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abstract

Measurements of Fe3+/ΣFe in geological materials have been intractable because of lack of access 
to appropriate facilities, the time-consuming nature of most analyses, and the lack of precision and 
reproducibility in most techniques. Accurate use of bulk Mössbauer spectroscopy is limited by largely 
unconstrained recoilless fraction (f), which is used to convert spectral peak area ratios into valid es-
timates of species concentrations and is unique to different mineral groups and compositions. Use of 
petrographic-scale synchrotron micro-XANES has been handicapped by the lack of a consistent model 
to relate spectral features to Fe3+/ΣFe. This paper addresses these two deficiencies, focusing specifi-
cally on a set of garnet group minerals. Variable-temperature Mössbauer spectra of the Fe2+-bearing 
almandine and Fe3+-bearing andradite end-members are used to characterize f in garnets, allowing 
Fe3+/ΣFe to be measured accurately. Mössbauer spectra of 19 garnets with varying composition were 
acquired and fit, producing a set of garnet-specific standards for Fe3+ analyses. High-resolution XANES 
data were then acquired from these and 15 additional previously studied samples to create a calibra-
tion suite representing a broad range of Fe3+ and garnet composition. Several previously proposed 
techniques for using simple linear regression methods to predict Fe3+/ΣFe were evaluated, along with 
the multivariate analysis technique of partial least-squares regression (PLS). Results show that PLS 
analysis of the entire XANES spectral region yields the most accurate predictions of Fe3+ in garnets 
with both robustness and generalizability. Together, these two techniques present reliable choices for 
bulk and microanalysis of garnet group minerals.
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introDuction

During the last half century, electron probe and secondary ion 
microanalysis have revolutionized geochemistry and mineral-
ogy and led to incredible scientific progress. The measurement 
of elemental abundances and ratios in micrometer-scale areas 
(picogram-scale masses) is now routine for nearly all elements 
in the periodic table. However, distinguishing between multiple 
oxidation states of transition elements remains an analytical chal-
lenge at any scale, particularly for iron.

When sufficient bulk sample quantities are available and the 
phase to be studied is tractable to dissolution, some workers still 
measure Fe3+/ΣFe using the classic wet chemical procedure of 
Wilson (1960) as modified by Thornber (1977) and Yokoyama 
and Nakamura (2002). When smaller amounts of bulk sample 
(1–30 mg) are obtained, Mössbauer spectroscopy is generally 
the method of choice (Dyar et al. 2006). Methods for microscale 
characterization of Fe3+ and Fe2+ have been used with varying 

degrees of success: calculations based on charge balance (Droop 
1987; Schumacher 1987), the “Flank method” using the electron 
microprobe (Höfer et al. 1994, 2007; Longo et al. 2011; Fialin et 
al. 2001, 2004, 2011), the Mössbauer milliprobe (McCammon 
1994), X-ray photoelectron spectroscopy (XPS) (Raeburn et al. 
1997), electron energy-loss spectroscopy (EELS) (Garvie and 
Buseck 1998; van Aken et al. 1998), and the synchrotron-based 
method of X-ray absorption near-edge spectroscopy (XANES) 
(Bajt et al. 1994; Delaney et al. 1998). None of these methods is 
without limitations, and only the bulk techniques and the calcula-
tion technique have attracted mainstream usage.

However difficult the measurements may be, knowledge of 
Fe3+ content of minerals and glasses is critical to understanding 
oxygen fugacity (fO2), which describes the potential for a multi-
valent cation to occur in one of its valence states, either reduced 
or oxidized. Quantification of fO2 in a geologic system is of para-
mount importance in constraining phase equilibria, the crystal-
lization processes of melts, and the composition of the resulting 
phases, and permits creation of accurate thermodynamic models. 
There is also a correlation between fO2 and fluid-driven metaso-* E-mail: mdyar@mtholyoke.edu


