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Introduction:  The determination of oxidation 
conditions for basaltic magmas derived by the 
melting of planetary mantles is critical to our 
understanding of the nature and evolution of 
planetary interiors.  Yet, these determinations are 
compromised in terrestrial and especially 
extraterrestrial basalts by our analytical and 
computational methods for estimating oxygen 
fugacity (fO2).  For example, mineralogical 
barometers (1, 2) can be reduced in effectiveness by 
subsolidus re-equilibration of mineral assemblages, 
inversion of mineralogical data to melt 
characteristics, and deviations of the natural mineral 
compositions from ideal thermodynamic parameters.  
Likewise, techniques to estimate fO2 based on the 
valence state of Fe (i.e. Fe3+/Fe2+) are ineffective for 
materials that crystallized at or below the IW buffer, 
and only contain Fe2+ and Fe0 (3).  For these reasons, 
we have developed an oxybarometer based on the 
valence state of vanadium in basaltic glasses. This 
oxybarometer has enormous potential because 1) V 
valence is measured in basaltic glasses that have been 
quenched at near liquidus temperatures, thereby 
recording magmatic fO2 conditions, and 2) V is a 
multivalent element, existing as V2+, V3+, V4+, and 
V5+, thus allowing for applicability over a range of 
redox conditions from the most reduced materials in 
the solar system, (e.g. calcium aluminum rich 
inclusions in chondritic meteorites [4]) to the most 
oxidized terrestrial magmas (this work).   
Methods and samples  The valence state of 
vanadium in basaltic glasses was determined by 
synchrotron micro x-ray absorption near edge 
structure (XANES).  MicroXANES uses x-ray 
absorption associated with core-electronic transitions 
(absorption edges) to reveal features that relate to the 
valence state of the element of interest.  
MicroXANES has advantages over other techniques 
that determine elemental valence because 
measurements can be made non-destructively in air 
and in situ on conventional thin sections at a 
micrometer spatial resolution with elemental 
sensitivities of ~100 ppm.  
 
Vanadium valence and fO2 estimates are derived 
from XANES measurements of the intensity of the 
vanadium K pre-edge peak relative to a set of known 
standards.  These standards include basaltic glasses 
by Schreiber (5) that provide independent calibration 

of the valence state of V, and basaltic and komatiite 
glasses from Hanson and Jones (6), and Canil (7), all 
produced at known fO2 and temperature.  Please see a 
companion abstract, Sutton et al., for a complete 
explanation of the XANES technique. 
 
The samples chosen for this study are basaltic glasses 
from the Earth, Moon, and Mars.  The terrestrial suite 
includes a basalt from the ocean floor, two glassy 
basalts from the Makaopuhi lava lake in Hawaii, 
glass beads from Kilauea Iki, HI, and glassy melt 
inclusions within olivine grains from the Cerro Negro 
volcano in Nicaragua.  Extraterrestrial samples 
include lunar volcanic green, yellow and Very-low Ti 
(VLT) glass beads from the Apollo 15 and 17 landing 
sites, and lithology C of martian meteorite EETA 
79001.  The EETA C glass has been characterized as 
an impact glass derived from its bulk rock (basalt), 
excess plagioclase and martian soil (8).  This is not a 
true igneous sample, but we include it here because 
this new oxygen barometer could have important 
applications to impact as well as volcanic processes. 
Results and Discussion:  Figure 1 shows the inferred 
valence states for the samples.  Here we used the 
Schreiber glasses (oxidation states determined from 
optical spectrometry) as standards, and determined 
the valence states for the unknowns by linear 
interpolation (V2+ assumed to have an intensity of 
zero).  The results show that all terrestrial samples 
plot at a V valence of 3.5 or higher, therefore the 
glasses are dominated by V4+.  The data on the Mars 
glass show a range in V valence from 3.1 to 3.4 for 3 
spots on the same thin section.  This relatively large 
range in V valence is not surprising, as the 
measurements are from three different areas in 
lithology C, and support the idea that this is indeed a 
heterogeneous impact glass recording a range of 
temperatures above its liquidus.  The lunar glass 
beads contain virtually all V3+, confirming the 
reduced nature of lunar basalts compared with those 
from the Earth and Mars. 
 
The range of fO2 estimates for the basalt glasses, 
relative to the Iron-Wustite buffer (IW), at their 
respective liquidus temperatures (except for the Mars 
sample), are illustrated in Figure 3.  Here the XANES 
measurements on the Canil and Hanson glasses are 
used as standards (produced at known fO2 and 
temperature), and the fO2’s for the unknowns were 
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obtained by linear interpolation.  We recognize that 
fO2 is inextricably linked to temperature, and for this 
reason the data are corrected for differences between 
the temperature of the standards and temperature of 
the sample (see accompanying abstract by Sutton et 
al.).   
 
The results show a range in fO2 from three log units 
below the IW buffer to over 4 log units above IW.  
The Makaopuhi samples range from approximately 
IW + 3.5 to 3.9, or just above QFM, which is in good 
agreement with fO2 values determined by oxygen 
probes as the lake was crystallizing (9). The Kilauea 
Iki sample is slightly more reduced than the 
Makaopuhi basalts, but all the samples are well 
within the range of fO2 values determined by other 
methods for oceanic island type basalts (10).  The 
Cerro Negro samples plot at the highest values, 
ranging from 4.0 to 4.4 log units above IW, or an 
average of ~0.6 log units above the QFM buffer.  
These values are consistent with previous 
determinations made on arc-type volcanics, and 
reaffirms that volcanism associated with subduction 
zones produces the most oxidized magmas on Earth 
(10,11).  Our estimates for the Ocean Floor glasses, 
~IW+4, are close to accepted values derived by other 
means (11).  The Mars sample shows the largest 
range in fO2 (~IW to IW-2), which is probably a 
result of the glass being impact derived and 
heterogeneous in nature.  Nevertheless, the estimates 
here are comparable to those derived from different 
lithologies contained in the same meteorite (1, 2). 
Lastly, the lunar glass beads give an average fO2 of 
IW-2.6, with the VLT glasses slightly more oxidized 
than the green and yellow beads.  Overall, the lunar 
glass values are about three log units below some 
recent estimates (12).  
Conclusions:  This paper demonstrates “proof of 
principle” and the potential for a new “Vanadium 
Valence Oxygen Barometer (VVOB).” Future work 
will involve improved corrections for temperature 
and melt composition. However, we note that the 
VVOB has already provided some new insights: 1) 
applicability to melt inclusions, where magmatic fO2 
conditions can be obtained on micron sized targets 
trapped within early crystallizing minerals, and 
define variation of fO2 with crystallization, 2) impact 
glass production, possibly showing the heterogeneity 
in formation temperatures, and 3) potential to provide 
a new method for estimation of the redox state of the 
lunar mantle through measurements on individual, 
primitive volcanic glass beads. 
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