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aBStraCt

Here Mars and Moon are used as “natural laboratories” with Moon displaying lower oxygen fugaci-
ties (~IW-1) than Mars (~IW to FMQ). Moon has lower concentrations of Ni and Co in basaltic melts 
than does Mars. The major sulfides are troilite (FeS) in lunar basalts and pyrrhotite (Fe1–xS) in martian 
basalts. This study focuses on the concentrations of Ni, Co, Cu, and Se. We chose these elements 
because of their geochemical importance and the feasibility of analyzing them with a combination of 
synchrotron X-ray fluorescence (SXRF) and electron microprobe (EPMA) techniques. The selenium 
concentrations could only be analyzed, at high precision, with SXRF techniques as they are <150 ppm, 
similar to concentrations seen in carbonaceous chondrites and interplanetary dust particles (IDPs). 
Nickel and Co are in higher concentrations in martian sulfides than lunar and are higher in martian 
olivine-bearing lithologies than olivine-free varieties. The sulfides in individual samples show very large 
ranges in concentration (e.g., Ni ranges from 50 000 ppm to <5 ppm). These large ranges are mainly 
due to compositional heterogeneities within individual grains due to diffusion and phase separation. 
Electron microprobe wavelength-dispersive (WDS) mapping of Ni, Co, and Cu show the diffusion 
trajectories. Nickel and Co have almost identical diffusion trajectories leading to the likely nucleation 
of pentlandite (Ni,Co,Fe)9S8, and copper diffuses along separate pathways likely toward chalcopyrite 
nucleation sites (CuFeS2). The systematics of Ni and Co in lunar and martian sulfides clearly distinguish 
the two parent bodies, with martian sulfides displaced to higher Ni and Co values.
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introduCtion

A major part of our research agenda over the last 20 years, has 
been on comparative planetary mineralogy in basaltic lithologies. 
In these studies we use specific planetary bodies, Earth, Moon, 
Mars, and Vesta as natural laboratories with differing chemical 
and thermodynamic characteristics including bulk composition 
of the source regions, derived basalts, and oxygen fugacity. 
Past studies, summarized in Papike et al. (2009 and references 
therein), have emphasized pyroxene, plagioclase, olivine, and 
spinel. The present study addresses sulfides, which are minor but 
ubiquitous phases in basalts. With increasing oxygen fugacity the 
major sulfide changes from troilite to pyrrhotite to pyrite (e.g., 
see Toulmin and Barton 1964). Here we focus on troilite from 
Moon and pyrrhotite from Mars. Specifically we are looking at 
the Ni, Co, Cu, and Se systematics, which can be measured with 
a combination of electron microprobe and SXRF techniques (see 
discussion below). Major challenges in analyzing these sulfide 
phases include: (1) their small grain size and (2) their high 
reactivity at low temperatures leading to exsolution and phase 
separation. Despite these challenges, we were able to identify 
chemical fingerprints that not only differentiate the two planetary 
bodies, Mars and Moon, but even distinguish between olivine-
present and olivine-absent basalts on a single parent body. These 
results, as well as our previous results on minerals as recorders 

of petrologic/geochemical processes, are particularly valuable 
when studying regolith samples where representative rocks might 
not be present, IDPs, micrometeorites, and “Stardust” particles.

SaMPLeS and anaLYtiCaL MethodS
Due to space limitations, we have added an electronic deposit1 for more detailed 

descriptions of the analytical methods, and errors associated with the data.

Samples
We have carefully selected a suite of 14 basalts from Moon and Mars that 

contain sulfides of sufficient size so as to be analyzable by SXRF techniques. In 
some cases we could use only EPMA. Techniques and analytical spatial resolution 
are discussed below. For Moon we selected 6 samples: (1) 12040, an Apollo 12 
olivine basalt cumulate; (2) 15555, an Apollo 15 olivine normative basalt with 
both olivine and pyroxene phenocrysts; (3) 15016, an Apollo 15 vesicular olivine-
normative basalt with both olivine and pyroxene phenocrysts; (4) 15058, an Apollo 
15 pyroxene-phyric basalt; (5) 12021, an Apollo 12 pyroxene-phyric basalt; and (6) 
75035, an Apollo 17, high-Ti, ilmenite basalt. A more comprehensive overview of 
these rocks is provided in the Lunar Sample Compendium (compiled by Charles 
Meyer, http://curator.jsc.nasa.gov/lunar/compendium.cfm). For Mars we selected 
8 samples: (1) Yamato 980459 (Y 98), an olivine-phyric basalt that erupted as a 
liquid and may be a primitive mantle melt; (2) Sayh al Uhaymir 005 (SAU 005), an 
olivine-phyric basalt cumulate; (3) Dar al Gani 476 (DAG 476), an olivine-phyric 
basalt cumulate; (4) LEW 88516, a lherzolite (cumulate); (5) ALHA 77005 (ALH 
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1 Deposit item AM-11-028, detailed analytical methods. Deposit items are avail-
able two ways: For a paper copy contact the Business Office of the Mineralogical 
Society of America (see inside front cover of recent issue) for price information. 
For an electronic copy visit the MSA web site at http://www.minsocam.org, go 
to the American Mineralogist Contents, find the table of contents for the specific 
volume/issue wanted, and then click on the deposit link there.


