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ABSTRACT

Pyroxene is an important carrier of ferric iron in basalt and the upper mantle. Understanding the
influence of pyroxene crystallization on the oxygen fugacity of magma relies on accurate knowledge
of the oxidation state of iron, expressed as the Fe3�/ΣFe ratio, in pyroxene. To accurately determine the
Fe3�/ΣFe ratio in pyroxene using electron probe microanalysis, we present nine natural pyroxene sam-
ples, including one aegirine, one hedenbergite, one diopside, and six augites, for the calibration of the
flank method for pyroxene. The aegirine sample is rich in the aegirine end-member with a Fe3�/ΣFe
ratio of 0.98 ± 0.01 (1σ), while the hedenbergite sample is rich in the hedenbergite end-member and free
of ferric iron. The augite and diopside samples contain variable ferric iron, with the Fe3�/ΣFe ratios
varying from 0.21 to 0.39. Based on the flank positions of FeLα and FeLβ determined by natural andra-
dite and almandine, we measured the Fe Lβ/Lα ratios at the flank positions for the pyroxene samples.
The results demonstrate a positive linear relationship between the Fe Lβ/Lα ratios and the Fe2� content
of the pyroxene samples. The Fe2� contents and Fe3�/ΣFe ratios of the pyroxene samples, as deter-
mined through a multiple linear regression equation, align closely with those obtained by Mössbauer
spectroscopy. This method yields the Fe2� content and Fe3�/ΣFe ratios with an error of ±0.3 wt% and
±0.06, respectively, for calcic pyroxene containing 7 wt% total FeO. These well-characterized natural
pyroxene samples can serve as reference materials for determining the Fe3�/ΣFe ratio in unknown
calcic pyroxene.
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INTRODUCTION

Pyroxene is one of the most important groups of ferromagne-
sian silicateminerals and occurs as a stable phase in various rocks,
including igneous, metamorphic, and mantle categories (Prewitt
1980; Deer et al. 2013). The general chemical formula of pyrox-
ene is M2M1T2O6, where M2 refers to cations in a larger, dis-
torted octahedral coordination (e.g., Mg2�, Fe2�, Mn2�, Ca2�,
and Na�), M1 to cations in a regular octahedral coordination
(e.g., Al3�, Fe3�, Ti4�, Cr3�, Mg2�, and Fe2�), and T to tetra-
hedral site predominantly occupied by Si4� with minor Al3�

(Morimoto 1988). Hence, pyroxene can contain significant
amounts of iron in various valence states (Fe2� and Fe3�) within
the M2 and M1 crystallographic sites (Deer et al. 2013).

The oxygen fugacity during the partial melting of peridotite
and the evolution of basaltic magma is primarily controlled by
the partition coefficient of Fe3� between the melt and mineral
phases (Carmichael and Ghiorso 1990; Frost 1991; Canil and
O’Neill 1996; Woodland et al. 2006). As a significant carrier
of Fe3�, the distribution of Fe3� within pyroxene and its
partitioning behavior relative to the melt are essential for under-
standing redox-related processes occurring in basalts and the

upper mantle (e.g., Neave et al. 2024b). The major element
chemistry of pyroxene can be readily determined using electron
probe microanalysis (EPMA). However, accurately quantifying
Fe3� and Fe2� (or Fe3�/ΣFe ratio) in pyroxene is challenging,
particularly in basaltic rocks or high-temperature experimental
run products, where pyroxenes are generally fine-grained and
exhibit chemical zoning. Indirect approaches that utilize stoi-
chiometric criteria and charge balance through EPMA data have
been proposed to estimate the Fe3� content in pyroxene
(e.g., Lindsley 1983; Droop 1987). However, the estimated
Fe3�/ΣFe ratios based on stoichiometric constraints may be
associated with significant uncertainties (e.g., McGuire et al.
1989), as the analytical errors for the individual elements would
accumulate in the calculation. Mössbauer spectroscopy is com-
monly employed to measure the Fe3�/ΣFe ratios in pyroxene
and is typically applied to powdered samples (e.g.,McGuire et al.
1989; Canil and O’Neill 1996). Although advancements over
the past two decades have enabled analysis at spatial resolutions
as small as 50 μm (McCammon 2001), acquiring spectra at this
resolution using a conventional radioactive source (57Co)
remains time-consuming (McCammon 2021), which hinders
the application of this method for large numbers of analyses.
Synchrotron micro-Mössbauer spectroscopy and X-ray absorp-
tion near-edge structure (XANES) techniques can determine the
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