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Synthesis and crystal chemistry of Fe3+-bearing (Mg,Fe3+)(Si,Fe3+)O3 perovskite
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abstRact

We have synthesized magnesium-iron silicate perovskites with the general formula Mg1–xFe3+
x+ySi1–y 

O3, in which the iron cation is exclusively trivalent. To investigate the crystal chemistry of Fe3+-bearing 
perovskite, six samples (both with and without Al) were analyzed using scanning electron microscopy, 
electron microprobe, X-ray diffraction, and Mössbauer spectroscopy. Results indicate that Fe3+ sub-
stitutes significantly into both the octahedral and dodecahedral sites in the orthorhombic perovskite 
structure, but prefers the octahedral site at Fe3+ concentrations between 0.04 and 0.05 Fe per formula 
unit, and the dodecahedral site at higher Fe3+ concentrations. We propose a model in which Fe3+ in 
the A/B site (in excess of that produced by charge coupled substitution) is accommodated by Mg/O 
vacancies. Hyperfine parameters refined from the Mössbauer spectra also indicate that a portion of 
dodecahedral sites undergo significant structural distortion. The presence of Fe3+ in the perovskite 
structure increases the unit-cell volume substantially compared to either the Mg end-member, or 
Fe2+-bearing perovskite, and the addition of Al did not significantly alter the volume. Implications for 
increased compressibility and a partially suppressed spin transition of Fe3+ in lower mantle perovskite 
are also discussed.
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intRoDuction

Magnesium silicate perovskite, MgSiO3 (hereafter referred to 
as Mg-Pv), is thought to comprise ∼40% of the Earth by volume 
and is widely accepted to be the dominant mineral phase in the 
Earth’s mantle (Fei and Bertka 1999). Iron is among the most 
important elements that substitutes into the perovskite structure, 
and is especially important in the lower mantle because it affects 
density and elastic properties. The substitution of Fe2+ into Mg-
Pv to form (Mg,Fe)SiO3, and its impacts on material properties, 
have been extensively studied (e.g., Knittle and Jeanloz 1987; 
Kudoh et al. 1990; Parise et al. 1990; Fei et al. 1994; Martinez 
et al. 1997; Lundin et al. 2008; Hsu et al. 2010).

However, recent experimental results suggest a disproportion-
ation reaction of Fe2+ into Fe3+ and metallic Fe that may cause the 
lower mantle, despite having a much lower oxygen fugacity than 
the crust or upper mantle, to contain Fe3+/ΣFe ratios as high as 
0.60. Evidence for this reaction has been observed at 25–26 GPa 
in the multi-anvil press (Lauterbach et al. 2000; Frost et al. 2004), 
and at pressures ranging from 55 to 100 GPa in the diamond-anvil 
cell (Auzende et al. 2008). Theoretical calculations show that 
the disproportionation should be strongly exothermic throughout 
the lower mantle (Zhang and Oganov 2006). Experiments on 
lower mantle mineral assemblages have yielded Fe3+/ΣFe ratios 
up to 0.8 in Mg-Pv, depending on the total concentrations of Fe 
and Al (McCammon et al. 2004). Furthermore, Fe3+ is thought 
to partition strongly into the perovskite phase at lower mantle 

pressures (McCammon 1997). The chemical and mechanical 
properties of Fe3+-bearing perovskite are therefore critical to our 
understanding of the composition and structure of the mantle.

Several studies have examined the role of Fe3+ in the Mg-Pv 
structure using samples with mixed valence Fe (McCammon 
1997; Lauterbach et al. 2000; Frost and Langenhorst 2002; 
Frost et al. 2004; McCammon et al. 2004; Jackson et al. 2005; 
Grocholski et al. 2009). The major conclusions from these stud-
ies were that (1) significant Fe3+ can incorporate into Mg-Pv, (2) 
the presence of Al increases the solubility of Fe3+ in Mg-Pv, and 
(3) Fe3+ can be accommodated in both the 8–12 coordinated (A) 
site, and the octahedrally coordinated (B) site in the perovskite 
structure, likely through a charge-coupled substitution (CCS) 
mechanism:

MgA
2++SiB

4+ → FeA
3++FeB

3+. (1)

Vanpeteghem et al. (2006a) concluded based on ex situ single-
crystal diffraction measurements that Fe3+ occupies exclusively 
the A site when coupled with Al substitution into the B site. 
Alternatively, Catalli et al. (2011) propose that at high pressures, 
both Fe3+ and Al mix evenly between the A and B sites. However, 
these studies both used samples with significant concentrations 
of Fe2+ and/or Al, and the behavior of Fe3+ in Mg-Pv samples 
with Fe3+/ΣFe close to 1 has scarcely been studied.

The first evidence for an end-member (Mg,Fe3+)(Si,Fe3+)O3 
perovskite phase with Fe3+/ΣFe ∼ 1 was observed by Andrault 
and Bolfan-Casanova (2001) using in situ synchrotron X-ray 
diffraction. However, in those experiments the true composition 
and Fe3+/ΣFe ratio of the perovskite phase were inferred from 
those of the starting material rather than being experimentally 
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