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Introduction: Oxygen fugacity (fO2) is an im-

portant planetary parameter, varying over 10 log units 
from the first solids in the solar system to the most 
oxidized igneous rocks of Earth [1, 2]. This wide range 
of redox conditions influences the mineralogy and 
volatile speciation of the materials involved in the ac-
cretion, differentiation, and evolution of the terrestrial 
planets. The redox conditions of the interior of Mars 
can be assessed through the determination of fO2 in 
igneous rocks of various ages; to date, this includes 
primarily martian meteorites, as well as in situ meas-
urements of igneous rocks at the martian surface [3, 4]. 

There are currently over 120 distinct samples of 
Mars represented by the martian meteorites. The ma-
jority (over 80% by number) are crystallization prod-
ucts of relatively alkali-poor mafic magmas, which 
formed as flows or shallow intrusions 165-600 Ma [5] 
– the ‘classical’ shergottites. Although they are the 
most common martian meteorite type, these sher-
gottites are remarkable in that they record a wide range 
of time-integrated incompatible element enrichment, 
clustering into depleted, intermediate, and enriched 
geochemical groups based on radiogenic isotopic (e.g,, 
Sm-Nd, Rb-Sr) compositions and REE patterns [e.g., 
6, 7]. The recently-described augite-rich shergottites 
formed as lava flows or shallow intrusions ~2400 Ma 
[8, 9]; while these rocks share some similarities to the 
classical shergottites, they are distinct in important 
ways, including in fO2 [8]. Nevertheless, the Sm-Nd 
and Hf-W isotopic compositions of shergottites, as 
well as the 4100-Ma ALH 84001 orthopyroxenite and 
the NWA 7034 regolith breccia (which contains clasts 
up to 4400 Ma), constrain the timing and style of sili-
cate differentiation of Mars – the formation and crys-
tallization of a magma ocean within 20 Ma, and crust 
formation and atmospheric degassing by 40 Ma after 
solar system formation [10]. Thus, evidence for an-
cient mantle components are preserved in most martian 
meteorites. Here I review the degree to which the fO2 
of martian igneous rocks correlates with mantle source 
geochemistry, and consider ways to reconcile redox 
conditions and magma source compositions in the 
mantle of Mars as a function of time.    

Redox variations among the shergottites: A cor-
relation between fO2 and incompatible element en-
richment was initially observed based on a handful 
shergottites [11, 12]. Castle and Herd [13] present data 
for 20 martian meteorite lithologies covering a range 
of petrogenetic and geochemical types; here I expand 

on that dataset to include others from recent studies 
(Fig. 1). As noted by [13], the depleted (low La/Yb) 
classical shergottites formed under reducing conditions 
(between 3 and 4 log units below the Quartz-Fayalite-
Magnetite (QFM) buffer), whereas the intermediate 
and enriched classical shergottites record higher fO2 
that corresponds to textural type. Instead of a single 
trend of increasing La/Yb with increasing fO2 [11], 
there are now three: the olivine(ol)-phyric shergottites  
(which also includes the poikilitic aka lherzolitic sher-
gottites [14]), the groundmass lithologies of the ol-
phyric shergottites, and the basaltic shergottites.  

The high fO2 values of the ol-phyric groundmass li-
thologies are likely the result of volatile degassing of 
the magma between initial crystallization of the oli-
vine-bearing assemblage and eruption and emplace-
ment [13, 15]. As with the other lithologies, the data 
for the groundmass lithologies of the ol-phyric sher-
gottites can be fit with an exponential trend – this can 
be attributed to the 2.5 to 3.5 log unit increase in fO2 
imparted by the degassing process. Such a consistent 
effect suggests that the volatile components are present 
in enriched, intermediate and depleted types of mantle 
reservoirs [13] and that whatever species are degassed 
are efficient at oxidizing these magmas. 

Degassing effects aside, there are effectively two 
“magmatic” trends: the ol-phyric shergottites and the 
basaltic shergottites (Fig. 1). The range in fO2 among 
the ol-phyric shergottites is only 1 log unit; among the 
basaltic shergottites it is closer to 2 log units, con-
sistent with initial observations [16]. Furthermore, the 
basaltic shergottite trend is only 1 log unit more oxi-
dized than the ol-phyric shergottite trend. One question 
that these trends raise is whether basaltic shergottite 
data reflect the effect of degassing of an ol-phyric-like 
magma – especially since fO2 estimates from basaltic 
shergottites are derived from late-stage Fe-Ti oxides 
[16]. Two observations argue against this: the similari-
ties in redox conditions recorded by the Eu/Gd method 
for pyroxene cores and those recorded by Fe-Ti oxides 
in these rocks [11], and evidence based on V/Sc-fO2 
correlations which indicate that basaltic shergottite fO2 
is set by mantle source redox, and that ol-phyric and 
basaltic shergottites are derived from distinct mantle 
sources [17]. 

From these observations, we can conclude that the 
fO2 values of the classical shergottites reflect a combi-
nation of mantle source and degassing effects, and that 
there are two types of mantle sources – one which 
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generated the ol-phyric types and the other which gen-
erated the basaltic types – each with a range of incom-
patible element and redox characteristics.  

 
Figure 1. La/Yb ratio vs. oxygen fugacity for “classical” 
shergottites. Data from [13, 18-20] and references therein. 

Redox variations among other martian litholo-
gies: As noted by [8], the augite-rich shergottite NWA 
8159 is highly oxidized (>QFM+2) while being de-
pleted in incompatible elements. Furthermore, other 
geochemical evidence suggests these rocks are derived 
from a mantle source distinct from the classical sher-
gottites [8]. The fO2 of the nakhlites has been assessed 
through a number of methods, and yields results that 
are similar to the most oxidized classical shergottite 
lithologies, ~QFM-1 to QFM, with modest degassing 
effects [21]. Geochemical constraints require that the 
nakhlites (and chassignites) be derived from a mantle 
source that has had a distinct history relative to the 
shergottites [e.g., 22]. 

Igneous clasts within the NWA 7034 (and pairs) 
regolith breccia are more alkaline than the other mar-
tian meteorites, and formed under fO2 conditions rang-
ing from ~QFM to QFM+4; these clasts are also more 
LREE enriched than the most enriched shergottites 
[23]. In contrast, spinels in the geochemically interme-
diate ALH 84001 meteorite yield fO2 conditions of 
~QFM-3.2 [1]. Like the nakhlites and augite-rich sher-
gottites, the geochemistry and redox conditions of 
these more ancient lithologies are distinct from the 
trends observed in the classical shergottites. 

Surface igneous rocks: The fO2 of basalts in Gusev 
crater analyzed by the MER Spirit rover ranges from 
~QFM-3.5 to QFM+0.5, similar to that of the classical 
shergottites, and incompatible elements seem to corre-
late [3]. Thus, it appears that a similar range of mantle 

components existed at the time these basalts were em-
placed (~3650 Ma; [24]); however, the more alkaline 
nature of the Gusev basalts requires that their mantle 
sources are enriched in K relative to the shergottites, 
possibly through metasomatism [3]. Yet Gusev rocks 
fall on an igneous fractionation trend defined by K and 
Ti that comprises nearly all martian meteorite litholo-
gies; only the igneous rocks of Gale crater and the 
most alkaline clasts in NWA 7034 may require meta-
somatism of their mantle sources [25].  

Implications for the redox evolution of the mar-
tian mantle: Decoupling of incompatible elements 
and redox is required for the petrogenesis of some 
martian igneous lithologies. However, the early-
formed incompatible-element enriched reservoirs (pre-
sumably formed during magma ocean crystallization) 
must be preserved as sources for the youngest martian 
igneous rocks (the classical shergottites). Therefore 
decoupling of incompatible elements and redox condi-
tions most likely occurred as a result of post-magma 
ocean modification of the martian mantle. Models in-
volving magma ocean crystallization and overturn 
have had success in explaining the classical shergottite 
variations in geochemistry and redox [21, 26] – their 
main advantage being the preservation of magma 
ocean cumulates for later melting by mantle plumes. 
Revisiting these models may provide additional in-
sights into the mechanisms for decoupling of redox 
from incompatible elements that is now apparent in 
several igneous lithologies of Mars. 
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