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aBstraCt

Spinel is a very important rock-forming mineral that is found in basalts 
from Earth, Mars, the Earth’s Moon, and basaltic meteorites. Spinel can be 
used as a sensitive indicator of petrologic and geochemical processes that occur 
in its host rock. This paper highlights the role of increasing fO2 (from IW-1 to 
FMQ+2) in converting a >90% normal spinel to an ~25% magnetite (inverse) 
spinel, the trajectory of DV

spinel/melt as it relates to the ratio of V3+/V4+ in the melt, 
and the crystal chemical attributes of the spinel that control the intrinsic compatibility of both V3+ 
and V4+. This work examines the nuances of the V partitioning and provides a crystal chemical basis 
for understanding Fe3+, Cr, and V substitution into the octahedral sites of spinel. Understanding this 
interplay is critical for using spinels as both indicators of planetary parentage and reconstructing the 
redox history of magmatic systems on the terrestrial planets. Three potential examples for this use 
are provided. In addition, this work helps explain the ubiquitous miscibility gap between spinels with 
changing ülvospinel contents.
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intrOduCtiOn

Spinels are a common accessory phase in many terrestrial and 
extraterrestrial materials and their structure and composition are 
uniquely responsive to changing conditions (e.g., Haggerty 1972, 
1976; Lindsley 1976, 1991; Basaltic Volcanism Study Project 
1981; McKay et al. 2004a, 2004b; Righter et al. 2006; Ishizawa 
et al. 2014). Specifically, the spinel structure and its inherent 
ability to accommodate multi-valent cations such as V, Cr, and 
Fe is highly sensitive to changing temperature and fO2 conditions 
(e.g., Hill and Roeder 1974; McKay et al. 2004a, 2004b; Muan 
et al. 1972; Righter et al. 2006).

Papike et al. (2004) suggested that zoned, magmatic spinels 
could be used to determine relative oxygen fugacities and plan-
etary parentage. This study specifically noted that the behavior 
of V is very different when comparing terrestrial, lunar, and 
martian basalts. In terrestrial basaltic liquids, typically V4+ > 
V3+, whereas in lunar basalts V3+ > V4+, and in martian basalts 
V3+ and V4+ are both significant. The core to rim trends for lu-
nar spinels show a strong positive correlation of V and Cr and 
negative correlation of V and Ti. For the Earth, the trends are 
just the opposite, with a strong negative correlation of V and Cr 
and strong positive correlation of V and Ti. Chromite in martian 
basalts shows intermediate trends. These systematics suggest 
that at high oxygen fugacity (Earth), V4+ follows Ti4+, whereas 

at low oxygen fugacity (Moon), V3+ follows Cr3+.
These qualitative interpretations of vanadium behavior were 

subsequently investigated using a series of experiments to better 
understand the potential of V behavior in spinels as an oxybarom-
eter (e.g., Papike et al. 2004, 2005, 2013, 2014). The experiments 
illustrated the relationships between Fe2+-Fe3+ and V3+-V4+, in 
which the vanadium in spinel, V3+, is best incorporated in normal 
spinel as IVFe2+VIV2

3+O4 (coulsonite) and V4+ as IVFe2+VI(Fe2+V4+)
O4 (synthetic compound, inverse spinel) (Rodgers et al. 1963).

The intent of this study is to explore the relationships between 
V partitioning behavior and spinel crystal chemistry at magmatic 
conditions over several orders of magnitude in fO2. In particular, 
we examine (1) the interplay among normal-inverse spinel 
structure, Fe2+-Fe3+, and V partitioning and (2) the importance 
of using this interaction for interpreting petrologic conditions 
for the origin of extraterrestrial materials.

Crystal ChEMistry Of sPinEl

The potential interplay between vanadium and iron valance 
states in the context of the spinel crystal chemistry is partially 
illustrated in Figure 1. This figure shows the crystal structure 
of both normal and inverse spinel. The normal spinel structure 
(Fig. 1a) is represented by magnesiocoulsonite, IVMgVIV2

3+O4 (see 
Papike et al. 2005 and references therein). In naturally occurring 
normal spinel, the sixteen octahedral sites per unit cell (Papike 
et al. 2005) are occupied by trivalent cations Cr, Al, V3+, etc., 
while the eight tetrahedral sites per unit cell are occupied mainly 
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