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Introduction: Iron-nickel sulfides are 
found in most or all solar system environments, 
and are probably the only minerals found in all 
extraterrestrial materials on hand. Despite the 
ubiquity, they have not received the attention 
they deserve. The most common Fe-Ni sulfides 
in chondrites are troilite (FeS), pyrrhotite (Fe1-

XS) and pentlandite (Fe,Ni)9S8. 
Troilite is believed to have resulted from 

sulfidation of metal (Fe-Ni) grains in an H2S-
containing environment. Pyrrhotite is produced 
when friable troilite grains, which are exfoliated 
from the metal nucleus, are submitted to 
continued sulfidation [1]. Some asteroids are 
known to have experienced aqueous alteration, 
forming products including new generations of 
sulfides (pyrrhotite and pentlandite). Pentlandite 
in particular is known to form during such 
alteration [1]. However, experimental work by 
Lauretta has indicated that pentlandite may also 
have been formed during the initial sulfidation 
process [2], due to the faster diffusion rate of 
nickel into the forming sulfide, as compared to 
iron. Finally, there is considerable evidence 
[1,3&4] for a family of phases intermediate 
between pyrrhotite and pentlandite, following the 
trend of the high temperature monosulfide solid 
solution [5], something not encountered in 
terrestrial rocks. 

The long-term objective of our research is 
to characterize sulfides in chondritic materials in 
order to better establish the conditions under 
which they formed, and the subsequent processes 
they experienced. Ultimately, it will be possible 
to infer whether the sulfides in the chondrites 
were formed in the solar nebula or on asteroids, 
and if formed on the asteroids, deduce how much 
alteration has occurred there. Here we explore 
the relationships between the finest grain size 
portions of carbonaceous chondrites, these being 
matrix and chondrule rims; fine-grained 
materials are the most sensitive to their 
environment. 

Experimental Procedure: Sulfides from 
seven CM chondrites were analyzed during the 
course of this study. These CMs were chosen 
because they completely span the aqueous 
alteration range exhibited for these meteorites, 
from relatively unaltered Kivesvaara (CM2) to 
completely altered EET83334 (CM1) [6]. 

Sulfides were located using an SEM, and 
analyzed using a Cameca electron microprobe. 
The analyses were calibrated using natural 
mineral standards, and analytical results are 
accurate to within 1%. 

Results: The sulfides analyzed were 
randomly selected from different areas of thin 
sections. Their morphologies ranged from 
rounded, oval, spherical, rectangular to anhedral, 
and their sizes extended from 50 microns down 
to approximately 0.1 micron. The sulfide 
compositions are plotted in simple diagrams 
indicating only the Ni / (Ni+Fe) composition 
(Figure 1), to better permit comparison of many 
meteorites in this abstract.  

We made many analyses of sulfides in 
chondrule rims as well as matrix for the 
chondrites EET83334, Kivesvaara, Lookout Hill, 
Mighei, Pollen, Murray and Sayama. For each 
chondrite the compositional range of the matrix 
and chondrule rim sulfides were identical. 
Kivesvaara, probably the least altered CM2 
chondrite known (based upon high bulk Fe 
matrix composition [6]) contains only 
stoichiometric pentlandite and pyrrhotite. Mighei, 
Lookout Hill and Pollen also contain 
predominately these two phases. Sayama is 
unique in containing almost entirely pentlandite 
(as far as we could tell). Murray and EET83334, 
the latter being one of the most altered CM 
chondrites known (classified as CM1) contain 
abundant intermediate phases between pyrrhotite 
and pentlandite. EET83334 contains almost no 
stoichiometric pyrrhotite. 

As noted above, most of the CMs contain 
sulfides that are either more Ni-rich than typical 
pyrrhotites, or too Ni-deficient to be proper 
pentlandites – the so-called intermediate 
compositions. Because pentlandite is commonly 
(though not exclusively) an alteration product 
during aqueous alteration, its presence in all CM 
chondrites is consistent with their degree of 
aqueous alteration relative to other primitive 
chondritic materials. Based upon the pentlandite-
rich mineralogy, we think that Sayama is the 
first-recognized oxidized CM chondrite. 

There is no correlation of sulfide 
composition with alteration index, but also there 
is not a good correlation of alteration index with 
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degree of alteration for the most- and least-
altered meteorites.  

Conclusions: We found that for the most 
and least altered CMs the alteration index failed 
to properly reveal the degree of aqueous 
alteration. The least-altered CMs contain 
pyrrhotite with the least Ni, and the most-altered 
CMs contain abundant Ni-rich pyrrhotite. 
Pentlandite is present in all CMs, regardless of 
degree of aqueous alteration – of course even the 
least-altered CM chondrite (Kivesvaara) has still 
witnessed more aqueous alteration than most 
chondritic materials.  

Most CM chondrites contain Ni-Fe sulfides 
showing considerable solid solution.  It is still a 
mystery how these intermediate sulfides are 
stable at low temperatures. Chondrule rim 
sulfides have the same compositions as matrix 
sulfides, requiring similar alteration conditions. 
Due to the occurrence of alteration processes, 
inferred from the Ni-rich composition of sulfides, 
we suggest that the majority of primary sulfides 
in CMs were modified during aqueous reactions. 
Thus few or no primary troilite grains remain in 
CM matrix and chondrule rims.  

Sayama is the first recognized oxidized CM 
chondrite, because it contains abundant 
pentlandite, but essentially no pyrrhotite.  
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Figure 1. Compositional range of Fe-Ni 

sulfides in 7 CM chondrites, spanning the 
complete range of aqueous alteration from least 
altered (Kivesvaara) to most altered (EET83334). 
Analyses are plotted as atom% Ni / (Ni+Fe). The 
fields of pyrrhotite (Po) and pentlandite (Pn) 
correspond to the atom% Ni / (Fe+Ni) = 0~10 
and 40~55, respectively.  We plot results for 
Sayama separately, because it appears to be 
mineralogically distinct. 
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