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Introduction: CM chondrites are a remarkably di-

verse group of meteorites whose early solar system 
record is among the most complex of all the meteorite 
groups. The recognition that these meteorites exhibit 
variable degrees of aqueous alteration has led to con-
siderable efforts to develop indicators of the extent of 
aqueous alteration [1-4]. A key component of under-
standing the evolution of CM chondrites during aque-
ous alteration is addressing the issue of how different 
elements may be mobilized and redistributed by aque-
ous fluids. Sulfur plays a central role in this process, 
because it is present in a wide range of minerals in CM 
chondrites, including tochilinite, sulfides and sulfates. 
Sulfides have been the focus of considerable interest 
[5-7], and it has been recognized that the key mineral 
phases that are present are pentlandite and pyrrhotite 
[5-9]. The relationships between these phases and their 
origins still remain poorly understood, however. Here 
we present new SEM and TEM observations of sul-
fides from a CM that provide additional insights into 
the origin of these grains. 

Techniques:  A thin section of the CM chondrite 
TIL 91722 was studied with SE and BSE imaging us-
ing a FEI Quanta 3D FEGSEM. Qualitative EDS spec-
tra were obtained from individual grains on a JEOL 
5200LV SEM. TEM sections from individual sulfide 
grains were prepared using a FEI Quanta 3D Dual-
Beam® FEGSEM/FIB. FIB-prepared samples were 
removed from the thin sections using the in situ lift out 
technique with an Omniprobe 200 micromanipulator.   

Results: We studied 20 pyrrhotite grains from TIL 
91722, ranging in size from 30 to 60 µm. Two differ-
ent occurrences were identified: 1) aggregates of pyr-
rhotite and pentlandite consisting of numerous indi-
vidual grains of both phases and 2) more common, 
well-crystallized grains of pyrrhotite that are usually 
composites of pyrrhotite and pentlandite. Pyrrhotite is 
volumetrically the most abundant phase in these 
grains. Pentlandite usually occurs as irregular-shaped 
grains up to 20 µm in size along the periphery of the 
pyrrhotite crystals. Elongate, subrounded pentlandite 
also occurs in the interior of some pyrrhotite grains. 
These occurrences are typical of pyrrhotite in other 
CM chondrites, e.g. [5-9]. None of the pyrrhotite 
grains in TIL 91722 show any evidence of alteration.  

FEGSEM studies show that in every pyrrhotite 
grain studied, submicron exsolution of pentlandite is 
evident (Figure 1). The pentlandite occurs as both 
crystallographically-oriented lamellae up to 6 µm in 

length and <0.1 μm wide and as elongate blebs that are 
typically <0.2 µm long and <0.1 µm wide. Exsolution 
of pentlandite has been documented in pyrrhotite in 
CM chondrites [7-9], but the widespread occurrence of 
this phenomenon has not been generally recognized. 

In addition to inclusions of pentlandite, the pyr-
rhotite grains also contain irregular domains which 
show lower BSE contrast than the pyrrhotite host (Fig 
2). These domains have a sinusoidal or flame-like tex-
ture and occur on the scale of a few 100s of nanome-
ters. They appear to be distributed throughout pyr-
rhotite grains and are present in all the coarse-grained 
single crystals that were studied. 

TEM observations of a FIB sample removed from 
a pyrrhotite grain reveal a complex microstructure 
Elongate, exsolved pentlandite blebs ranging from 
~0.5 µm down to <0.1 µm are distributed throughout 
the pyrrhotite. AEM analyses show that the pentlandite 
is Co-bearing. Although essentially invisible in con-
ventional TEM images, DF STEM Z-contrast images 
show that the grain exhibits a remarkable flame-like 
microstructure (Figure 3) consisting of lamellae of a 
more Fe-rich sulfide intergrown with a lower Z phase. 
Electron diffraction patterns from this intergrowth 
show that the dominant (lower Z) phase is monoclinic 
pyrrhotite intergrown with hexagonal troilite. 

Interpretation. Pyrrhotite and pentlandite in CM 
chondrites are widely interpreted as being the result of 

 
Figure 1. FEGSEM BSE image of submicron pentland-
ite exsolved in pyrrhotite in the TIL 91722 CM carbona-
ceous chondrite.  
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aqueous alteration and oxidation of troilite [5,6]. Our 
observations and those of [9] indicate that such an ori-

gin is implausible for the coarse-grained pyr-
rhotite/pentlandite in TIL 91722. These grains have 
microstructures that are indicative of solid state proc-
esses that did not involve fluids. 

Exsolution of pentlandite from pyrrhotite. The ex-
solution of pentlandite from Ni-bearing pyrrhotite oc-
curs extensively in terrestrial sulfides e.g. [10,11] and 
has been studied experimentally [12]. The exsolution 
of pentlandite occurs from Ni-bearing mss during cool-
ing below ~873K. In isothermal annealing experi-
ments, complete pentlandite exsolution occurs within 1 
hour at temperatures above 573K, but becomes signifi-
cantly slower below this temperature. Nevertheless, 
metal mobility in sulfides can occur down to extremely 
low temperatures (<373K) [11]. [12] estimate that ex-
solution of pentlandite from mss could occur below 
373K on timescales of between 3000 and 30,000 
years,. The extremely fine-grained pentlandite in TIL 
97122 sulfides is consistent with exsolution at very 
low temperatures. We infer from these data that the 
microstructure observed in TIL 91722 could have de-
veloped at the low temperatures estimated for the CM 
chondrite parent body [13] over several million years. 

Exsolution of troilite from pyrrhotite. Intergrowths 
of hexagonal FeS (troilite) and monoclinic pyrrhotite 
occur in terrestrial sulfides [14] and have been inter-
preted as the result of exsolution at low temperatures. 
The presence of a miscibility gap at low temperatures 
between troilite and pyrrhotite has also been demon-
strated experimentally [15]. Although the scale of the 
intergrowths in TIL 91772 pyrrhotites is much finer 

grained, the similarity between the textures and the 
crystallographic relationships between the two phases 

is entirely consistent with exsolution.  

Figure 3 FEGSEM BSE image of modulated 
flamelike structure in pyrrhotite in TIL 91722.  The 
lighter, larger grains are pentlandite. 

Figure 2 Z contrast STEM image of sulfide grain 
shown in Fig. 1 showing flame-like texture due to low 
temperature exsolution of troilite (bright) from pyr-
rhotite (dark) at low temperatures. The bright grains 
shown in the lower right of the image are exsolved 
grains of Co-bearing pentlandite. 

Conclusions. Exsolution of troilite and pyrrhotite in 
mss can only have occurred below 140ºC, confirming 
that pyrrhotite grains in TIL 91772 record low tem-
perature solid state processes. Coupled with the fine-
scale of pentlandite exsolution and experimental data 
that show metal diffusion at very low temperatures in 
sulfide systems, we conclude that these microstruc-
tures formed concurrently on the CM chondrite parent 
body over extended periods of time. Remarkably, these 
grains did not form as a result of aqueous alteration, 
but may be mss grains that formed by melting of sul-
fide-rich materials in the solar nebula.  
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