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Introduction: Mineralogical studies of several CM and CM-like chondrites with low degrees of aqueous altera-

tion, including Yamato (Y-)791198 [1], Queen Alexandra Range (QUE) 97990 [2,3], and Acfer 094 [4], have shown 
that opaque assemblages of sulfides (troilite, pyrrhotite, pentlandite, Cr sulfides), oxides (magnetite, chromite), and 
also nitride (carlsbergite) occur in complex associations with metallic minerals (Cr-bearing kamacite, taenite). The 
oxygen isotopic composition of magnetite in sulfide-oxide assemblages of Acfer 094 is similar to the bulk matrix 
and FeO-rich chondrules, situated at the 17,18O-rich end of the CCAM array [4,5]. 

 Several lines of evidence indicate that temperatures of formation of these assemblages were significantly above 
the temperatures that are inferred for aqueous alteration, and the most plausible scenario is the interaction of metallic 
alloys with reactive gases in nebular settings. In ice-enriched environments the reactive species could have been 
H2S, H2O, and NH3. Carlsbergite (chromium nitride, CrN) in CM2 chondrites suggests that the nitriding agent was 
NH3 [1]. A dust-enriched (hydrogen-poor) environment would have mainly provided N2, which is much less reactive 
than NH3 and probably of low abundance in dusty systems. The presence of ice in the accretion region of CM chon-
drites is compellingly inferred from post-accretional aqueous alteration. Hence, it seems reasonable to explore the 
hypothesis that ices were involved in the processing of chondritic components prior to the incorporation into the CM 
parent-body. FeO-rich (type II) chondrules also formed under non-canonical, oxidizing and possibly volatile-rich 
nebular conditions [6,7], indicating that there is a link between opaque assemblages and chondrule processing.       

Material and Methods: We have further studied sulfide-oxide assemblages in Acfer 094, Y-791198 and QUE 
97990 by SEM/FIB-TEM techniques. In parallel we have started to experimentally investigate gas-metal interac-
tions in a low-pressure gas-mixing furnace (1 to 100 mbar) capable of direct and precisely controlled H2O evapora-
tion. Initial experiments on magnetite formation [8] have now been extended to sulfidation and nitriding, including 
mixed H2O-H2S-N2-H2 and H2O-NH3-H2 atmospheres. 

Results and Discussion: Concentric, porous polycrystalline sulfide-oxide assemblages in Acfer 094 contain var-
iable proportions of troilite/pyrrhotite, pentlandite, and magnetite. In all three chondrites FeO-rich chondrules and 
chondrule-related objects (probably fragments) are frequently associated with coarse-grained sulfide assemblages of 
troilite/pyrrhotite and pentlandite. These also occur as individual beads in the matrix. Crystallographic orientation 
relationships indicate that the pentlandite formed by exsolution from an initially homogeneous monosulfide solid 
solution (MSS). Metal is rare in FeO-rich chondrules, very Ni-rich (up to ~30 at%), and found in direct contact with 
the sulfides. FeO-poor (type I) chondrules contain kamacite beads, which are Ni-poor (few at%) and altered to vari-
ous degrees, either by parent-body alteration or terrestrial weathering. Several FeO-poor chondrules with over-
growths of porous, polycrystalline sulfides assemblages occur in all three chondrites. These resemble the isolated 
concentric sulfide-oxide aggregates in Acfer 094 and are distinct from aqueous alteration and weathering products.        

 We hypothesize that the formation of FeO-rich chondrules occurred in a strongly sulfidizing environment [9] 
and that the sulfide (±oxide) overgrowths on FeO-poor chondrules and metal grains formed in a distal region of this 
environment, where temperatures were not sufficient for silicate melting and sulfide homogenization (as melt or 
MSS). This is plausible if the ‘warm’ gas (~200 to 600 °C) was enriched with evaporated ices. Our experiments 
confirm that the sulfidation kinetics transit from linear (collision/adsorption-controlled) to parabolic (diffusion-
controlled) as a function of pressure [10]. Atmospheres with H2O/H2S of up to 250 produce exclusively sulfides on 
Fe94Ni4Co1Cr1 metal at 350 to 550 °C and 10 mbar (H2O/H2 ≈ 50). Replacing H2O with N2 shows that within the 
linear kinetic regime (450 °C, 10 mbar) the rate of sulfidation is independent of the potentially competitive co-
adsorption of water. This indicates that at ‘warm’ temperatures large partial pressures of H2O could have gone unno-
ticed with respect to the formation of magnetite, if small amounts of H2S had been present in the evaporated ices.         
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