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Introduction: Intense studies of carbonaceous 

chondrites have provided remarkable insights into the 
behavior of carbon during the earliest stages of our 
solar system. This research has demonstrated that car-
bonaceous meteorites contain a diverse array of or-
ganic compounds, whose origins are probably the re-
sult of multiple processes that occurred in different 
locations including interstellar space, the solar nebula 
and asteroidal parent bodies [1-3]. The most abundant 
organic carbon component in CI1 and CM2 carbona-
ceous chondrites is so-called macromolecular carbon, a 
high molecular weight material that has some affinities 
to terrestrial kerogen and constitutes approximately 
60-70% of the organic material in these meteorites. 
Although recent studies e.g. [3] have radically im-
proved our understanding of the structural and compo-
sitional characteristics of this material, a number of 
key questions remain to be addressed. In particular, 
our knowledge of where this macromolecular material 
is distributed at the fine-scale within carbonaceous 
chondrites is scant. [4] have shown that organic mate-
rial is associated with phyllosilicate-rich matrix in CM 
chondrites, but the detailed mineralogical associations 
are not well-known. Over the past 2 years, we have 
begun to address this question by using energy filtered 
transmission electron microscopy (EFTEM) to locate 
carbon-bearing materials in situ, focusing specifically 
on the CM2s. To date we have reported data on the 
Murchison CM2 chondrite [5], a meteorite that has 
experienced a modest degree of aqueous alteration.  

To extend our observations to other CM2 chon-
drites, we have examined the occurrence of carbon-
bearing phases in Yamato 791198. Our recent studies 
[5] have shown that Y-791198 is among the most 
weakly-altered CM chondrite currently known and 
hence is likely to preserve a quite primitive distribu-
tion of carbonaceous material. In this study, we present 
initial observations on the distribution of these materi-
als in one fine-grained rim and compare them with our 
results from Murchison. Such information may provide 
important insights into the origins of the carbonaceous 
material and how it was distributed in nebular and per-
haps presolar dust.  

EFTEM imaging was carried out using a JEOL 
2010F FEG TEM/STEM FASTEM instrument fitted 
with a GATAN image filtering (GIF) device. The de-
tailed fine-scale mineralogy of Y-791198 has recently 
been investigated in detail by [6]. These studies show 
that fine-grained rims in Y791198 have distinct micro-

structural characteristics from other CM chondrites 
that have been studied by TEM. Texturally, the rims 
are dominated by two distinct types of region, one sul-
fide-rich and the other sulfide-poor. The sulfide-rich 
regions consist of myriad sulfide grains that range 
down to <10 nm in size set in a groundmass of amor-
phous/nanocrystalline silicate material. The amorphous 
material is the main constituent of the sulfide-poor 
regions and locally shows some evidence of recrystal-
lization to nanometer-sized serpentines. Coarser-
grained phyllosilicate minerals are extremely rare in 
the rims.  

Observations Murchison fine-grained rims contain 
carbonaceous material that is commonly associated 
with fine-grained sulfides [5]. Our preliminary data 
based on studies of four different sulfide-rich regions 
in a single fine-grained rim confirm that this is also the 
case in Y791198. Figure 1 shows a TEM image of 
several nanometer-sized sulfide grains embedded 
within amorphous/nanocrystalline silicate material. 
The corresponding EFTEM image is shown in Figure 
2. Figure 2 is a composite RGB EFTEM image show-
ing the distribution of carbon (green), nitrogen (blue) 
and sulfur (red) in the area shown in Figure 1. The 
contrast in the carbon and nitrogen maps was greatly 
enhanced prior to combining the three EFTEM images 
to produce the composite image. In this composite 
image, the sulfide grains are clearly distinguished and 
the notable enrichment in carbon around the periphery 
of the sulfide grains is clearly defined. These regions 
appear as a pale green blue, rather than green, due to 
the spatial association of nitrogen with the carbon. The 
layer of carbon enrichment around most sulfide grains 
is quite distinct and well-defined with a sharp interface 
with the surrounding silicate material. Widths of this 
zone are typically about 5 nm. Less commonly, the 
carbon-rich layer is more diffuse and can extend into 
the adjacent matrix for up 15 nm. Preliminary TEM 
studies of the sulfide grains and their surrounding car-
bon-rich rims, show that the sulfides are well-
crystallized, although some grains appear to contain 
stacking defects. The carbon-rich layer around the 
sulfides appears to be completely amorphous. No lat-
tice planes characteristic of poorly-ordered graphitic 
carbon are apparent.  

In addition to the presence of sulfides, we also 
searched for evidence of iron carbides in the Y791198 
fine-grained rim. Preliminary observations reported by 
[4] indicated that rare carbides may be present. Our 
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new observations confirms that carbides are present, 
although they appear to be less common than in Mur-
chison. The carbides occur as individual, isolated 
grains and as clusters of multiple grains. Like Murchi-
son, these carbides are are extremely fine-grained (<50 
nm) and have similar rounded morphologies, although 

irregular grains are also present. In all cases, the grains 
have a zoned microstructure consisting of an iron car-
bide core, surrounded by a thin layer of nanocrystal-
line magnetite. EFTEM indicates that the clusters of 
carbide grains are commonly associated with signifi-
cant enrichments of carbon. Further TEM studies are 
needed to fully elucidate the characteristics of the car-
bides and the nature of the carbonaceous material with 
which they are associated.  

Discussion. These results demonstrate that the as-
sociation of carbon-rich material with sulfides and the 
presence of carbides are not unique to Murchison. 
Much more extensive work is needed, but these obser-
vations have important implications for the origin of 
carbonaceous materials in CM chondrites. For exam-
ple, in Y791198, fine-grained sulfides are ubiquitous 
and extremely abundant, much more so than in Mur-
chison. Our observations suggest that essentially all 
sulfides have N-bearing carbonaceous material associ-
ated with them. We infer, based on the amorphous 
character of this carbon and the presence of N, that this 
phase is probably macromolecular carbon. This im-
plies that a significant component of macromolecular 
carbon has a close genetic relationship with the sul-

fides, an unexpected result. Sulfides are generally not 
considered to be effective catalysts for synthesis of 
organic materials, although [7] have demonstrated that 
sulfides can, in fact, have modest catalytic capabilities. 

Figure 1. Bright field TEM image of a sulfide-rich region of
Y791198 matrix showing the presence of numerous nano-
meter-sized sulfide (Sulf - arrowed) grains, embedded
within a groundmass of amorphous silicate material (Am). 
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A key question is whether the association of carbona-
ceous material with sulfides is the result of nebular or 
asteroidal processes. One possibility is that the sulfides 
formed by sulfidization of metal grains during aqueous 
alteration and that carbon was expelled from metal 
grains during the alteration process. However, in the 
case of Y791198, this seems unlikely, because unal-
tered metal grains are preserved in rims in this meteor-
ite and show no evidence of such a process [6]. Alter-
natively, the sulfides may have crystallized during the 
alteration process and served as catalyst for gas-solid 
reactions during aqueous alteration. We are currently 
exploring these and other possibilities by further stud-
ies. 

Figure 2. Composite RGB EFTEM map of distribution of 
carbon (green), nitrogen (blue) and sulfur (red) associated 
with the sulfide grains shown in Figure 1. The pale green 
blue regions surrounding the sulfide grains correspond to an 
N-bearing carbon-rich layer  
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