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Abstract
Magmatic oxygen fugacity (fO2) exerts a primary control on the discrete vanadium (V) valence states 

that will exist in quenched melts. Vanadium valence proxies for fO2, measured using X-ray absorption 
near-edge spectroscopy (XANES), can provide highly sensitive determinations of the redox conditions 
in basaltic melts. However, X-ray beam-induced changes in V speciation will introduce uncertainty in 
the calculated average V valence (V*) that must be properly evaluated to make meaningful interpre-
tations of the igneous evolution of the system. The study presented here showed that beam-induced 
modifications in V speciation are observed in silicate glasses that are dependent on the radiation dose 
rate used during analysis. Changes in V speciation are observed to be most pronounced at the highest 
flux density tested, 9.25 × 1011 ph/s/µm2 (photons per second per square micrometer), with rapid changes 
occurring in the first 200 s of analysis. The high-dose rate conditions result in changes in calculated V* 
~0.3 valence unit for the most oxidized glass analyzed (V* = 4.94), which can correspond to ~0.5 log 
unit reduction in calculated fO2. However, at flux densities ≤1.13 × 109 ph/s/μm2, measured changes in 
V* were found to be <0.03 for all standard glasses analyzed. The degree of reduction observed during 
analysis is also found to be progressively smaller as the initial V* of the glass decreases, such that 
magmatic glasses with V* values ≤3.7 show no statistically significant change in calculated valence 
during analysis at any flux density tested. For most terrestrial magmatic glasses, where V* is found to 
be <4, beam-induced changes in V* can be effectively minimized (<0.04), within analytical uncertainty 
of the XAFS analysis, by limiting flux densities to be ≤1 × 109 ph/s/μm2.

Keywords: XANES, vanadium, spectroscopy, oxybarometry, X-ray, synchrotron, XAFS

Introduction
Accurate estimates of the intrinsic oxygen fugacity (fO2) of 

magmas are important for constraining source composition and 
understanding the conditions under which melts are generated, 
their sub-liquidus evolution and crystallization history, and the 
composition and evolution of volcanic gases released to the 
atmosphere (Sato 1978; Mathez 1984; Christie et al. 1986; Ball-
haus et al. 1990; Carmichael 1991; Kelley and Cottrell 2009). 
Oxybarometers of varying types provide geologists analytical 
approaches for indirectly constraining magmatic fO2 through 
chemical analysis of varying primary igneous phases. Of the 
approaches currently available for oxybarometry, those based on 
X-ray absorption fine structure (XAFS) spectroscopy (Sutton et 
al. 2005, 2020; Cottrell et al. 2009; Bunker 2010; Jugo et al. 2010; 
Henderson et al. 2014; Trail et al. 2015; Lanzirotti et al. 2018) 
are particularly attractive due to the high sensitivity of XAFS 
in detecting subtle changes in the chemical speciation of redox-
sensitive elements in igneous minerals and/or glasses in response 
to changing magmatic fO2. Various XAFS oxybarometers have 
been developed for magmatic systems, including those based 
on measuring changes in chemical speciation of multivalent 

elements such as Fe, S, Ti, Mn, Cr, Eu, Ce, and V (reviewed 
in Sutton et al. 2020 and references therein). Vanadium XAFS 
oxybarometry has broad applicability to terrestrial and extrater-
restrial igneous materials since its valence varies continuously 
from V3+ to V5+ over a wide range of fO2 (Giuli et al. 2004; Sutton 
et al. 2005; Karner et al. 2006; Lanzirotti et al. 2018; Nakada et 
al. 2020). In terrestrial basaltic melts, the V3+ ↔ V4+ and V4+ ↔ 
V5+ multivalent couples span an oxygen fugacity range relative 
to the nickel-nickel oxide (NNO) buffer from about NNO-6 to 
NNO+3.5 (Papike et al. 2005).

An analytical complication in the application of XAFS 
oxybarometers with respect to mineral and glass analysis is the 
potential for inducing changes in the valence and/or crystal-
chemical environment of the element of interest due to exposure 
of samples to the synchrotron X-ray beam. Such phenomena 
have been documented in several systems and have been found 
to be particularly pronounced for hydrous magmatic glasses. 
For example, sulfur valence state changes have been observed 
during XAFS analysis of volcanic glasses and melt inclusions 
(Rowe et al. 2007; Wilke et al. 2008; Klimm et al. 2012); most 
commonly reported is the generation of S4+ species in glasses, 
generally attributed to a reduction of S6+ during irradiation (Wilke 
et al. 2008). In another example, Cottrell et al. (2018) showed 
that Fe2+ in hydrous silicate glasses can undergo rapid oxidation 
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