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Introduction: Among the rocks encountered by 

the Mars rover, Curiosity, are igneous rocks and 
(nearly) isochemically-derived sediments that appear 
to reflect two magmatic reservoirs: Jake-M class 
rocks characterized by elevated Na2O, K2O, Al2O3 
and SiO2, and the Bathurst Inlet class characterized 
by high MgO, FeOtotal, MnO, and Zn and low SiO2 
[1]. Sedimentary processes, chemical weathering 
reactions, and hydrothermal alteration of source 
rocks appear to have affected little mineralogical 
change in many Bradbury group rocks analyzed by 
the Curiosity rover [2]. This may point to a role of 
magmatic sulphide mineralization in the formation of 
the enrichments in Zn and other chalcophile elements 
in the Bradbury Group [3]. Primary magmatic 
sulphides would have been subjected to post-
emplacement hydrothermal redistribution of mobile 
elements. Weathering and transport of magmatic and 
hydrothermal sulphides could then lead to the 
dispersal of chalcophile element rich material into the 
Bradbury assemblage sediments.  

 
Methods: To assess the potential role of 

magmatic sulphide mineralization in the Bradbury 
assemblage, we have used whole-rock chemistry 
measurements from the Alpha Particle X-ray 
Spectrometer (APXS) instrument [4]. Estimated 
Sulphide Concentrations at Sulphide Saturation 
(SCSS) values were calculated according to the 
formulations of Ding et al. [5] and Righter et al. [6] 
from the APXS-measured compositions. Because the 
empirical equations of Ding et al. are calibrated for 
FeO-rich compositions, we have used this 
formulation in this work. Because there are no 
measurements of iron valence for the analyzed rocks, 
we take assume that all Fe occurs as FeO. Further, 
the APXS analyses are initally normalized to 100% 
and then recalculated without SO3 and Cl following 
common practice [e.g., 7]. Therefore, the SCSS 
values calculated here represent upper bounds.  

Viscosities were calculated for anhydrous melts 
of the APXS-measured compositions (normalized to 
100%, then renormalized with SO3 and Cl set to 0 
with all Fe as Fe2+), and therefore represent upper 
bounds. The addition of water and other volatiles 
would be expected to decrease melt viscosity. The 

assumed temperature was 1270°C, changing the tem-
perature will affect the quantitative but not the quali-
tative character of the relationships. 

 
Discussion: Estimated sulphide concentration at 

sulphide saturation for Gale crater igneous rocks and 
isochemically-deposited sediments, including 
Jake_M and Bathurst, are up to ~13500 ppm (Fig. 1), 
depending on the choice of parameters used. As 
stated above, these calculated SCSS values are upper 
bounds. Qualitatively, these SCSS calculations show 
that the Jake_M and Bathurst Inlet melts would have 
been efficient carriers of sulphur and chalcophile 
elements. Upon sulphide super-saturation (potentially 
triggered by decreasing pressure or temperature, or 
changing composition), viscosity will influence the 
segregation of immiscible sulphide melts. Calculated 
viscosity for measured igneous rock compositions 
(soils and John Klein mudstone sediment excluded) 
shows an inverse relationship between melt viscosity 
and concentrations of Ni, Cr2O3, and Zn (Fig. 2). The 
relationship with Cr may indicate a segregation of 
dense oxide (Cr-spinel) or be coincidental due to the 
mafic to ultramafic character of the Bathurst-type 
melts.  

Assimilation of crustal sulphur may have played a 
key role in causing the primary magmas to reach sul-
phide saturation [8]. Impact melts, are initially super-
heated and therefore able to erode and assimilate 
'country rock', and are emplaced in surface rocks, 
may be ideally suited to form ‘magmatic’ sulphide 
deposits. Impact melts are also likely to be highly 
inviscid, which can enhance the segregation of im-
miscible sulphides. Martian surface rocks contain 
abundant sulphur, predominantly as sulphate. Interac-
tion of crustal sulphate with reducing magmas may 
therefore allow the incorporation of additional S [8]. 
Pyrrhotite is the only sulphide mineral definitively 
detected thus far by XRD in Gale crater rocks, in 
addition to a single possible detection of pyrite in a 
John Klein sedimentary sample [2], and is the most 
common sulphide mineral observed in Martian mete-
orites including the regolith breccia samples of the 
NWA 7034 group [9]. Evidence for sulphide miner-
als on the Martian surface also comes from pyrolysis 
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results from the Sample Analysis at Mars (SAM) 
instrument [10]. 

Treating the compositions of Bradbury 
assemblage sediments as melt compositions is subject 
to many uncertainties. Samples analyzed by CheMin 
are dominated by igneous minerals in plausible 
original modal proportions [11], indicating little 
chemical alteration or physical fractionation. 
Modeling of the crystallization of Jake M class rocks 
[12] shows that they represent plausible melting 
products of the Martian mantle. The Bradbury 
assemblage rocks fall on an apparent mixing trend 
between Jake_M and Bathurst class rocks in Mg/Si 
vs. Al/Si space, suggesting mixing between two 
igneous sources [13].  

 
Conclusions: The initial formation of magmatic 

sulphides during the emplacement of Martian melts 
(of endogenic and impact origin) can provide initial 
enrichment in chalcophile elements, which can later 
be mobilized and redistributed by hydrothermal, 
weathering and sedimentary processes.  

 

 
Figure 1: Upper bound case for Sulphide Concentra-

tion at Sulphide Saturation (SCSS), T=1350 °C, P=0.1 
GPa, all Fe as FeO, and measured composition first nor-
malized to 100% then renormalized without SO3 and Cl. 
Formulation of Ding et al. [5]: ln(S in ppm)SCSS = 14.25 – 
3948.51/T – 0.06P-2.81[SiO2]melt – 7.33[Al2O3]melt + 
0.97ln([FeO]melt). Calculated SCSS values correlate with 

chalcophile elements Ni and Zn. Soils and sediments show 
decoupling of Ni from Zn, possibly due to different mobili-
ties of these elements in hydrothermal or weathering proc-
esses, or the concentration of Ni in mudstones from mete-
oritic infall and Ni accumulation in Mg-sulphates (nickel-
hexahydrite component). 

 

 
Figure 2: Calculated melt viscosity for APXS analyses 
thought to represent plausible melt compositions (soils and 
John Klein mudstones excluded) using the formulation of 
Shaw et al. [14]. The inverse relationship of viscosity with 
Ni/TiO2 ratio is consistent with concentration of Ni in 
lower-viscosity melts. Viscosity is strongly dependent on 
SiO2 and FeO concentrations and the anticorrelation of 
viscosity and [Ni] in part reflects this, but this is also 
consistent with enhanced sulphide segregation in the low 
viscosity (low SiO2, high FeO melts. 
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