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abstract

Lauretta (2005) produced sulfide in the laboratory by exposing canonical nebular metal analogs to 
H2S gas under temperatures and pressures relevant to the formation of the Solar System. The resulting 
reactions produced a suite of sulfides and nanophase materials not visible at the microprobe scale, but 
which we have now analyzed by TEM for comparison with interplanetary dust samples and comet 
Wild 2 samples returned by the Stardust mission. We find the unexpected result that disequilibrium 
formation favors pyrrhotite over troilite and also produces minority schreibersite, daubréelite, barrin-
gerite, taenite, oldhamite, and perryite at the metal-sulfide interface. TEM identification of nanophases 
and analysis of pyrrhotite superlattice reflections illuminate the formation pathway of disequilibrium 
sulfide. We discuss the conditions under which such disequilibrium can occur, and implications for 
formation of sulfide found in extraterrestrial materials.
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introDuction

In the canonical model of the early inner Solar System, the 
first solids to form from the cooling nebula were produced by 
gas-solid condensation reactions. Initially, refractory phases such 
as alumina formed at temperatures above 1400 K. Continued 
condensation influenced the composition of the gas as atomic 
species were differentiated out of the gas phase into various solids 
(Lord 1965; Lewis 1972; Davis and Richter 2005). It is thought 
that at ~1000 K, most excess Fe had condensed into metal with 
a few wt% of Ni, Cr, P, and C, while most of the sulfur was 
bound in H2S. As temperatures dropped below 713 K, the H2S 
began to react with the nebular Fe to produce stoichiometric FeS, 
or troilite (Lauretta et al. 1996). Because the cosmochemical 
abundance of Fe is twice that of S (Lodders 2010), and because 
equilibrium calculations show that pyrrhotite cannot coexist with 
troilite and Fe metal in the presence of H2S gas, it would not be 
possible to form pyrrhotite directly in equilibrium. Therefore, 
it was thought that pyrrhotite formed in the nebula only when 
troilite entered a region with excess H2S and no metal and reacted 
at high temperature (Zolensky and Thomas 1995).

In this paper we consider an alternate pathway that likely 
operated in parallel and may be crucial for understanding the 
history of nanophase sulfide such as found in comets. Spe-
cifically, both troilite and pyrrhotite form simultaneously by the 
reaction of H2S gas with metal under disequilibrium conditions 
for reasons that will become clear in the discussion. This idea 
is not without precedent. In general, disequilibrium is known to 
have a significant effect on mineral formation sequences and 
temperatures, so accounting for it can dramatically increase the 

accuracy of models (Carlson et al. 2015). It is known that pyr-
rhotite can form directly from iron metal when the sulfur fugacity 
(fS2) is very high (Imae 1994; Lauretta et al. 1996), though it is 
not clear that nebular conditions can supply a sufficiently high 
fS2. Pyrrhotite has also been formed directly from the gas phase 
when equilibrium is not reached (Osaka et al. 1976; Lauretta et 
al. 1996), though these experiements were not perfect analogs 
for the nebular environment.

We re-examine iron metal foils that have been sulfidized by 
H2S gas as an analog for the sulfidation of nebular metal (Lauretta 
et al. 1996; Lauretta 2005). These foils have been previously 
studied at the micrometer scale, but until recently there has 
been little motivation to examine the nanoscale properties of 
this experiment. Recent work on interplanetary dust particles 
(IDPs, Dai and Bradley 2001; Westphal et al. 2009; Ogliore et 
al. 2010) and samples returned by the Stardust mission (Gains-
forth et al. 2013, 2014, 2015; Stodolna et al. 2014; Ogliore et al. 
2012) have made it apparent that we need a better understanding 
of superlattice structures, nanoscale element distribution, and 
crystal morphologies at the nanoscale to interpret comet samples.

mineraLoGy of pyrrhotite

Troilite is stoichiometric FeS. At > 315 °C, it exists in the 
NiAs structure (hexagonal, space group P63/mmc): the sulfur 
atoms form a hexagonally close packed structure and the Fe 
occupies octahedral interstitial positions. At these temperatures, 
the spin of the Fe atoms is random (Wang and Salveson 2005). 
Below 315 °C, troilite undergoes an antiferromagnetic ordering 
transition whereby Fe and S atoms move on the order of half an 
angstrom from their original positions. This reduces the sym-
metry of the unit cell to hexagonal, P62c. The new unit cell is 
commonly referred to as troilite 2C, since the c axis is twice the 
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