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abstRaCt

The Miller Range (MIL) 03346 nakhlite contains ~20% mesostasis, which contains skeletal 
titanomagnetite. The titanomagnetite contains trellis-type {111} lamellae of ilmenite similar to those 
found in terrestrial titanomagnetites that have experienced subsolidus redox reactions during cooling 
of their host rocks. We have characterized the MIL 03346 titanomagnetite-ilmenite intergrowths by a 
combination of focused ion beam (FIB), energy-dispersive spectroscopy (EDX), and high-resolution 
transmission electron microscopy (TEM). The resulting structural and chemical analyses have been 
combined with temperature and fO2 data from previous studies of MIL 03346, as well as previous 
work on two-oxide thermobarometry of nakhlites. Our calculations show that as MIL 03346 and other 
nakhlites cooled below 800 °C, they recorded increasingly reducing conditions, such that the lowest 
temperatures calculated correspond to fO2 conditions as low as 4 log fO2 units below the FMQ buffer. 
However, the MIL 03346 lamellae must have formed by oxidation and thus record a very late stage low-
temperature (<350 °C) oxidation event. When considered together with previous studies of MIL 03346 
and nakhlites in general, the overall cooling history could be explained by early oxidation followed by 
intermediate stage reduction caused by S2 loss by degassing, followed by late loss of Cl by degassing.
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intRoduCtion

Our understanding of the geologic history of Mars has been 
revolutionized by studies of meteorites that originated from that 
planet (McSween 2008). From these detailed studies we have 
learned the precise ages, chemical compositions, mineralogy, 
alteration history, volatile contents, and magmatic history of 
a diverse suite of samples, including basalts, pyroxenites, and 
ultramafic rocks (McSween 2008). In particular, the magmatic 
history is constrained by the shergottites, which range in age 
from 575 to 150 Ma and nakhlites, which have ages near 1.3 Ga. 
Studies of these two groups have led to a detailed understanding 
of magma genesis that includes generation of basalt by melting 
of the martian mantle (e.g., Filiberto et al. 2008; Monders et 
al. 2007; Musselwhite et al. 2006), fractionation of primitive 
melts to form basalt (Symes et al. 2008), and the generation of 
nakhlites by crystallization and accumulation of pyroxene and 
olivine from a basaltic parental melt (Treiman 2005).

Oxygen fugacity ( fO2) is an important magmatic variable 
that controls phase equilibria and also defines mantle-crust-
atmosphere interactions. The fO2 at which shergottites and 
nakhlites formed has been determined by many detailed studies 
of individual meteorite samples; shergottites define a range 
from near the iron-wustite (IW) buffer to just below the fayalite-
magnetite-quartz (FMQ) buffer (Goodrich et al. 2003; Herd et 
al. 2002; McCanta et al. 2004), whereas nakhlites are typically 

more oxidized near FMQ (McCanta et al. 2004, 2009; Bunch 
and Reid 1975; Szymanski et al. 2010; Hammer 2009; Ruther-
ford and Hammer 2008, Herd and Walton 2008; Treiman and 
Irving 2008; Sautter et al. 2002). Nakhlites are the most oxidized 
samples, and it is important to understand what produces the 
high end of the fO2 range. There have been many approaches 
to studying and understanding nakhlite fO2, including pyroxene 
Fe and REE contents (McCanta et al. 2004, 2009), two oxide 
barometry (Bunch and Reid 1975; Szymanski et al. 2010), and 
experimental petrology (Hammer 2009; Rutherford and Hammer 
2008; Herd and Walton 2008). Despite the many studies, there 
are a range of fO2 values measured using the different approaches 
and a fundamental understanding of the variation has been elu-
sive. Studies of Fe-Ti oxides in nakhlites have led to additional 
constraints on their equilibration temperatures and fO2 values 
(Bunch and Reid 1975; Treiman and Irving 2008; Szymanski 
et al. 2010; Sautter et al. 2002), but even this approach has led 
to a range of fO2 values and temperatures from 500 to 1000 °C.

Among the nakhlites, the Miller Range (MIL) 03346 pairing 
group is recognized as among the most oxidized, and may repre-
sent the top-most sample in a small or shallow magmatic body. 
MIL 03346 is one of the most mesostasis-rich nakhlites (Treiman 
2005) and thought to have equilibrated at oxygen fugacities near 
the FMQ buffer (Righter et al. 2008; Dyar et al. 2005). The MIL 
03346 mesostasis contains skeletal titanomagnetite, but does 
not contain coarse-grained magnetite and ilmenite crystals as 
do many of the other nakhlites, and so this sample has not been 
part of the two oxide barometry studies.


