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abstRaCt

Iron- and aluminum-bearing MgSiO3 bridgmanite is the most abundant mineral in the Earth’s in-
terior; hence its crystal chemistry is fundamental to expanding our knowledge of the deep Earth and 
its evolution. In this study, the valence and spin state of iron in well-characterized Al-free Fe3+-rich 
bridgmanite were investigated by means of Mössbauer spectroscopy to understand the effect of ferric 
iron on the spin state. We found that a minor amount of Fe3+ is in the low-spin state above 36 GPa 
and that its proportion does not increase substantially with pressure up to 83 GPa. This observation is 
consistent with recent experimental studies that used Mössbauer and X-ray emission spectroscopy. In 
the Earth’s deep lower mantle, Fe3+ spin crossover may take place at depths below 900 and 1200 km 
in pyrolite and MORB, respectively. However, the effect of spin crossover on physical properties may 
be small due to the limited amount of Fe3+ in the low-spin state.
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intRoduCtion

The crystal chemistry of terrestrial minerals is fundamental 
to understanding the Earth’s interior and its evolution. Iron- 
and aluminum-bearing MgSiO3 bridgmanite (Bdg) is the most 
abundant mineral in the Earth’s interior and contains a substan-
tial (up to about 20 at%) amount of iron, which is the fourth 
most abundant element in the mantle. Bdg can incorporate a 
substantial amount of Fe3+ (e.g., McCammon 1997; Frost et al. 
2004), while olivine, the dominant mineral in the upper mantle, 
accommodates essentially no Fe3+ (e.g., McCammon 2005). The 
substitution of Fe3+ for Fe2+ has a large influence on physical 
and chemical properties of Bdg such as elastic constants, iron 
partition coefficients and electrical/thermal conductivity (Ohta 
et al. 2010, 2014; Boffa Ballaran et al. 2012; Sinmyo and Hi-
rose 2013; Sinmyo et al. 2014a; Wolf et al. 2015; Yoshino et al. 
2016). Moreover, both experiments and theoretical calculations 
suggest that iron in Bdg undergoes spin crossover under deep 
mantle conditions (Badro et al. 2004; Lin et al. 2012; Potapkin 
et al. 2013; Mashino et al. 2014). Although iron spin crossover 
can strongly influence the physical properties of lower mantle 
minerals, e.g., elastic constants and thermal/electrical conduc-
tivity (Lundin et al. 2008; Keppler et al. 2008; Ohta et al. 2010; 
Catalli et al. 2011), the pressure of spin crossover in Bdg is not 
well constrained (see reviews by Lin et al. 2013; McCammon 
et al. 2013 and references therein). Challenges arise due mainly 
to the presence of iron in two different valence states (Fe2+ and 
Fe3+), and two different sites in the perovskite structure (8–12 
coordinated A-site and octahedral B-site). Fe2+, which is observed 
to occupy the A-site, undergoes spin crossover from high spin 
to intermediate spin (McCammon et al. 2008; Lin et al. 2008; 
Potapkin et al. 2013), although theoretical calculations do not 

support the existence of the intermediate spin state of Fe2+ 
(Hsu et al. 2011; Metsue and Tsuchiya 2012). There is general 
consensus that Fe3+ remains in the high-spin state to at least 
100 GPa when it occupies the A-site (Catalli et al. 2010, 2011; 
Fujino et al. 2012; Lin et al. 2012; Potapkin et al. 2013; Glazyrin 
et al. 2014; Kupenko et al. 2014), but undergoes spin crossover 
from high spin to low spin at 20~60 GPa when it occupies the 
B-site (Catalli et al. 2010, 2011; Fujino et al. 2012; Lin et al. 
2012; Kupenko et al. 2015). These observations strongly sug-
gest that the spin crossover pressure is dominantly controlled 
by Fe3+ in the B-site. It has been reported that Fe3+ occupies the 
A-site of Bdg regardless of the oxidation state concentration, 
Al content and pressure (Kudoh et al. 1990; Vanpeteghem et 
al. 2006; Glazyrin et al. 2014), while some recent studies have 
reported that Al-free and Fe3+-bearing Bdg accommodate a 
detectable amount of Fe3+ in the B-site (Catalli et al. 2011; Lin 
et al. 2012; Hummer and Fei 2012; Kupenko et al. 2015). Since 
previous studies have investigated Bdg with a limited amount 
of Fe3+, the electronic state of Fe3+ is not well understood, even 
though the electronic state of iron in Al-free Fe3+-rich Bdg may 
have a significant effect on the physical/chemical properties of 
subducted depleted lithospheric mantle with harzburgitic bulk 
composition (Ringwood 1991). Furthermore, it is recognized 
that sample synthesis in the diamond-anvil cell by laser heating 
may cause heterogeneity in chemical composition and/or redox 
state of the sample (e.g., Fialin et al. 2008; Sinmyo and Hirose 
2010). Therefore, to minimize the experimental uncertainty, the 
Fe3+/SFe ratio of samples pre-synthesized using a large volume 
press should be characterized before the sample is compressed 
with a diamond-anvil cell. Here, our study aims to explore the 
spin state of iron under lower mantle conditions by investigat-
ing the rarely studied, but well-defined Al-free Fe3+-rich Bdg, 
which provides insight into the complex effects of Al3+ and Fe3+ 
on the spin state.
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