynamics of the lower mantle. Although
ferropericlase constitutes only approximately one third of
this region by volume, it exhibits weaker creep strength
and higher elastic anisotropy than the more abundant perov-
skite and post-perovskite and likely plays an important role
in the deformation of the lower mantle [e.g., Karato, 1998,
2008]. Recent radial X-ray diffraction results on
ferropericlase show that the {001} texture is the dominant
lattice-preferred orientation across the spin transition as well
as in the low-spin state at high pressures and room temper-
ature [Lin et al., 2009]. This preferred orientation pattern is
predicted to be produced by 110f g 1�10h i slip. Since the slip
system does not change across the spin transition, it is
likely that the spin transition would not affect the lattice-
preferred orientation in ferropericlase over a wide range of
pressure-temperature conditions of the lower mantle. It has
also been suggested that the spin transition results in a
reduced differential stress and/or elastic strength along with
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the volume reduction [Lin et al., 2009]. The high-spin to
low-spin transition causes a density increase of about 3%,
which would allow the sample to relax and accommodate
to the extrinsic stress field, resulting in a reduced differen-
tial stress. The drastic reduction of the differential stress
supported by ferropericlase in the mixed-spin, where high-
spin and low-spin states coexist, and low-spin states indi-
cates that the strength of this mineral decreases across the
spin transition. Thus, the low-spin ferropericlase should
exhibit lower strength than what is expected by extrapola-
tion of the high-spin state. The influence of the spin transi-
tion on differential stress and the strength of ferropericlase
is expected to be less dominant across the spin crossover
at high P-T conditions relevant to the lower mantle
(Figure 2) [e.g., Tsuchiya et al., 2006; Lin et al., 2007a,
2007b; Mao et al., 2011a], making this phenomenon less
significant in geophysical implications. Theoretical calcula-
tions predicted a reduction in the effective activation energy
for diffusion creep and a viscosity minimum across the spin
transition in ferropericlase in the mid-lower mantle
[Wentzcovitch et al., 2009]. These calculations combine ab
initio energy calculations and a classical model to treat
the elastic strain contribution to the activation energy for
diffusion creep [Sammis et al., 1981]. The cause of the vis-
cosity weakening is the anomalous bulk modulus softening
associated with the Fe spin-transition [Crowhurst et al.,
2008; Mao et al., 2011a].
[50] The effect of the spin transition on the rheology of the

Fe-bearing lower mantle minerals may be related to the pos-
sibility that the transition of Fe can affect the diffusivity of
both iron and magnesium, which probably control the
viscosity of these minerals in the different creep regimes in
the lower mantle. In the case of ferropericlase, it has been
demonstrated that the spin-pairing transition is associated
with weakening of the bulk modulus and such weakening
can cause a minimum of viscosity at mid-lower mantle
depths [Wentzcovitch et al., 2009]. The effect of the bulk
modulus reduction across the spin-transition on diffusivity
of iron in ferropericlase has been quantitatively investigated
in a computational study [Saha et al., 2013]. A strain-
induced layering with the formation of interconnected
ferropericlase-rich bands in the lower mantle could cause
local low viscosity regions associated with plumes and deep
subducted slabs. Saha et al. [2013] also point out that the
bulk modulus softening can affect the diffusivity of magne-
sium as well. A test of the global consequences of compress-
ibility weakening induced by the Fe spin-pairing on the
global dynamics of the mantle and the generation of “low
viscosity channels” in the lower mantle is presented by
Matyska et al. [2011]. Potential effects of the spin transitions
in perovskite and post-perovskite remain to be investigated.

3.4. Iron Partitioning
[51] Ever since the initial experimental observation of the

spin-pairing transition of Fe2+ in ferropericlase [Badro
et al., 2003], researchers have focused their attention on the
effects of the spin transition on the partitioning of iron be-
tween the major phases of the lower mantle. Indeed, the

possibility that the spin-pairing transition causes anomalies in
the partitioning of Fe between ferropericlase and perovskite
or post-perovskite has the potential to strongly affect a wide
range of properties of lower mantle materials including den-
sity, mechanical and rheological behavior, and transport
properties.
[52] In the simplest case, the exchange reaction MgSiO3 +

FeO ↔ FeSiO3 +MgO is characterized by an equilibrium
exchange partition constant:

KD ¼ XFe=XMg

� �sil
= XFe=XMg

� �fp
(3)

where X is the molar fraction, sil indicates the silicate perov-
skite or post-perovskite and fp indicates ferropericlase. As
defined in thermodynamics, the value of KD is related to the
change of Gibbs free energy (ΔG) associated with the
exchange reaction:

ΔG ¼ ΔH � TΔS ¼ �kBT lnKD

¼ �kBT ln XFe=XMg

� �silh i
� ln XFe=XMg

� �fph in o
(4)

where G is Gibbs free energy, H is enthalpy, S is entropy,
and kB is Boltzmann constant. At the spin-pairing transition
of Fe, the change of the electronic contributions to enthalpy
and entropy can be estimated by the crystal field theory and
optical spectroscopic results [Burns, 1993]. Based on
the theory and thermodynamic arguments, Badro et al.
[2003, 2005] predicted a substantial enrichment of Fe in
ferropericlase as a consequence of the spin-pairing transition
with a more than ten times decrease of KD (to a value of
KD� 0.03), which was only slightly mitigated by the corre-
sponding spin transition in the silicate perovskite phase.
However, this prediction represents a lower bound to the
partition coefficient because it does not consider temperature
effects that broaden the spin transitions into a progressive
crossover [Tsuchiya et al., 2006].
[53] Partitioning of iron between Mg-rich silicate perov-

skite (post-perovskite) and ferropericlase in an Al-free sys-
tem, using olivine (Mg1� xFex)2SiO4 with 0.1< x< 0.15 as
starting material, has been investigated in the DAC across
the entire lower mantle pressure regime at temperatures rang-
ing from 1500 to 2450 K [Kobayashi et al., 2005; Auzende
et al., 2008; Sinmyo et al., 2008; Sakai et al., 2009, 2010].
These studies have been performed by combining in situ
X-ray diffraction with chemical characterization of recovered
samples using energy-dispersive X-ray spectroscopy (EDS)
of the transmission electron microscope (TEM). The resulting
overall picture is that Fe is preferentially accommodated in
ferropericlase with a weak decrease of KD with increasing
pressure at deep lower mantle conditions [Kobayashi et al.,
2005]. The effect of temperature is moderate (Figure 18a),
with an increase of KD with increasing temperature up to
0.26 at 60 GPa and 2450 K. The effect of pressure is larger
at high temperature, with KD decreasing from 0.17 at
76 GPa and 2200 K down to 0.08 at 100 GPa and 2150 K
[Auzende et al., 2008]. Auzende et al. [2008] suggest that
the spin transition in ferropericlase is the main cause of the
decreased KD at pressures above 70–80 GPa. Sinmyo et al.
[2008] observed a larger temperature effect and smaller
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pressure dependence than Auzende et al. [2008], with almost
constant KD of 0.25 between 95–105 GPa and 2130–2170 K
(Figure 18a). Sinmyo et al. [2008] explained the difference as
an effect of thermally induced diffusion of Fe (Soret effect)
caused by laser heating of the samples by Auzende et al.
[2008]. The Soret effect can indeed cause a net decrease of
the overall Fe content at the locations heated by IR laser
absorption [Heinz and Jeanloz, 1987; Sinmyo and Hirose,
2010]. Sinmyo et al. [2008] tried to minimize this effect by
thermally insulating their sample with NaCl, whereas
Auzende et al. [2008] did not use an insulating layer. A study
by Sakai et al. [2009] is consistent with the results of Auzende
et al. [2008] finding a negative pressure dependence and a
positive temperature dependence of KD. In their study, Sakai
et al. [2009] performed experiments in single-crystal samples
thermally insulated with NaCl as well as powder samples.
Their results are consistent between the different setups. In
addition, Sakai et al. [2009] showed a slight decrease of KD

with increasing XFe in ferropericlase.
[54] In a recent study at pressures from 30 to 120 GPa and

temperatures between 1950 and 2300 K, Narygina et al.
[2011] have combined X-ray diffraction in the laser-heated
DAC with in situ XANES (X-ray absorption near edge
structure) at the Fe K-edge to determine the speciation and

distribution of Fe in the coexisting oxide and silicate phases.
Their results show a very weak pressure dependence of KD

and a more visible dependence on temperature (Figure 18a).
Separate measurements performed after temperature
quenching from 2300 K are consistent with the high-
temperature results, suggesting that the distribution of Fe
between the coexisting ferropericlase and perovskite phases
is preserved across temperature quenching.
[55] Partitioning of Fe between Mg-rich silicate post-

perovskite and ferropericlase at pressures above 110 GPa
has been determined in the Al-free system (Mg1� xFex)2SiO4

with 0.1< x< 0.15 [Kobayashi et al., 2005; Auzende et al.,
2008; Sinmyo et al., 2008; Narygina et al., 2011]. However,
these available results are often inconsistent, showing either a
moderate to large increase of KD [Kobayashi et al., 2005;
Auzende et al., 2008] or a decrease [Sinmyo et al., 2008;
Narygina et al., 2011] with respect to the ferropericlase/pe-
rovskite counterpart (Figure 18a). Sakai et al. [2010]
studied the Fe partitioning between post-perovskite and
ferropericlase in a wide range of P-T and total Fe contents.
Their results indicate that KD increases with increasing
temperature and also exhibits negative pressure dependence.
In addition, KD increases with decreasing total Fe content
approaching unity for total XFe (XFe =FeO/(FeO+MgO) mol)
contents well below 0.1, which are of limited relevance for
the deep Earth. The results of Sakai et al. [2010] can reconcile
the disagreement between the previous works by other groups
if one considers that the high KD at the location of the heating
“hot-spot” could be due to substantial Fe loss by Soret
diffusion [e.g., Auzende et al., 2008), while measurements
performed in areas that preserved a pristine XFe would show
lower KD [e.g., Sinmyo et al., 2008].
[56] The presence of Al in the lower mantle can have a large

effect on the site occupancy and the valence state of iron in
perovskite due to Al3+-Si4+ substitution [McCammon, 1997;
Richmond and Brodholt, 1998]. In order to evaluate the effect
of Al on the partitioning of Fe between perovskite (and post-
perovskite) and ferropericlase in the lower mantle, experimen-
tal studies have been carried out on the pyrolite system as a
representative composition of the average bulk Earth mantle
[Ringwood, 1982] (Figure 18b). A recent study performed in
the multi-anvil press [Irifune et al., 2010] shows that starting
from 40 GPa, the value of KD decreases from 0.85 at 1973 K
to 0.52 at 47 GPa and 2073 K. The new results extend and
confirm previous studies at very shallow lower mantle condi-
tions [Irifune, 1994;Wood, 2000] and suggest an effect caused
by the onset of the spin transition in ferropericlase. Additional
data relative to the pyrolite system are reported by Murakami
et al. [2005], who investigated a wide range of pressures from
40 to 90 GPa and temperatures from 2000 to 2300 K. Their
results show a positive temperature dependence of KD and
slight negative pressure dependence with values ranging
between 0.4 and 0.5 (Figure 18b). A very recent study by
Sinmyo and Hirose [2013] investigated Fe partitioning
between silicate perovskite and ferropericlase in pyrolite up
to 114 GPa and 2300 K. The new study confirms the results
by Murakami et al. [2005] in the pressure range up to
90 GPa, and it shows an increase of the partition coefficient
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Figure 18. Pressure and temperature dependence of the
partition coefficient KD = (XFe/XMg)

sil/(XFe/XMg)
fp (see text

for details). (a) KD in the system (Mg1-xFex)2SiO4 with
0.1< x< 0.15. Vertical hourglasses: Andrault [2001]; left-
pointing triangles: Kobayashi et al. [2005]; vertical rhombs:
Auzende et al. [2008]; down-pointing triangles: Sinmyo
et al. [2008]; right-pointing triangles: Sakai et al. [2009];
horizontal rhombs: Sakai et al. [2010]; horizontal hour-
glasses: Narygina et al. [2011]. (b) KD in the pyrolite
(Al-bearing) system. Circles: Irifune [1994]; diamonds:
Wood [2000]; squares: Irifune et al. [2010]; triangles:
Murakami et al. [2005]; crosses: Sinmyo and Hirose [2013].
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above 100 GPa to a value of 0.9 at their maximum experimen-
tal pressure (Figure 18b). The relationship between the change
of the pressure dependence of KD above 100 GPa and spin
transitions of Fe is not completely clear because Fe3+ in the
B site of silicate perovskite is predicted to undergo spin-
pairing at pressures between 15 and 50 GPa.
[57] Murakami et al. [2005] also measured iron partitioning

between post-perovskite and ferropericlase in the pyrolite
system at 2250 K and 124 GPa. The value of KD that they
determined is 0.12, which corresponds to a 75% decrease
with respect to the KD determined between perovskite and
ferropericlase at 90 GPa and 2300 K. The presence of
Al2O3 apparently causes an increase of fractionation of Fe
in perovskite, indicating a coupled substitution of the Al3+

and Fe3+ for the B-site Si4+ in perovskite. In addition, it has
been observed that Fe2+ disproportionates into metallic Fe0

and Fe3+ [Frost and Langenhorst, 2002], with Fe3+ being ac-
commodated in perovskite but almost absent in ferropericlase.
The large decrease of KD between post-perovskite and
ferropericlase observed by Murakami et al. [2005] could be
due to a large decrease of the absolute Fe and Al content in
post-perovskite with respect to perovskite (Figure 18b).

[58] The picture emerging from these different studies is
that Fe partitioning between the silicate and ferropericlase
phases of the lower mantle is strongly affected by the pres-
ence of Al in the system, which favors the presence of Fe3+

in perovskite and effectively increases KD at pressures below
40 GPa up to 0.85. This is consistent with the interpretation
that the spin transition of B-site Fe3+ in perovskite occurs
below 40 GPa. With the onset of the spin-pairing transition
of Fe2+ in ferropericlase, the value of KD decreases quickly
reaching to a value of 0.5 at pressures as high as 90 GPa
and then increases again up to 0.9 at 114 GPa in the temper-
ature range between 2000 and 2300 K. In absence of Al, the
value of KD is almost constant from 30 GPa to about 70 GPa
and varies with temperature from 0.13 at 1600 K to 0.36 at
2300 K. At higher pressure, probably also due to the occur-
rence of the spin crossover in ferropericlase, KD decreases
with pressure, although the exact pressure dependence is not
resolved by the available results (Figure 18).
[59] In addition to the studies of partitioning behavior of

Fe between ferropericlase and the silicate phases, Hirose
et al. [2008] focused on the experimental determination
of the partition of Fe between coexistent perovskite and
post-perovskite with overall composition (Mg0.9Fe0.1)SiO3,
showing that sample material recovered from 100 GPa and
1700–1800 K presented a systematic enrichment of Fe in
the perovskite phase. A recent study in the laser-heated
DAC focused on the partitioning of Fe between coexisting
perovskite and post-perovskite at lower mantle conditions
determined by combining X-ray diffraction and X-ray
absorption techniques [Andrault et al., 2010]. The results
indicate a systematic depletion of Fe in post-perovskite with
a KD = 0.42 (here KD= (XFe/XMg)

ppv/(XFe/XMg)
pv where ppv

indicates the silicate post-perovskite and pv indicates perov-
skite). A careful evaluation of the effect of the valence
state of Fe on its partitioning into the two polymorphs
at lowermost-mantle conditions has been carried out by

Sinmyo et al. [2011] by combined X-ray diffraction and
electron energy-loss near-edge spectroscopy (ELNES)
analyses. Sinmyo et al. [2011] show that post-perovskite is
depleted in Fe3+ with respect to perovskite, independent of
the Al content in systems characterized by Fe3+/ΣFe ratios
between 0.04 and 0.22, compatible with the lower mantle.
They propose that Fe3+ in perovskite and metallic Fe recom-
bine to form Fe2+ upon the perovskite to post-perovskite
transition, which also causes a strongly partition of Fe2+ into
ferropericlase. However, additional experiments performed
by Sinmyo et al. [2011] on anomalously oxidized samples
show that the oxidation state of Fe in post-perovskite is
strongly influenced by the oxidation state present in the
source material.
[60] The overall picture emerging from experimental

studies is still contradictory, with studies that suggest either
Fe enrichment in perovskite [Murakami et al., 2005; Sinmyo
et al., 2008; Narygina et al., 2011] or in post-perovskite
[Kobayashi et al., 2005; Auzende et al., 2008]. Caracas and
Cohen [2007, 2008] determined the pressure-composition
phase diagram of the (Mg,Fe)SiO3 system based on static
DFT calculations and adding a temperature shift calibrated
on high temperature computation performed on the Fe-free
system [Tsuchiya et al., 2004]. They also presented the
vibrational entropic and thermal expansion contributions to
the computed static enthalpies and configurational entropies.
Their results indicated that at conditions of the lower mantle,
Fe2+, which is in the high-spin configuration in both the
polymorphs and at any condition, preferentially partitions in
post-perovskite and expands the coexistence loop, such that
a perovskite with 7 mol% Fe content (typical of pyrolite
compositions) would start to transform first producing a
post-perovskite with 13 mol% Fe. Caracas and Cohen
[2008] examined the disagreement between computational
studies and several experimental studies and suggested that
one source of disagreement (together with the approximations
in their calculation of the vibrational entropic contribution)
could be that some experimental results are not representative
of equilibrium conditions.
[61] The attainment of the thermodynamic equilibrium in

temperature and composition is extremely complicated in
high P-T DAC experiments. The presence of temperature
heterogeneities and thermally induced Fe diffusion can
complicate the interpretation of the results. In addition, the
thin foil sample preparation for TEM analyses can generate
artifacts [e.g. Barna et al., 1999; Wirth, 2009]. As a conse-
quence, the uncertainty associated to the KD determined at
deep lower mantle conditions oscillates between 0.05 and
0.1, and the large majority of the results are marginally
consistent within their reciprocal uncertainties.
[62] In addition to the studies performed on the solid

phases, Nomura et al. [2011] have experimentally investi-
gated the partitioning of Fe between melt and coexisting
liquidus solid (the first crystallizing solid) in the
(Mg0.89Fe0.11)2SiO4 system at relevant lower mantle
P-T conditions from 20 to 159 GPa using electron
microprobe analyses of the P-T quenched and recovered sam-
ples. Their results show that KD= (XFe/XMg)

sol/(XFe/XMg)
liq
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(where X is the molar fraction, sol indicates solid silicate perov-
skite, post-perovskite or ferropericlase, and liq indicates the
melt) is almost constant with a value of 0.22 to 0.29 at shallower
lower mantle conditions up to 75 GPa. At higher pressures it
drops to 0.07 and remains almost constant to 159 GPa.
Additional X-ray emission spectroscopy performed on
(Mg0.95Fe0.05)SiO3 glass indicates the presence of the spin-
pairing transition of Fe2+ in the pressure regime between 59
and 77GPa, and the authors suggest that the same effect is caus-
ing the large change of KD observed in the (Mg0.89Fe0.11)2SiO4

system [Nomura et al., 2011]. However, such a transition in Fe-
containing glass may not be representative of the potential spin
transition in silicate melts because melts can display behaviors
distinct from those of glasses. Furthermore, the reported pres-
sure range of the spin transition is inconsistent with our current
understanding of the spin transition in perovskite (Figure 5).
[63] The results by Nomura et al. [2011] supported the

hypothesis that the spin-pairing transition of iron in the
lower mantle played a crucial role on iron partitioning
between solids and deep silicate melts by stabilizing dense
silicate liquids at the bottom of the lower mantle through
the progressive cooling of the whole mantle magma ocean
in the primordial Earth [Labrosse et al., 2007]. This pristine
basal magma ocean (BMO) could probably be present in the
large low-shear-velocity provinces (LLSVPs) and in the
ultra-low-velocity zones (ULVZs) [Labrosse et al., 2007].
However, a very recent study by Andrault et al. [2012],
who investigated Fe partitioning between solid and melt in
an Al-bearing simplified pyrolite system in a range of pres-
sures between 40 and 120 GPa, showed that KFe =X Fe

sol/X Fe
liq

(where X is the molar fraction, sol indicates the solid, and
liq indicates the melt) is almost constant at a value of
0.55 (�0.1) across the whole lower mantle. The results of
Andrault et al. [2012] clearly contradict those of Nomura
et al. [2011] and the hypothesis of the segregation of a
Fe-rich, high density basal magma ocean.
[64] Spin-pairing transitions can affect the isotopic

fractionation of iron between minerals of the lower mantle
and also between minerals and metallic Fe at deep mantle
conditions. Theoretical ab initio computations with repre-
sentative Fe2+ clusters in both ferropericlase and perovskite
have been performed at conditions corresponding to the very
deep mantle (120 GPa and up to 4000 K). These studies
show that heavy Fe2+ is favored in the low-spin configuration
in ferropericlase, while no preferential enrichment exists for
the low-spin Fe2+ in the A site in perovskite [Rustard and
Yin, 2009]. Polyakov [2009] evaluated the isotopic fraction-
ation of Fe between metallic iron and ferropericlase and be-
tween iron and post-perovskite from measured partial
phonon density of states (DoS) of 57Fe in silicate, oxide,
and metallic Fe at high pressures using nuclear inelastic X-
ray scattering data in the DAC [Mao et al., 2001; Lin et al.,
2006b; Mao et al., 2006]. The results show that 57Fe is
enriched in both oxides and silicates with respect to metallic
iron at core-mantle boundary conditions, and this behavior
is the opposite to that observed for the corresponding solid
phases at ambient pressure. The studies by Rustard and Yin
[2009] and Polyakov [2009] are compatible with scenarios

of strong isotopic fractionation and stratification at early
stages of the Earth history. The Fe isotopic signatures of
different physical reservoirs in the deep mantle should be
traceable in modern Earth volcanic products, and the isotopic
ratio of volcanic rocks in planetary bodies should be indica-
tive of the P-T conditions of the core formation.

3.5. Iron Diffusion
[65] Elemental diffusion is a key parameter in determining

the rheology of materials. In both diffusion and dislocation
creep, deformation is controlled by the diffusion rates of
the different chemical species and vacancies [e.g., Karato,
2008]. In this respect, the spin crossovers of Fe in
ferropericlase and silicate perovskite and post-perovskite
may produce important effects on diffusion rates and
ultimately on the rheology of the deep mantle. Chemical
diffusion rates in deep mantle materials have been investi-
gated up to uppermost lower mantle pressures, including
Mg-Fe inter-diffusion in ferropericlase up to 35 GPa by
Yamazaki and Irifune [2003]. Pressure regimes relevant for
the spin-pairing transition in lower mantle minerals are still
experimentally inaccessible for diffusion studies.
[66] Very recently, two different groups have addressed

the effect of the spin transition on the absolute diffusion rate
of Fe2+ across the whole pressure range of the lower mantle
using ab initio computations [Ammann et al., 2011; Saha
et al., 2011]. These studies determine the absolute diffusivity
D of Fe2+ as a dilute impurity whose migration is mediated
by Mg vacancies; the migration energetics are determined
using ab initio density functional theory calculations including
an effective Hubbard-U energy term to accurately describe
electron correlation effects in Fe. Both studies consider the
case of (Mg0.97Fe0.03)O, which ensures dilute-limit conditions
for the system.
[67] However, the two studies use different approaches to

determine diffusivity. Ammann et al. [2011] explicitly
included the rates of all the four possible exchanges involv-
ing the impurity and the vacancy and the exchange rate in
the pure iron-free crystal. Saha et al. [2011] simplified the
analysis of the rates of the different exchange processes by
treating the hopping frequency (except for the exchange
between impurity and vacancy) as a function of the
exchange rate between vacancy and neighboring Fe and
the exchange rate for hopping of Mg in the pure Fe-free
lattice. Another important source of the differences between
the two models is the choice of the vacancy concentration: it
is fixed to 1 (dilute limit) by Ammann et al. [2011], while
Saha et al. [2011] modeled it based on an estimated extrinsic
vacancy concentration corresponding to 100 ppm Al content
[van Orman et al., 2009]. Furthermore, Ammann et al.
[2011] did not consider mixed high-spin and low-spin state
conditions, while Saha et al. [2011] developed a thermody-
namic model to describe the behavior of Fe2+ in an extended
mixed-spin region.
[68] Nevertheless, one important conclusion of both studies

is that in the vacancy-mediated diffusion, the low-spin Fe
configuration is always energetically unfavorable in the
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activated state for hopping to a neighboring Mg vacancy.
That is, even the low-spin Fe2+ switches to the high-spin con-
figuration during a successful hop and returns to the low-spin
configuration after the exchange. This result confirms recent
experimental observations for Cr3+ and Ga3+ in periclase
[Crispin and van Orman, 2010] and implies that crystal field
effects are stronger than the constraints imposed by ionic radii
in determining the diffusivities of transition metals during
their migration to neighboring magnesium vacancies in
periclase. One interesting result by Ammann et al. [2011]
suggested that the spin configuration of Fe can change also
as a consequence of nearby Mg jumps. This effect has the
important consequence of accelerating the diffusion of Mg.
[69] Figure 19 shows the diffusivities modeled by the two

studies along a representative geothermal path [Stacey and
Davis, 2004]. The two models are in qualitative agreement,
indicating that the spin-pairing transition of Fe2+ affects
diffusivity by less than one order of magnitude in the dilute
limit. However, the diffusivity computed by Saha et al.
[2011] is about 2 orders of magnitude lower due to the
smaller vacancy concentration used in their model.
[70] Ammann et al. [2011] did not consider a mixed-spin

region. At pressures below the sharp spin-transition, the
low-spin Fe2+ has a higher diffusivity than the high-spin
state if the migration mechanism involves switching to the
activated high-spin Fe2+ state. The results of Saha et al.
[2011] showed that the diffusivity of dilute Fe2+ in the
mixed-spin regime is dominated by the high-spin species,

and the low diffusivity of the low-spin species starts to influ-
ence the overall Fe diffusivity only in the lowermost mantle
(in this matter the models of the two groups are very simi-
lar). Saha et al. [2011] also computed the diffusivity of the
pure low-spin Fe2+ without switching to the high-spin
configuration in the activated state (see Figure 19). Such a
migration mechanism could be relevant at extremely high
pressures such as those in super-Earth planets.
[71] In addition to the dilute limit, Ammann et al. [2011]

presented a model to estimate Fe diffusivity as a function
of Fe content and found qualitatively similar results for an
Fe content of 20%, with a negligible increase of the diffu-
sion coefficient (Figure 19). In a more recent paper, Saha
et al. [2013] also presented a model which includes the
elastic softening induced by Fe spin crossover (which is a
function of the finite Fe content in ferropericlase). Saha
et al. [2013] combined ab initio modeling of the energetics
of iron migration with the elastic strain energy model by
Sammis et al. [1981] to incorporate the contribution to Fe
diffusivity due to the bulk modulus softening across the
spin-pairing transition. The effect of the anomalous softening
of the bulk modulus is that of increasing the diffusivity of Fe
up to 30 times in part of the lower mantle for (Mg0.82Fe0.18) O
along a geothermal P-T path [Saha et al., 2013]. In addition,
the anomalous softening due to Fe spin crossover would largely
affect the diffusivity of Mg, with additional consequences
for ferropericlase rheology [Saha et al., 2013].
[72] In conclusion, the models by both Ammann et al.

[2011] and Saha et al. [2011] indicate that in the dilute limit,
the Fe2+ diffusivity in ferropericlase is weakly affected by
the spin crossover except for the very bottom of the lower
mantle, where it can decrease by about one order of magni-
tude. At relevant P-T conditions of the lower mantle, Mg
diffuses much more slowly than Fe2+ in ferropericlase. The
effect of the Fe concentration at levels compatible with a
lower mantle ferropericlase composition (approximately
20% FeO) can be as high as one order of magnitude increase
of the diffusivity [Saha et al., 2013] (Figure 19). Based on
the available experimental and computational results,
ferropericlase is mechanically weaker than perovskite,
although Fe diffusion (and its partitioning) as well as
the viscosity of lower mantle rocks is dominated by the
behavior of perovskite. However, due to the fact that the
ferropericlase content is close to the percolation threshold
of the lower mantle materials, it is possible that in environ-
ments subject to large strains, such as deep subducted slabs
and large-upwelling regions (super-plumes), ferropericlase
grains may become interconnected such that layered
ferropericlase might become more dominant in controlling
Fe mobility, rheology and associated mechanical anisotropy.
Overall, Fe diffusivity in mantle minerals is too slow to
produce large-scale homogenization in geologic times;
however, if enhanced by 2 to 4 orders of magnitude (based
on the diffusivities calculated by Ammann et al. [2011] and
Saha et al. [2011], respectively) at grain boundaries, it could
still be compatible with slab homogenization in one hundred
million years [Kellogg and Turcotte, 1987] and allow for
substantial core-mantle mixing [Hayden and Watson, 2007].
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Figure 19. Pressure dependence of Fe2+ diffusivity (D) in
ferropericlase along a representative geotherm [Stacey and
Davis, 2004]. Red and blue continuous curves are relative
to the dilute limit, while dashed curves refer to an empirical
model for 20 mol% FeO content [Ammann et al., 2011].
HS: high spin; MS: mixed spin; LSLS: low spin with the
low-spin configuration in the activated state (see text); LSHS:
low spin with the high-spin configuration in the activated
state. The green curves are relative to ferropericlase with
18 mol% FeO content [Saha et al., 2013]. The continuous
curve does not include elastic softening, while the dashed
curve includes the effect of elastic softening. The error bar
represents the range of values of the diffusivity including
softening between the classical strain energy model and a
lower bound based on ab initio computations (for details,
see Saha et al. [2013]).
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4. GEOPHYSICAL IMPLICATIONS

[73] To understand the geophysical consequences of the
spin transition in the lower mantle, we have modeled the
density, bulk modulus (KS), and bulk sound velocity (VΦ)
of ferropericlase along an expected lower mantle geotherm
using the experimental EoS and a spin crossover model
(Figures 20 and 21) [Brown and Shankland, 1981; Mao
et al., 2011a]. The results for (Mg0.75Fe0.25)O are compared
with a computational model for (Mg0.8125Fe0.1875)O
[Wentzcovitch et al., 2009]. Here pure MgO is used as the
reference for deriving the deviations [Tange et al., 2009].
We note that the width of the spin crossover determined from
the experimental results for ferropericlase with 25% FeO

[Mao et al., 2011a] is much narrower than what was pre-
dicted by computations for ferropericlase with ~19% FeO
[Wentzcovitch et al., 2009], and the spin crossover occurs at
a much higher pressure (Figures 20 and 21). On the other
hand, both experimental and theoretical models consistently
show a reduction in the bulk modulus and the bulk sound
velocity within the spin crossover (Figure 20). Using MgO
as the EoS reference [Tange et al., 2009], high-spin
ferropericlase with 25% FeO is ~17% denser than MgO,
whereas the low-spin state becomes ~19% denser
(Figure 21a). Within the spin crossover region, KS and VΦ

of ferropericlase are 28% and 22% lower than those of
MgO. These anomalous behaviors in the thermal elastic

%
%

Figure 20. Thermal elastic parameters of ferropericlase
along an expected lower mantle geotherm [Brown and
Shankland, 1981]. Black line: MgO [Tange et al., 2009];
red solid line: 25% FeO in ferropericlase [Mao et al.,
2011a]; red dashed line: 18.75% FeO in ferropericlase from
theoretical calculations [Wentzcovitch et al., 2009].

Ferropericlase

Figure 21. Deviations of the thermal elastic parameters of
ferropericlase along a representative lower mantle geotherm
[Brown and Shankland, 1981]. MgO EoS parameters were
used as the reference [Tange et al., 2009]. Red solid line:
25% FeO in ferropericlase [Mao et al., 2011a]; red dashed
line: 18.75% FeO in ferropericlase from theoretical calcula-
tions [Wentzcovitch et al., 2009].
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properties of ferropericlase across the spin crossover must be
taken into account in order to understand the seismic
signatures and geodynamics of the lower mantle.
[74] It has been shown that the spin transition affects

sound wave propagation characteristics of (MgFe)O [Lin
et al., 2006b; Crowhurst et al., 2008; Marquardt et al.,
2009a; Wentzcovitch et al., 2009; Antonangeli et al., 2011]
as well as perovskite [McCammon et al., 2008a] and post-
perovskite [Caracas et al., 2010]. However, scarce data
and existing inconsistencies between the available data sets
preclude an adequate evaluation of the implications of the
spin transitions for the interpretation of seismic observables
and our understanding of global geodynamics [e.g., Speziale
et al., 2007; Lin and Tsuchiya, 2008; Cammarano et al.,
2010; Morra et al., 2010]. In addition, published studies of
the acoustic wave propagation across the spin transition in
ferropericlase have exclusively been conducted at mantle
pressures and ambient temperature. In general, it has been
shown both theoretically and experimentally that tempera-
ture broadens the pressure range over which the spin transi-
tion occurs in ferropericlase [Sturhahn et al., 2005;
Tsuchiya et al., 2006; Lin et al., 2007a; Komabayashi
et al., 2010; Mao et al., 2011a]. This makes it unlikely
that the spin transition causes abrupt changes but rather
favors gradual changes in the elastic properties throughout
the lower mantle.
[75] Most of our current knowledge on the effect of the spin

transition on seismic velocities is limited to ferropericlase, and
its implications have been modeled in different studies.
Cammarano et al. [2010] tested different mineral physics
models against radial one-dimensional seismic profiles in order
to assess the implications of the spin crossover in ferropericlase
on the interpretation of the seismic data. The authors con-
cluded that including a reduction of the compressional velocity
across the spin crossover leads to a better fit of seismic data in
the upper part of the lower mantle but requires a thermal,
chemical, or thermochemical transition in the central part of
the lower mantle. The iron spin crossover also affects P-T
derivatives of the acoustic velocities of ferropericlase [e.g.,
Marquardt et al., 2009a] and might therefore be responsible
for the observations of lateral seismic heterogeneity [e.g.,
Kennett et al., 1998; Masters et al., 2000; Romanowicz
2008]. In addition, there appears to be consensus that the spin
crossover affects the elastic shear anisotropy in ferropericlase
[Crowhurst et al., 2008,Marquardt et al., 2009b, Antonangeli
et al., 2011].Marquardt et al. [2009b] estimated the maximum
elastic shear anisotropy of low-spin ferropericlase throughout
the Earth’s lower mantle to be about three times that of perov-
skite and post-perovskite, making it a strong candidate to
explain seismic observations of shear anisotropy in the lower-
most mantle.
[76] In a nutshell, the electronic spin transition has the

potential to substantially impact our understanding of the deep
Earth structure and dynamics. Unfortunately, as discussed in
the section 3.2, SoundVelocities, the effect of the spin crossover
on the compressional velocity of ferropericlase is still unclear.
Certainly, multidisciplinary experiments and/or calculations
are critical to enhance our current understanding about the

elastic properties of the low-spin ferropericlase and their behav-
iors in the spin transition zone of the lower mantle. The knowl-
edge on spin-affected and frequency-dependent elasticity of
lower mantle minerals is prerequisite to adequately interpreting
seismic observables in terms of the structure, mineralogy, and
dynamic state of the Earth’s deep interior [Jackson, 2008].
[77] In addition to the contradictory results on ferropericlase

at room temperature and the scarce information on any other
major lower mantle phase, the understanding of the effect
of spin transitions on seismic wave propagation in the
lower mantle is hampered by the lack of any simultaneous
high P-T data.With the limitations imposed by our incomplete
knowledge of the combined P-T effects, the currently avail-
able experimental and computational results regarding the
elastic properties of ferropericlase across the spin transition
[Tsuchiya et al., 2006; Fei et al., 2007a; Crowhurst et al.,
2008; Marquardt et al., 2009a; Wentzcovitch et al., 2009;
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Figure 22. Aggregate longitudinal and shear acoustic
velocities of ferropericlase along a geothermal P-T path
[Brown and Shankland, 1981]. The P-T dependences of
density and the elastic moduli are determined by Eulerian
strain equations and an extended Grüneisen equation of state
approach [Stixrude and Lithgow-Bertelloni, 2005]. The
compositional dependences of density and elastic moduli
are based on Jacobsen et al. [2002]. The pressure depen-
dences of the elastic moduli are based on Jacobsen et al.
[2004], Jackson et al. [2006], Fei et al. [2007a], Crowhurst
et al. [2008], Marquardt et al. [2009a], Mao et al. [2011a],
and Murakami et al. [2012]. Two models of the temperature
effect on the breadth of the mixed spin region are plotted as
continuous curves [Mao et al., 2011a] or dashed curves
[Marquardt et al., 2009a; Tsuchiya et al., 2006]. Curves for
MgO are based on Karki et al. [1999] and Sinogeikin and
Bass [2000]. PREM: Preliminary Reference Earth Model
[Dziewonski and Anderson, 1981]; ak-135: Reference Earth
Model [Kennett et al., 1995].
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Antonangeli et al., 2011;Mao et al., 2011a] can be utilized to
construct velocity-depth profiles along an expected geother-
mal path [Brown and Shankland, 1981] for compositions
relevant for the lower mantle (Figure 22). Based on two
models for the broadening of the mixed-spin region at high
temperatures [Marquardt et al., 2009b; Mao et al., 2011a],
the maximum decrease of the compressional wave velocity
induced by the spin-pairing transition in ferropericlase with
relevant mantle composition (Mg0.75Fe0.25)O can be as large
as 15% at 110 GPa, which corresponds to 2500 km depth.
Such a large decrease would produce an effect of 3%
decrease for a pyrolite mantle composition (which contains
about 20 vol% ferropericlase at lower mantle conditions)
(Figure 1). Regions with anomalously high Fe content could
be affected by an even larger velocity decrease, though the
location and the width of the mixed spin region are poorly
constrained at present. Most importantly, it is evident that
the role played by perovskite and post-perovskite is domi-
nant in determining the average elastic properties of the deep
mantle for realistic compositions such as pyrolitic or if
the effect of Fe incorporation in the silicate phases is treated
as a small perturbation of the shear properties of the Fe-free
end members [Murakami et al., 2012], but data relative
to the Fe-bearing silicate phases of the lower mantle are
mostly lacking.
[78] The effect of Fe spin crossover on the elastic proper-

ties of ferropericlase and of perovskite has a potential impact
on the overall dynamics of the deep mantle. In fact, the anom-
alous softening of the bulk modulus that has been widely
observed in ferropericlase [Crowhurst et al., 2008; Tsuchiya
et al., 2006] causes anomalies in the thermoelastic properties
and induces a reduction of the activation energies for diffu-
sion of Fe and Mg [Wentzcovitch et al., 2009; Mao et al.,
2011a, 2011b; Saha et al., 2013]. This can affect the rheology
of a pyrolitic mantle in the case of textural layering that allows
weak ferropericlase grains to be interconnected [Lin, et al.,
2009]. Some experimental results and preliminary computa-
tions suggest that spin crossover in perovskite is also associated
with elastic softening [Catalli et al., 2011;Hsu et al., 2011]. As
a consequence, it is possible that the depth dependence of
the viscosity of the lower mantle is nonmonotonic and low
viscosity layers can be present in the deepmantle with strong ef-
fects on the global mantle convection [Matyska et al., 2011].
[79] Fe diffusion within ferropericlase is affected by spin

transitions, and the effect is amplified if the reduction of
the activation energy due to elastic softening is taken into
account [Ammann et al., 2011; Saha et al., 2011, 2013]. If
diffusivity at grain-boundaries is 2 to 4 orders of magnitude
higher than in crystals, the spin crossover would regulate the
chemical homogenization of compositional anomalies at the
bottom of the mantle [Saha et al., 2011, 2013].
[80] Finally, Fe spin crossover also affects the acoustic

velocity and the anisotropy of ferropericlase [Wentzcovitch
et al., 2009; Marquardt et al., 2009b]. The combination of
density anomaly and change in the phonon spectrum has a
potential impact on possible anomalies in lattice thermal
conductivity of ferropericlase. If similar effects are con-
firmed for silicate perovskite, this could produce a new,

more complex picture of dynamic behavior and energy flow
across the deep mantle. New experimental and computa-
tional studies of the effect of Fe spin configuration changes
on thermal conductivity are necessary to understand and
quantify the relevance of these potential anomalies.

5. CONCLUSIONS

[81] The occurrence of the spin-pairing transitions in
ferropericlase, perovskite, and post-perovskite visibly affects
a range of physical and chemical properties that are crucial
in determining several aspects of the geophysical, geochemi-
cal, and geodynamic behaviors of the Earth. Experimental
and computational studies of the thermal and electrical con-
ductivities, diffusion coefficients, and element fractionation
and partitioning at the extreme P-T conditions of the lower
mantle are still in their early stages. However, a number of
general trends can be identified based on the extant results
and aforementioned discussions in section 3, especially in
the case of ferropericlase:
[82] 1. The spin-pairing transition of Fe2+ results in an

increase in density, incompressibility, and shear wave anisot-
ropy from the high-spin to low-spin ferropericlase, and a
decrease in bulk modulus and compressional wave velocity
occurs within the spin transition. The effects are significantly
reduced at expected lower mantle P-T conditions because of
the broad spin crossover behavior. The spin-pairing transition
of the B-site Fe3+ in perovskite likely causes an increase in
density from the high-spin to the low-spin state.
[83] 2. The spin-pairing transition of Fe2+ is responsible

for a decrease of the electrical conductivity of ferropericlase,
while no clear connection can be made between the spin
transition in Fe3+ in the B site and the electrical conductivity
of perovskite. The effect of the spin pairing of Fe in lower
mantle minerals is probably less relevant than the aniso-
tropic (electronic) structure of post-perovskite in a scenario
of a highly conductive layer at the core-mantle boundary that
can interact with the liquid core, affecting the length of the
day [Ohta et al., 2008].
[84] 3. The electronic spin-pairing transitions of Fe in

major lower mantle solids have the potential to produce
anomalies in the depth-dependent thermal conductivity with
consequences on the mantle convection. There are not yet
experimental or computational constraints on the effect of
the spin transition on the lattice thermal conductivity of the
lower mantle materials. Based on the available optical and
IR absorption experiments, radiative thermal conductivities
of ferropericlase and perovskite are weakly affected by the
spin transitions of Fe. Instead, radiative heat transfer is
very sensitive to the Fe3+/Fe2+ ratio. Available results on
ferropericlase at simultaneous high P-T up to 55 GPa and
800 K measured in the DAC [Goncharov et al., 2008] indi-
cate that temperature effects are moderate. The interpretation
of the absorption spectra in terms of the thermal conductivity
is controversial, especially in case of perovskite. Due to
intrinsic experimental difficulties, different groups report
variable values including up to one order of magnitude dif-
ference in the radiative thermal conductivity at lower mantle
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conditions, with marked effects on our interpretation of the ac-
tual thermal structure of the deep Earth and its evolution
through time [Keppler et al., 2008; Goncharov et al., 2009].
High radiative thermal conductivity comparable or exceeding
the lattice contribution would help stabilize large-scale plumes
arising from the core-mantle region [Keppler et al., 2008].
[85] 4. In the absence of direct experimental results, the

effect of the spin transition on the diffusion of Fe in
ferropericlase has been determined by ab initio computations
[Ammann et al., 2011; Saha et al., 2011, 2013]. The absolute
theoretical diffusion coefficient of Fe2+ in low-spin configura-
tion also in the activated state, computed with ab initio
methods, would be 4 orders of magnitude lower than the
high-spin configuration at lower mantle conditions [Saha
et al., 2011]. A thermodynamic model suggests that in the
mixed spin regime, the diffusion of Fe2+ is 10 times slower
compared to the high-spin state. Including the effect of elastic
softening induced by the spin crossover, the diffusivity of Fe
in ferropericlase would increase up to 30 times at lower mantle
depths [Saha et al., 2013]. If grain-boundary diffusivity is 2 to
4 orders of magnitude larger than within the crystals, the
predicted diffusion lengths of Fe2+ in ferropericlase and perov-
skite at lowermost-mantle P-T conditions would overlap the
characteristic length for convective mixing, allowing chemical
homogenization at length scale of 10 km in few hundred
million years [Saha et al., 2011].
[86] 5. Deformation experiments conductedon ferropericlase

show that the spin transition in ferropericlase does not change
the most active slip systems. The transition is accompanied
by a decrease of the deviatoric stress and/or the elastic
strength [Lin et al., 2009]. Wentzcovitch et al. [2009], using
an elastic strain energy model, predict a large reduction of
viscosity associated with the spin transition in ferropericlase.
Based on recent first-principles calculations [Ammann et al.,
2011; Saha et al., 2011], Fe2+ diffuses faster than Mg in
ferropericlase at any condition in the lower mantle. In addi-
tion to this, the diffusion in perovskite is predicted to be sub-
stantially lower than that of ferropericlase. This implies that
the spin transition in ferropericlase does not play a major role
in determining the rheology of the lower mantle [Ammann
et al., 2011], with the possible exception of regions where
ferropericlase is interconnected. However, the elastic soften-
ing induced by the spin transition increases the diffusivity of
Fe in ferropericlase and has the potential to affect the diffu-
sion of Mg as well [Saha et al., 2013], with consequences
for its viscosity. The presence of elastic softening in silicate
perovskite associated with spin pairing transition [Catalli
et al., 2011;Hsu et al., 2011] could be associated with similar
effects of its viscosity and open scenarios of a large-scale low
viscosity layer in the deep mantle [Matyska et al., 2011].
[87] 6. The results of several experimental studies suggest

that the spin transition directly affects Fe-Mg partitioning
between perovskite and ferropericlase KD

pv/fp. Both in Al-free
and Al-bearing systems, the onset of the Fe2+ spin transition is
accompanied by a decrease of KD

pv/fp, with a total reduction of
20 to 25% between 60 and 110 GPa. Furthermore, the effect
of temperature is to increase the KD

pv/fp, although this has yet
been clearly resolved. A rapid increase of the KD is observed

between 20 and 40 GPa in the Al-bearing pyrolite system
[Irifune, 1994;Wood, 2000; Irifune et al., 2010]. This increase
is related to the coupled Al3+-Fe3+ substitution for Si4+ in
perovskite, although it could also be connected to the spin
transition of the B-site Fe3+. Iron is strongly depleted in post-
perovskite with respect to ferropericlase and coexisting
perovskite [Andrault et al., 2010; Sinmyo et al., 2011]. The
effect of the spin transition of iron in deep silicate melts
coexisting with liquidus solid phases is not yet clear. Nomura
et al. [2011] proposed that it causes a strong fractionation into
the liquid, opening scenarios of substantial chemical heteroge-
neity in basal remnants of a primordial mantle-wide magma
ocean. A more recent study by Andrault et al. [2012] contra-
dicts Nomura’s results. However, the occurrence of the spin
transition in melts needs to be validated in situ. In addition to
this, ab initio computations suggest a strong effect of the
spin transition on the isotopic fractionation of Fe between
ferropericlase and metallic iron, with an enrichment of the
heavier low-spin Fe2+ in ferropericlase that is contrary to room
pressure behavior of the high-spin state [Polyakov, 2009;
Rustard and Yin, 2009]. In summary, the effects of the spin tran-
sitions of iron on the Fe-Mg partitioning between ferropericlase
and perovskite, the incorporation of Al in the silicate phases, the
valence state changes of Fe, the disproportionation of Fe2+ into
Fe0+Fe3+, and the partitioning of iron in coexisting deep partial
silicate melt could produce signatures relevant to the transport
properties and the rheology of the mantle.
[88] Future studies on the spin transitions and their associ-

ated effect should focus on measuring physical, chemical,
rheological, and transport properties of lower mantle minerals
with well-characterized spin and valence states at relevant P-T
conditions in order to provide more definite answers on their
consequences on the properties of the deep Earth. In particular,
the temperature effects on the spin and valence states of
silicate perovskite and post-perovskite, which are the main
components in the Earth’s lower mantle and the lowermost
mantle, respectively, are critical to address their effects on
the physics, chemistry, and dynamics of the Earth’s lower
mantle. Multidisciplinary approaches, including theoretical
calculations and the combination of different experimental
techniques, are needed to uncover many of the existing
unresolved issues.

GLOSSARY

Brillouin Spectroscopy: A spectroscopic technique used
to measure phonon energies by measuring the frequency
(energy) shift of the scattered light due to the interaction of
an incident electromagnetic wave from a laser and an acoustic
wave of the lattice vibration (photon-phonon interaction).
The energy shift is associated with either the creation (loss
of energy) or the annihilation (gain of energy) of a phonon.
The technique has been used to measure sound velocities of
materials at high pressures and temperatures in a diamond
anvil cell.
Crystal Field Theory: A model used to describe electron

energy levels in the presence of a ligand. A ligand is an ion
or molecule that binds to a central metal atom. The strength
of these outer ligands influences the electronic properties
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of the overall molecule through the interaction of
electron orbitals and varying degrees of repulsion between
the electrons in those orbitals. The 3d-electrons close to
the ligands have a higher energy than those further away,
resulting in a split in 3d-orbital energy levels. The way
in which the energy levels split is dependent on the
direction and angle with which the ligand electrons approach
the central atom.
Crystal-Field Splitting Energy: The energy difference in

between the highest and lowest 3d-orbital energy levels
caused by the electron orbital interaction of a central metal
atom and a ligand.
D00 Zone: The approximately 200 km lowermost layer of

the mantle extending to the core-mantle boundary. This
layer has specific seismic signatures that are distinct from
the rest of the lower mantle. Silicate post-perovskite is
believed to be present in the layer and to be the cause of
the seismic anomalies.
Diamond Anvil Cell (DAC): A device used to generate

the high-pressure conditions present in the deep Earth and
allow the study of material properties when coupled with
laser optical and/or synchrotron X-ray spectroscopies. A
DAC consists of two opposing diamonds with a sample
compressed between the flat tip surfaces of the diamonds
(called culets). Pressure in a DAC is typically monitored
using a reference calibrant with known pressure-behavior
of a measureable property, such as the ruby fluorescence
pressure scale. Brillouin scattering, X-ray diffraction, and
other measurements can be obtained by illuminating the
sample with either X-rays or visible light. The combination
of DAC with resistive heaters or with infrared laser
allows one to produce simultaneous high-pressure and
high-temperature conditions.
Equation of State: A thermodynamic pressure-volume-

temperature (P-V-T) relationship describing the state of matter
under a given set of physical conditions. These relationships
are independent of path. Equations of state are useful in
describing the transition of solids from one crystalline state
to another, and are used to understand incompressibility (bulk
modulus) of matter in the Earth’s interior.
Elastic Constants: Elastic constants relate the external

stress and the responding strain for materials that obey
Hooke’s law. The stress is the mechanical action exerted
on a material whereas the elastic strain is the infinitesimal
change in the length and volume in respond to the exerted
stress. Elastic constants are used to calculate a material’s
sound velocities and elastic moduli, notably the bulk
modulus, shear modulus, and Young’s modulus.
Electronic Spin: A quantum property of every electron

associated with its intrinsic angular momentum. Though
there are no suitable physical analogies to describe the spin
quantum number, there are two possibilities called spin
“up” and spin “down”. Each electron has a spin momentum
(S) of 1

2.
Ferropericlase: A magnesium-rich magnesium/iron

oxide ((MgFe)O). Ferropericlase is one of the main
constituents of the Earth’s lower mantle, together with
silicate perovskite. Among the minerals of the lower mantle

it is the one in which changes in the spin state of valence
electrons in iron have been most extensively studied.
Gibbs Free Energy: A thermodynamic state function that

describes the likelihood that a reaction will occur. It is
defined as the enthalpy (H) of the system minus the product
of the temperature (T) times the entropy (S) of the system
(G =H� ST).
Hund’s Rules: A set of rules that describe electronic

states with the least amount of repulsion between electrons.
For a set of degenerate orbitals, the lowest energy electron
configuration of an atom is the one with the largest number
of unpaired outer shell electrons. The rules assume that the
repulsion between the outer electrons is much greater than
the spin-orbit interaction, which is in turn stronger than
any other remaining interactions.
Lower Mantle Geotherm: The pressure and temperature

profile of the Earth’s lower mantle as a function of depth.
Lower mantle geotherm models are typically derived
measured thermodynamic parameters, together with phase
transition boundaries as anchor points.
High-Spin State: Crystal field theory state in which an

electron will fill an empty orbital before pairing with
another electron in a lower energy orbital. Each unpaired
electron in the high-spin state has an orbital spin momen-
tum (S) of ½.
Impulsive Stimulated Light Scattering (ISLS): A

noncontact laser optical method used to characterize a
high-frequency acoustic behavior. A sample is stimulated
by pulses of light from an IR laser, allowing the observation
of wave velocities by a green laser based on the acoustic
response to the sudden laser stimulation and consequent
acoustic decay time.
Inelastic X-ray Scattering (IXS): A nondestructive

analytical technique based on the inelastic scattering of an
X-ray beam after hitting a sample. The scattered angle,
polarization, and wavelength, and energy of the intensity
can be used to characterize a number of physical, chemical,
and transport properties of a material.
Intermediate-Spin State: Crystal field theory state in

which a compound is transitioning between high-spin and
low-spin states. The state in perovskite is described as Fe2+

having only two unpaired electrons (S = 1).
Low-Spin State: Crystal field theory state in which

all possible electrons are paired with other surrounding
electrons in lower energy orbitals before occupying an
empty higher-energy orbital.
Mössbauer spectroscopy: A spectroscopic technique used

to analyze changes in and around the nucleus, including
oxidation state changes, the effects of different ligands on an
atom, and the magnetic environment of a sample. Solid
samples are exposed to a beam of gamma radiation, and the
intensity remaining after transmission through the sample
is plotted against velocity of the accelerated source. A drop
in intensity at velocities corresponding to resonant energy
levels will produce a dip (quantum beat) in the Mössbauer
spectrum. Applying a magnetic field will cause interactions
between nuclei and the field, which produces a measurable
hyperfine splitting in the Mössbauer spectrum.
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Partition Coefficient: The ratio of concentrations of a
given compound in the two phases of a mixture of two
immiscible phases at equilibrium. These coefficients are a
measure of the difference in solubility of the element in
two phases.
Pyrolite: A hypothetical rock that is used to explain the

chemical and mineralogical composition of the upper mantle
of the Earth. The chemical composition of pyrolite is
obtaining by a linear combination of the compositions of
primitive basalt and refractory (residual) peridotite in a
1 : 3 mass ratio.
Quadrupole Splitting: A nuclear interaction that reflects

the interaction between nuclear energy levels and the
surrounding electric charge distribution. These interactions
produce a doublet in the Mössbauer spectrum when the
nucleus’ field is non-spherical, and the separation between
the states can be used to measure the sign and strength of this
electric field gradient.
Radiative Thermal Conductivity: A measure of a sub-

stance’s ability to transfer radiative heat. Thermal radiation
is energy emitted by matter as electromagnetic waves as a
direct result of the random movements of atoms and mole-
cules in matter.
Rietveld Refinement: A method of analyzing a powdered

sample’s diffraction data to refine the crystal structure. The
structural parameters are refined by fitting the entire profile
of the diffraction pattern to a calculated profile using a
least-squares approach.
Silicate Perovskite: An aluminum-containing magnesium

iron (or calcium) silicate (Al-MgSiO3) which has a perov-
skite structure. It is thought to form the main mineral phases
in the lower mantle, together with ferropericlase. Magne-
sium silicate perovskite may form up to 75% of the lower
mantle, making it the most abundant mineral in the Earth.
Silicate Post-Perovskite: A high-pressure polymorph of

silicate perovskite. Silicate perovskite transitions to post-
perovskite at the high pressure-temperature conditions of
the D00 layer.
Spin-Pairing Energy: The energy needed to force an

electron to fill an orbital that is already occupied with a
single electron. If the crystal field splitting energy over-
comes the spin-pairing energy, the electron will pair with a
lower energy orbital rather than fill an empty higher-
energy orbital. If the crystal field splitting energy is less than
the spin-pairing energy, greater stability is maintained by
keeping the electrons unpaired.
Spin Transition: The transition of electrons between

a high-spin and low-spin state. The most common way to
induce a spin transition is to change thermodynamic variables
(pressure or temperature) of the system. The transition may
be abrupt, occurring within a few kelvins range, smooth,
occurring over a large temperature range (spin crossover),
or incomplete.
X-ray Emission Spectroscopy (XES): An element-

specific experimental technique used to determine the
electronic structure of materials, especially as a means of
probing the density of partially occupied electronic states
of a material. An X-ray beam passes through a sample,

during which time the X-ray photons may suffer an energy
loss. This energy loss reflects an internal excitation of the
atomic system.
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