American Mineralogist, Volume 100, pages 1978–1984, 2015

CHEMISTRY AND MINERALOGY OF EARTH’S MANTLE

Recoil-free fractions of iron in aluminous bridgmanite from temperature-dependent
Mössbauer spectra†
Jiachao Liu1,*, Bjorn Mysen2, Yingwei Fei2 and Jie Li1
Department of Earth and Environmental Sciences, University of Michigan, Ann Arbor, Michigan 48109, U.S.A.
2
Geophysical Laboratory, Carnegie Institution of Washington, Washington, D.C. 20015, U.S.A.

1

Abstract
Aluminous bridgmanite (Al-Bm) is the dominant phase in the Earth’s lower mantle. In this study,
the Mössbauer spectra of an Al-Bm sample Mg0.868Fe0.087Si0.944Al0.101O2.994 were recorded from 65 to
300 K at 1 bar. The temperature dependence of the center shift was fitted by the Debye model and
yielded the Debye temperatures of 305 ± 3 K for Fe2+ and 361 ± 22 K for Fe3+. These values are lower
than those of Al-free bridgmanite by 17 and 24%, respectively, indicating that the presence of Fe and
Al increases the average Fe-O bond length and weakens the bond strength. At 300 K, the calculated
recoil-free fractions of Fe2+ (0.637 ± 0.006) and Fe3+ (0.72 ± 0.02) are similar and therefore the molar
fractions of Fe2+ and Fe3+ are nearly the same as the area fractions of the corresponding Mössbauer
doublets. At 900 K, the calculated recoil-free fractions of Fe3+ is 46% higher than that of Fe2+, implying that the molar fraction of Fe3+ is only 41% for a measured spectral area fraction of 50%, and that
the area fractions of iron sites may change with temperature without any changes in the valence state
or spin state of iron. We infer that Fe3+ accounts for 46 ± 2% of the iron in the Al-Bm and it enters the
A site along with Al3+ in the B site through the coupled-substitution mechanism. An Fe2+ component
with large quadrupole splitting (~4.0 mm/s) was observed at cryogenic conditions and interpreted as
a high-spin distorted iron site.
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Introduction
Aluminum- and iron-bearing magnesium silicate bridgmanite
(abbreviated as “Al-Bm”, following the same convention as Rw
for ringwoodite) is the predominant phase in the Earth’s lower
mantle, and its physical properties and crystal chemistry play an
important role in mantle dynamics. Iron, with a partially filled
3d shell, adds various influences to the physical properties and
chemical behavior of Bm. The oxidation state, spin state, and site
occupancy of iron in Bm are of particular importance because
these factors may influence the density and velocity structure
and convective pattern of the lower mantle (e.g., Badro 2014; Li
2007; Lin et al. 2013)
Mössbauer spectroscopy probes the hyperfine interactions
between the nuclei/nucleus and the surrounding electric and magnetic fields. These interactions are expressed as center shift (CS),
quadrupole splitting (QS), and the magnetic Zeeman splitting.
Mössbauer spectroscopy also has been widely used to measure the
valence state of iron in geological materials (Dyar et al. 2006). In
the past two decades, Mössbauer spectroscopy has been applied to
investigating the valence state, spin state, and crystal chemistry of
iron in lower-mantle Bm (e.g., Fei et al. 1994; McCammon 1997,
1998; Jackson et al. 2005; Li et al. 2006; Lin et al. 2012; Bengtson
et al. 2009; Narygina et al. 2010; Grocholski et al. 2009; Catalli
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et al. 2010; Hummer and Fei 2012). Of particular importance are
Mössbauer measurements at variable temperatures, which provide
information on recoil-free fractions (f ) of different iron sites and
thus allow for reliable determination of the relative proportions
of divalent and trivalent iron. Moreover, effects of temperature on
the hyperfine parameters have been used to test the validity of the
fitting procedure of Mössbauer data, and to gain additional insights
on electron delocalization in Al-free Bm at elevated temperatuers
(Fei et al. 1994; McCammon 1998).
Bridgmanite in the lower mantle contains 4.0~5.3 wt% Al
(Wood and Rubie 1996). The presence of Al alters the crystal
chemistry of iron and appears to stabilize trivalent iron in the
structure (McCammon 1997; Frost et al. 2004). Such structural
changes may also affect the recoil-free fractions of both Fe2+ and
Fe3+, which need to be determined to derive the Fe3+/Fe ratios from
Mössbauer spectra. Mössbauer data of Al-Bm under cryogenic
conditions appear not to have been reported. In this study, we
measured Mössbauer spectra of an Al-Bm sample from 65 to 300 K
at 1 bar and applied the results to examine the crystal chemistry
of Fe2+ and Fe3+ in lower mantle Bm.

Experimental method
Sample synthesis and characterization
An Al-Bm sample was synthesized and characterized at the Geophysical Laboratory, Carnegie Institution of Washington. The synthesis procedure started with
reducing 94% 57Fe enriched Fe2O3 to FeO at 1273 K and log fO2 = –14 (between the
iron-wüstite and wüstite-magnetite buffers) for 24 h in a CO-CO2 gas-mixing furnace.
An (Mg0.9Fe0.1)(Si0.9Al0.1)O3 orthopyroxene was then synthesized by equilibrating
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