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Introduction:  The Terrestrial Planets Group of 

the Oxygen in the Solar System Initiative seeks to un-
derstand redox and isotopic variation within and be-
tween the inner planets. Implicit in this goal is a desire 
to quantify and characterize: 1) the initial conditions of 
the planets at the time of accretion, and 2) the proc-
esses that have acted since that time to modify those 
characteristics. These aspects may differ between 
planets, due to broad differences in planetary evolu-
tion; however, it is these differences that may yield the 
most insight. 

A summary of recent studies and interpretations of 
the redox conditions of martian meteorites provides an 
illuminating example. The purpose of this abstract is to 
summarize the techniques, general results, and inter-
pretations regarding the redox conditions of martian 
basalts (i.e., the shergottite meteorites); specific results 
can be obtained from the references herein. 

Methods of Calculating Oxygen Fugacity:  Oxy-
gen fugacity (fO2) is a measure of the partial pressure 
of free oxygen (O2) in a system, corrected for nonide-
ality.  It is related to redox (reduction-oxidation) by the 
fact that oxygen is an electron acceptor.  The most 
common equilibrium in planetary basaltic magmas is: 
 

4Fe2+O + O2 = 2Fe3+
2O3             (1) 

 
An increase in fO2 drives this reaction to the right, and 
thus, more oxidized magmas contain more ferric iron 
(Fe3+).  Note, however, that if the relative amounts of 
ferrous (Fe2+) and ferric iron are fixed (e.g., during 
melt extraction from the mantle) then ferrous-ferric  
buffering of fO2 occurs. Indeed, it is thought that many 
terrestrial basaltic magmas are buffered in this way 
once extracted from their mantle sources [1]. 

The fO2 of a rock can be calculated if the activities 
of the ferrous and ferric iron-bearing mineral end-
members are known. This is the basis of any technique 
to calculate fO2 (i.e., an “oxybarometer”) from mineral 
equilibria.  The two techniques that have been applied 
to martian basalts are the Fe-Ti oxide and the olivine-
pyroxene-spinel oxybarometers.  The Fe-Ti oxide ba-
rometer is based on the equilibrium: 
 

4Fe3O4 + O2 = 6Fe2O3            (2) 
 
Where the activities of Fe3O4 (magnetite) in ti-
tanomagnetite, and hematite (Fe2O3) in ilmenite are 
used to calculate fO2.  Up until recently, this common 
and robust thermodynamic model represented the only 

method applied to fO2 in martian basalts, to oxides in 
Shergotty, Zagami and QUE 94201 [2,3,4]. Two inde-
pendent formulations are available as software pack-
ages [5,6]. Herd et al. [7] did a systematic study of 
available martian basalts with Fe-Ti oxides, optimizing 
comparison between samples. The disadvantage of this 
method is that it uses late-crystallizing phases which 
are prone to subsolidus re-equilibration [8].  

The olivine-pyroxene-spinel (Ol-Px-Sp) oxy-
barometer is based on the equilibrium: 
 

6FeSiO3 + 2Fe3O4 = 6Fe2SiO4 + O2          (3) 
 
Where the activities of FeSiO3 (ferrosilite) in low-Ca 
pyroxene, Fe3O4 (magnetite) in Cr-rich spinel, and 
Fe2SiO4 (fayalite) in olivine are used for fO2 calcula-
tion.  The advantage of this method is that the olivine-
phyric martian basalts typically contain early-formed 
olivine, pyroxene and Cr-rich spinel; therefore, the fO2 
calculated from these phases is presumably closer to 
that of the magma. The method is derived from studies 
of terrestrial mantle xenoliths [9] in which silicate 
phases are Mg-rich, and in which equilibrium between 
the three phases has been achieved. Thus the disadvan-
tage to the method when applied to (martian) basalts – 
olivine in some of the olivine-phyric martian basalts 
(e.g., EET79001A) is arguably xenocrystic, and there-
fore not cogenetic with pyroxene and spinel. Regard-
less, this method has been carefully applied to the oli-
vine-phyric basalts [10,11], and there is agreement 
with fO2 from Fe-Ti oxides in the same sample. 

Oxygen fugacity is not reflected solely in the rela-
tive amounts of ferrous and ferric iron in basaltic sys-
tems. Europium exists in two valence states, and is 
analogous to Equation (1) for iron: 
 

4EuO + O2 = 2Eu2O3             (4) 
 
However, unlike in the ferrous-ferric system, Eu2+ and 
Eu3+ do not form distinct end-member oxides. Instead, 
both are incorporated along with other REE, as trace 
elements in silicates. The Eu multivalency is the cause 
of the Eu anomaly observed some silicates. The ratio 
of DEu to DGd, essentially a measure of the depth of the 
Eu anomaly, can be used as an oxybarometer [12,13].  
The advantage of this method is twofold: REE tend to 
be relatively immobile, and SIMS analysis for Eu and 
Gd can be carried out on early-formed phases. Wad-
hwa [14] used this innovative method on augite cores 
in martian basalts, obtaining the first demonstrably 
magmatic fO2 estimates for these samples. The results 
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have been further refined with calibrations more ap-
propriate to martian basalt compositions [15,16].   

Although some discrepancies remain between the 
various methods of estimating fO2, a range of 3-4 log 
units for the martian basalts is evident, a result that, 
when combined with geochemical data, has revolution-
ized our understanding of martian basalt petrogenesis. 

Interpretation of Martian Basalt fO2: On Earth, 
the fO2 of a basalt reflects the redox conditions of the 
mantle source, and the conditions under which the 
magma was extracted from the mantle source 
[17,18,1]. The continual modification of portions of 
the Earth’s mantle, in particular via subduction, ac-
counts for the ~ 7 log unit variation in terrestrial ba-
salts [17,18,1]. In light of this, the challenge to inter-
pretation of the variation in martian basalt fO2 is the 
lack of sustained plate tectonics on Mars. 

The combination of geochemical data with martian 
basalt fO2 has provided the most insights into martian 
basalt petrogenesis, if not a favored model to explain 
the variation. Martian basalts fall on mixing lines be-
tween long-term incompatible-element enriched and 
depleted reservoirs that have been separated for ~4.5 
Ga, on the basis of Rb-Sr and Sm-Nd [19-22]. The 
observation that the more oxidized martian basalts had 
higher long-term incompatible-element enrichment 
was recognized independently by [14] and [10]. Wad-
hwa [14] favored a model in which basalts became 
oxidized through assimilation of an aqueously altered 
crust representing the incompatible-element enriched 
reservoir.  Herd et al. [10] modeled the variation in fO2 
as mixing between mantle-like and crust-like reser-
voirs, demonstrating the complexities of oxidation by 
assimilation. Regardless, this model seemed suitable, 
until the martian meteorite radiogenic isotopic compo-
sitions were re-evaluated by Borg et al. [23], who 
demonstrated that the calculated Rb/Sr, Sm/Nd and 
Lu/Hf parent/daughter ratios of the martian basalt 
sources correlate with fO2, indicating that fO2 of mar-
tian basalts is reflective of the redox conditions of their 
mantle sources. Furthermore, the values and ranges of 
parent/daughter ratios are similar to those inferred for 
lunar mare basalt sources [23]. Therefore, the range in 
martian basalt sources can be modeled by crystalliza-
tion of a martian magma ocean. 

Herd [11] modeled martian basalt fO2 variations in 
light of the work of [23], and demonstrated that frac-
tional crystallization of a magma ocean would result in 
a mantle comprised of a reduced, cumulate portion, 
and an oxidized, trapped-liquid portion – the long-term 
incompatible-element depleted and enriched compo-
nents, respectively. In this model, the fO2 of a martian 
basalt is a function of the relative involvement of the 
two components during partial melting of mantle 
sources.  Ferric iron is the oxidant, although the model 

predicts that more oxidized basalts should have a 
higher concentration of magmatic water than reduced 
basalts, even though water itself is not the oxidant. 

Implications and Future Directions:  The studies 
summarized here have implications beyond the nature 
of martian mantle sources. In particular, it appears that 
fO2 records little interaction with martian crust. How-
ever, detailed oxygen isotopic studies of martian ba-
salts may yield information whether such interaction 
occurred (see discussion in [11]), especially if crustal 
material has a distinctive isotopic signature [24]. 

Beyond the implications for Mars are the insights 
into controls on the fO2 of planetary basalts and plane-
tary evolution. If magma oceans existed on the terres-
trial planets, then perhaps their early mantles were 
comprised of the same “redox reservoirs” as inferred 
for Mars. Perhaps those reservoirs existed on Earth, 
but have been obliterated by plate tectonic recycling. 
The generally reduced nature of the Moon may make 
this aspect of lunar basalts difficult to observe. How-
ever, the model would predict that KREEP-rich basalts 
are more oxidized; something that more detailed fO2 
studies of lunar basalts may yet reveal. 

The illuminating aspect of the studies highlighted 
here is that they did not rely on redox data alone, in-
stead gaining insight from martian basalt geochemical 
data, as well as a knowledge of controls on terrestrial 
mantle redox state. It is anticipated that the workshop 
in Santa Fe (July 20-23, 2004) will have the same 
cross-disciplinary approach, bringing together geo-
chemists with mantle and planetary-materials petrolo-
gists, to attempt to answer the many intriguing ques-
tions surrounding Oxygen in the Terrestrial Planets. 

References: [1] Ballhaus C. & Frost B.R. (1994) GCA, 
58, 4931–4940 [2] Stolper E. & McSween H.Y., Jr. (1979) 
GCA 43, 1475–1498 [3] Ghosal S. et al. (1998) Contrib. 
Min. Pet., 130, 346–357 [4] McSween H.Y., Jr. et al. (1996) 
GCA, 22, 4563–4569 [5] Ghiorso M.S. & Sack R.O. (1991) 
Contrib. Min. Pet., 108, 485–510 [6] Anderson D.J. et al. 
(1993) Computers & Geosciences, 19, 1333–1350. [7] Herd 
C.D.K. et al. (2001) Am. Mineral. 86, 1015–1024. [8] Lind-
sley D.H. & Frost B.R. (1992) Am. Mineral. 77, 987–1003 
[9] Wood B.J. (1991) RIM Vol. 25, 417–431 [10] Herd 
C.D.K. et al. (2002) GCA, 66, 2025–2036. [11] Herd, C.D.K. 
(2003) M&PS, 12, in press [12] Philpotts J. (1970) EPSL, 9, 
257–268 [13] McKay G. A. (1989) RIM Vol. 21, 45–77 [14] 
Wadhwa M. (2001) Science, 291, 1527–1530 [15] McCanta 
et al. (2004) GCA, in press [16] Musselwhite D.S. et al. 
(2004) LPS XXXV [17] Carmichael I.S.E. & Ghiorso M 
(1990) RIM Vol. 24, 191–212 [18] Carmichael I.S.E. (1991) 
Contrib. Min. Pet., 106, 129–141 [19] Shih C.Y. et al. (1982) 
GCA, 46, 2323–2344 [20] Jones, J.H. (1989) LPS XIX, 465-
474 [21] Longhi J. (1991) LPS XXI, 695-709 [22] Borg L.E. 
et al. (1997) GCA, 61, 4915–4931 [23] Borg L.E. et al. 
(2003) GCA, 67, 3519–3536 [24] Romanek C.S. et al. (1998) 
M&PS, 33, 775–784. 

Lunar and Planetary Science XXXV (2004) 2008.pdf


