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Redox systematics of martian magmas with implications for magnetite stability

Kevin RighteR,1,* Lisa R. DanieLson,2 KeLLye PanDo,2 RichaRD v. MoRRis,1  
tRevoR g. gRaff,2 DaviD g. agResti,3 auDRey M. MaRtin,1 stePhen R. sutton,4,5  

Matt newviLLe,5 anD antonio LanziRotti5

1NASA Johnson Space Center, Mailcode KT, 2101 NASA Parkway, Houston, Texas 77058, U.S.A.
2Engineering and Science Contract Group, NASA Johnson Space Center, 2101 NASA Parkway, Houston, Texas 77058, U.S.A.

3Department of Physics, University of Alabama at Birmingham, CH 382, 1720 2nd Avenue S, Birmingham, Alabama 35294-1170, U.S.A.
4Department of Geophysical Sciences, University of Chicago, 5734 S. Ellis, Chicago, Illinois 60637, U.S.A.

5Center for Advanced Radiation Sources, University of Chicago, 5640 S. Ellis, Chicago, Illinois 60637, U.S.A.

abstRact

Magnetite is commonly found at sites on Mars explored by robotic spacecraft, yet is rare in mar-
tian meteorites and in experimental studies of martian magma compositions. Iron redox systematics 
of the high-FeO shergottitic liquids are poorly known, yet have a fundamental control on stability of 
phases such as magnetite, ilmenite, and pyroxenes. We undertook experiments to constrain the Fe3+/
ΣFe in high-FeO (15–22 wt%) glasses as a function of fO2, melt P2O5, temperature and pressure. We 
also performed a series of sub-liquidus experiments between 1100 and 1000 °C and FMQ+0.5 to 
FMQ-1 to define magnetite stability. Run products were analyzed for Fe3+ and Fe2+ by Mössbauer 
spectroscopy and micro-X-ray absorption near edge structure (micro-XANES) spectroscopy. One bar 
liquids equilibrated at FMQ-3 to FMQ+3 show a much lower Fe3+/ΣFe than terrestrial basalts at the 
same conditions. As melt P2O5 contents increase from 0 to 3 wt% (at fixed pressure, temperature, and 
fO2), Fe3+/ΣFe decreases from 0.07 to 0.05, but this is within error on the measurements. Temperature 
increases between 1200 and 1500 °C cause little to no variation in Fe3+/ΣFe. Pressure increases from 1 
to 4 GPa cause a 0.06 decrease in Fe3+/ΣFe. The trends with pressure and temperature are in agreement 
with results of previous studies. Combining our new series of data allows derivation of an expression 
to calculate Fe3+/Fe2+ for high-FeO melts such as martian magmas.

ln(XFe3+/XFe2+) = a lnfO2 + b/T + cP/T + dXFeO + eXAl2O3 + fXCaO + gXNa2O + hXK2O + iXP2O5 + j

This expression can be used to show that decompressed melts become slightly more oxidized at 
the surface (compared to 4 GPa). Magnetite stability is suppressed by the lower Fe3+/Fe2+ of the high-
FeO melts. Magnetite stability is a function of Fe2O3 and temperature and is stable ∼50 °C lower than 
typical terrestrial basalt. Difficulty in producing magnetite as a liquidus phase in magmatic systems 
suggests either that many martian basalts are more oxidized than FMQ (but not represented among 
meteorite collections), that the titano-magnetite only forms upon cooling below ∼1000 °C at FMQ, 
or that the magnetite has a secondary origin.
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intRoDuction

Recent exploration of martian surface mineralogy has revolu-
tionized our understanding of the diversity of minerals present at 
the surface. In particular, it is clear that magnetite hosts most of 
the iron in basaltic rocks at Gusev Crater (Morris et al. 2008a). 
Morris et al. (2008a) make the reasonable argument that the mag-
netite is likely primary, based on its chemical composition and 
parameters derived from Mössbauer spectra. This is, however, 
inconsistent with: (1) the low-modal abundance of magnetite in 
martian meteorites, and (2) the current, albeit limited, knowledge 

of iron redox equilibria and phase relations in martian magmas. 
For example, the nakhlites (clinopyroxenites) contain ∼1% tita-
nomagnetite as skeletal grains in the mesostasis (Treiman 2005), 
and basaltic shergottites [pigeonite and plagioclase-bearing 
basalt (maskelynite)] contain 1 to 3.5% titanomagnetite in the 
groundmass (e.g., Xirouchakis et al. 2002; Stolper and McSween 
1979; Mikouchi et al. 1998); these are relatively small amounts 
compared with the abundances in many rocks analyzed at Gusev 
Crater (∼10%). Phase equilibria studies of shergottites have not 
reported abundant magnetite down to temperatures of ∼1050 
°C at the FMQ buffer (Stolper and McSween 1979; McCoy and 
Lofgren 1999), whereas in terrestrial basaltic magmas magnetite 
is stable with abundances between 5–10% at 1050 to 1100 °C. In * E-mail: kevin.righter-1@nasa.gov


