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abstraCt

This paper presents a new X-ray absorption spectroscopy (XAS) method for making two-dimensional 
maps of Fe3+ in-situ in polished glass samples, which opens the door to study redox changes associ-
ated with magmatic processes such as crystallization, assimilation, ascent, and eruption. Multivariate 
analysis (MVA) allows selection of specific channels in a spectrum to inform predictions of spectral 
characteristics. Here, the sparse model of the least absolute shrinkage and selection operator (Lasso) is 
used to select key channels in XAS channels that can be used to predict accurate in-situ Fe3+ analyses 
of silicate glasses. By tuning the model to use only six channels, analytical time is decreased enough 
to allow mapping of Fe3+ variations in samples by making gridded point analyses at the scale of the 
XAS beam (1–2 mm). Maps of Fe3+ concentration can then be constructed using freely available, open 
source software (http://cars.uchicago.edu/xraylarch/). This result shows the enormous potential of us-
ing MVA to select indicative spectral regions for predicting variables of interest across a wide variety 
of spectroscopic applications. Redox gradients in lunar picritic glass beads first observed with point 
analyses are confirmed through this XAS mapping and suggest degassing processes during ascent and 
eruption are responsible for the range of Fe3+ values measured in these samples.
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introDuCtion

Mössbauer reports of Fe3+ in lunar glasses and minerals extend 
back to the time of the Apollo missions themselves (e.g., Hafner 
et al. 1971; Schürmann and Hafner 1972; Niebuhr et al. 1973). 
In contrast, petrologic phase equilibria data on returned samples 
indicate that the oxygen fugacity (fO2) of the lunar interior is 
~IW-1, a reduced region near Fe metal saturation where iron 
should be predominantly divalent (Sato 1976). This contradiction 
persisted for decades until new light was shed on this problem 
by recent studies (e.g., Saal et al. 2008; McCubbin et al. 2010; 
Hauri et al. 2011; Hui et al. 2013; Barnes et al. 2014; Füri et al. 
2014; Hauri et al. 2015) indicating that the Moon is not as dry 
as previously thought. Given the potential relationship between 
hydrogen degassing and oxidation, this recent work re-opens 
the question of the presence of Fe3+ in lunar glasses. Results of 
individual point analyses of lunar picritic glass beads indicate 
they contain 0–25% Fe3+/SFe (McCanta et al. 2017); several 
beads display Fe3+ zoning traverses consistent with a late-stage 
oxidation event.

The presence of Fe3+ is significant because it records oxygen 
potential and thus traces the evolution of oxygen through the 
parameter of fO2 in solar system materials. Quantifying fO2 in 
igneous melts is important for constraining planetary interior 
physical conditions, but also for investigating potential changes 
during devolatilization-driven eruptive mechanisms. Historically, 
quantification of Fe3+ in glasses required either wet chemistry or 

Mössbauer spectroscopy (e.g., Cuikerman and Uhlmann 1974; 
Huffman et al. 1974; Dyar and Birnie 1984; Virgo and Mysen 
1985), techniques that require large sample sizes and bulk mate-
rial. Here we present results of a synchrotron X-ray absorption 
spectroscopy (XAS) method (cf. Mayhew et al. 2011; Etschmann 
et al. 2014) for making two-dimensional maps of Fe3+ in-situ, 
enabling resolution of potential variations at micrometer scales 
within the spatial context of coexisting phases. This technique 
is demonstrated using mapping of lunar glass beads in which 
there are varying mechanisms for changing oxidation conditions 
during magma ascent and eruption.

baCkgrounD

In previous work, a glass calibration for XAS (Dyar et al. 
2016a) was developed for Fe3+ measurements in silicate glasses, 
spanning >120 different silicate and redox compositions. It per-
mits accurate in-situ microscale analyses with an average %Fe3+ 
accuracy of ±3–6% absolute, similar to that of Mössbauer, by 
employing a broad spectral range covering the Fe K absorption 
pre-edge and main edge (7020–7220 eV). This method remains 
the best method for in-situ characterization at single point loca-
tions on glasses at thin section scales.

However, the “holy grail” of microanalysis is to make two-
dimensional maps of Fe3+ on thin sections. Because acquiring 
the full spectral range (300–800 data points) at a single loca-
tion is time-consuming (ca. 10 min), only linear traverses have 
previously been employed on limited locations, so relevant 
spatial information may be overlooked. Moreover, traditional 
methods for predicting Fe3+ concentration using XAS, such as 
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