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INTRODUCTION

Vanadium is Jim Papike�s favorite element and for good 
reason�it has multiple valences in planetary basalts, V2+, V3+, 
V4+, and V5+, the relative proportions of which vary over a wide 
range of redox conditions, equal to the 8-log-unit range of oxygen 
fugacity in the inner solar system. Although it is perhaps not a 
�supermineral� on the scale of pyroxene, spinel is a common 
accessory phase in planetary basalts and typically displays 
compositional zoning from chromian cores to titanian rims. The 
crystal chemistry of spinel favors the incorporation of V, typically 
in concentrations between 0.1 and 1.0 wt%. Papike et al. (2005) 
noted differences in V behavior in spinel from different planetary 
basalts, as seen in core-to-rim traverses obtained by electron 
microprobe analysis: in lunar basalts, V follows Cr, decreasing 
from core to rim; in terrestrial basalts, V follows Ti, increasing 
from core to rim. These trends are interpreted as reß ecting the 
valence state of V: under the redox conditions of lunar basalts, 
near the Iron-Wüstite (IW) buffer, V is expected to exist as V3+ 
(Borisov et al. 1988; Sutton et al. 2005), and will follow trivalent 
Cr. In contrast, typical terrestrial basalt oxygen fugacity is near 
the Quartz-Fayalite-Magnetite (QFM) buffer (~IW + 3.5); under 
these conditions V exists predominantly as V4+ (Borisov et al. 

1988; Sutton et al. 2005) and follows tetravalent Ti.
Martian basalt oxygen fugacity covers the range between 

lunar and terrestrial basalts. This Þ nding is corroborated by 
several methods that fall into two main categories: Fe2+-Fe3+ 
mineral equilibria and multivalent trace elements. The Fe-Ti 
oxide method involves the compositions of co-existing cubic 
(titanomagnetite-ulvöspinel) and rhombohedral (ilmenite) 
oxides, from which temperature and oxygen fugacity can be 
calculated according to two models (Ghiorso and Sack 1991; 
Anderson et al. 1993). This method has provided the greatest 
number of estimates for the martian basalts (Stolper and Mc-
Sween 1979; McSween et al. 1996; Ghosal et al. 1998; Hale et al. 
1999; Herd et al. 2001; Xirouchakis et al. 2002); of these, Herd 
et al. (2001) is the most comprehensive. The olivine-pyroxene-
spinel (Ol-Px-Sp) oxybarometer, originally developed for appli-
cation to spinel-facies mantle xenoliths (e.g., Wood 1991), was 
adapted by Herd et al. (2002) for use with low-pressure basalt 
assemblages involving chromian spinel, olivine, and low-Ca 
pyroxene. This method has provided several estimates for the 
olivine-phyric martian basalts (Herd 2003; Goodrich et al. 2003). 
The multivalent nature of Eu and the advantages provided by 
its immobility are the basis for the Eu oxybarometer (Philpotts 
1970; McKay 1989). This method has been applied to pyroxene 
in martian basalts by Wadhwa (2001) and reÞ ned by McCanta 
et al. (2004) and Musselwhite and Jones (2002).* E-mail: herd@ualberta.ca
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ABSTRACT

The NWA 1068/1110 martian meteorite contains megacrystic olivine and associated chromite 
set in a basaltic groundmass of pyroxene, maskelynite (shock-isotropized plagioclase), phosphates, 
ilmenite, and ulvöspinel. Spinel is compositionally zoned from chromian cores to titanian rims, and 
lacks the chromite-ulvöspinel miscibility gap. Co-crystallizing olivine + pyroxene + spinel and ul-
vöspinel + ilmenite assemblages were identiÞ ed on the basis of compositional and textural criteria, 
and were used to determine the oxygen fugacity from the earliest to the latest stages of crystallization. 
Megacrystic olivine with earliest chromite and low-Ca pyroxene yield an oxygen fugacity 2.5 log 
units below the Quartz-Fayalite-Magnetite (QFM) buffer, whereas titanian-spinel rims, olivine rims, 
and co-crystallizing pyroxene yield QFM + 0.3 and groundmass ulvöspinel + ilmenite assemblages 
yield QFM + 0.5. Vanadium in spinel was examined to determine whether it would be sensitive to 
the changing redox conditions of the NWA 1068/1110 melt. Only small changes in V concentration 
were observed between spinel cores and rims; however, the relationship between V and Ti in spinel is 
consistent with an increase in the valence state of V from V4+ to V5+ in accordance with the increase in 
oxygen fugacity. Application of a quantitative version of the �V-in-chromite� oxybarometer results in 
an oxygen fugacity of QFM � 3, consistent with mineral equilibria results, although assumptions and 
uncertainties limit its application to circumstances where the parental melt V concentration is known 
independently of the redox conditions. Oxygen fugacity results and textural observations are strongly 
indicative of a xenocrystic origin for the olivine megacrysts and associated chromite, and lend support 
to a model in which martian basalt oxygen fugacity is determined by mantle-source redox conditions 
as opposed to assimilation of oxidized crustal material.
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