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Abstract
Ni and Co variations in primary martian magmas exhibit anomalous incompatible behavior, which 

has remained an unexplained conundrum. Because martian magmas are S-rich, and some trace metals 
are reported to have enhanced solubility in S-bearing magmas, we have carried out a series of experi-
ments to evaluate the effect of high-S melts on the olivine/melt partitioning of Ni, Co, Mn, V, and Cr. 
Near-liquidus experiments on a synthetic primary martian mantle melt (Yamato-980459 [Y98]) were 
completed in a piston-cylinder apparatus at 0.75 GPa. Previous studies in S-free systems illustrate that 
the partition coefficients for these elements are dependent chiefly on DMg(Ol/melt) (the partition coefficient 
defined as wt% Mg in olivine/wt% Mg in melt, a proxy for temperature), and were used to calibrate a 
predictive expression that includes the effects of temperature [i.e., DMg(Ol/melt)], melt composition, and 
oxygen fugacity. These predictive expressions are then used to isolate any effect in DM olivine/melt 
due to dissolved sulfur. The results show that S might have a small effect for Co, but not enough to 
change Co partitioning from compatible to incompatible in our experiments. The addition of a sulfur 
term to the DCo predictive expressions shows that nearly 8000 ppm of sulfur would be required in the 
melt (at liquidus temperature of Y98) for DCo to become <1. These S contents are two times higher 
than those of a sulfide-saturated melt at the P-T conditions of a martian mantle source region. Therefore, 
the anomalous incompatible behavior observed in these primary magma suites must be due to another 
mechanism. High temperature, oxygen fugacity, and diffusion are not viable mechanisms, but magma 
mixing, assimilation, or kinetic crystallization effects remain possibilities.

Keywords: Shergottite, olivine, transition metals, sulfur, basaltic magma

Introduction
First-row transition elements (FRTE, including Mn, Ni, Co, 

Fe, V, and Cr) are useful indicators of primary planetary mantle 
melts (Sato 1977; Wänke and Dreibus 1986) and the source min-
eralogy of mantle melts (Sobolev et al. 2007), and their ratios can 
be used to infer source heterogeneities in mantle-derived melts 
(e.g., Fe/Mn; Humayun et al. 2004; Le Roux et al. 2011). Since 
olivine is a common early-crystallizing phase in basaltic mag-
mas that have produced planetary and asteroidal crusts, several 
experimental studies have investigated elemental partitioning 
between olivine and silicate melt (e.g., Toplis 2005; Libourel 
1999; Jones 1995). In particular, olivine/melt partition coef-
ficients of Ni and Co [DNi and DCo(Ol/melt)] have been intensively 
studied because these elements are preferentially partitioned into 
olivine and thus provide a uniquely useful insight into the basalt 
petrogenesis (e.g., Takahashi 1978; Beattie et al. 1991; Longhi et 
al. 2010). Ni and Cr have both been used as indicators of primary 
melts of planetary mantles (e.g., Sato 1977; Wänke and Dreibus 
1986; Sobolev et al. 2007). Vanadium partitioning between 

olivine and melt is sensitive to changes of oxygen fugacity and 
has been used as an oxybarometer (Canil and Fedortchouk 2001; 
Lee et al. 2003; Shearer et al. 2006; Mallmann and O’Neill 2013; 
Nakada et al. 2020). Chromium partitioning between olivine 
and melt is also dependent upon oxygen fugacity since Cr2+ is 
stable in melts at low fO2 (e.g., Hanson and Jones 1998). Finally, 
Mn partitioning differences between peridotite and pyroxenite 
can be used to place constraints on sources of mantle melts (Le 
Roux et al. 2011; Sobolev et al. 2007). Fe/Mn ratios in mete-
orites are used to trace the origins of various meteorite groups 
due to the variable volatility of Mn in the Solar System (e.g., 
Papike 1998; Goodrich and Delaney 2000; Karner et al. 2003), 
but a comprehensive interpretation of this ratio must include an 
understanding of differences in olivine melt partitioning for Fe 
and Mn. Overall, the FRTE are very useful in delineating source 
characteristics and origin of planetary basalts.

Extensive studies of olivine/melt partitioning of FRTE have 
demonstrated the role of pressure, temperature, oxygen fugacity, 
and melt composition in controlling the magnitude of D (olivine/
melt) (e.g., Takahashi 1978; Beattie et al. 1991; Hanson and Jones 
1998; Filiberto et al. 2009; Longhi et al. 2010; Elardo et al. 2011; 
Le Roux et al. 2011; Mallmann and O’Neill 2013; Matzen et al. 
2013). Despite the many studies carried out on the partitioning 
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