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Introduction:  SiC is the most well studied of pre-

solar grains, in terms of numbers of individual grains 
analyzed for isotopic composition (>104), and for crys-
talline polytype (> 500) [1]. At least 6 distinct isotope 
composition sub-populations have been identified, 
which indicates that the grains represent the condensa-
tion products of 6 or more distinct classes of star or 
supernova outflow mixtures, and originated in hun-
dreds to thousands of different stars. Despite the diver-
sity of the isotopic compositions, and thus of the in-
ferred progenitor stars’ mass and metallicity, the re-
ported crystal structures are narrowly restricted to two 
primary polytypes out of > 250 possible SiC structures. 
Daulton et al. [2] provided transmission electron mi-
croscopy (TEM) analysis of > 500 individual grains 
isolated from the Murchison (CM2) meteorite, with 
grains falling into four classes: 3C; 2H; 3C + 2H inter-
growths; or heavily disordered categories. Although 
isotope compositions of these grains were not deter-
mined, it is reasonable to assume that ~ 90% of the 
grains originated in Asymptotic Giant Branch (AGB) 
stars, based on the known isotope sub-group abun-
dance statistics. Daulton et al. used this relative uni-
formity as a constraint of the AGB (“mainstream”) 
circumstellar condensation environments to the lower 
range of temperatures and pressures at which SiC con-
denses. Subsequent TEM analysis of 11 grains from 
the “X” isotope sub-group, (~ 1% of all presolar SiC) 
attributed on the basis of their isotope compositions to 
the outflows of Type II supernova, similarly revealed 
only grains with 3C or 2H polytypes [3,4], and thus 
also relatively low temperature and pressure condensa-
tion. One unusually large SiC X grain, known as Bo-
nanza, has been reported to exhibit crystalline order 
distinct from the previously identified polytypes [5] 
that would indicate higher pressure and/or temperature 
condensation. However, the numbers of structural 
analyses of X grains and other rare isotope groups, and 
of mainstream grains > 300 nm, too thick for direct 
HRTEM analysis on the as-prepared grain residues, 
has been limited by the time intensive nature of first 
identifying the isotope subgroup, and then preparing 
electron transparent sections of the grains. In order to 
address the need for faster identification of rare isotope 
and crystal structure sub-populations, we recently de-
veloped a coordinated Raman-SEM-EDX -based tech-
nique that provides high-confidence identification of 

both extreme isotope compositions, and complex (non-
cubic) polytypes [6]. We report here results from TEM 
studies of three grains, two mainstream and one super-
nova in origin, which validate the Raman identification 
of these as members of distinct structural classes. In 
addition, we report on minor element contents and 
spatial distributions within the grains that could be 
important for stabilization of the higher order poly-
types. 

Methods: SiC grains were isolated from the Mur-
chison meteorite with a CsF protocol reported previ-
ously. Raman spectroscopy, SEM-EDX and Na-
noSIMS measurements were performed at the Carne-
gie Institution of Washington (CIW) [6]. Electron 
transparent sections of three grains, selected for show-
ing Raman TO peak positions and widths correspond-
ing to non-cubic polytypes, were extracted with in situ 
FIB lift-out, at the Naval Research Laboratory (NRL) 
with the FEI Nova 600. Selected area electron diffrac-
tion patterns from the grain sections were obtained 
with the JEOL 2200FS at NRL, equipped with a One-
View CMOS digital camera, with camera constants 
calibrated against a nanocrystalline Al diffraction 
standard. Diffraction patterns were analyzed using the 
Calidris CRISP and Crystal Maker Single Crystal 
software packages. HAADF and BF STEM images, 
and STEM-EDX maps, were obtained with the NRL 
Nion UltraSTEM 200X, operated at 200kV. The at-
tached Bruker windowless, 0.7 sr SDD EDX detector 
was used for elemental analysis.   

Results: Raman spectra (Fig. 1) from the majority 
of grains show a SiC TO peak around 800 cm-1, and a 
peak width (FWHM) < 20 cm-1, characteristic of well-
ordered 3C grains. The three selected grains show 
lower TO peak positions, and wider peaks, indicative 
of more complicated structure, higher order polytypes 
and/or intergrowth structures. 
 The cross-section of X-grain M1-A7-G878 (Fig. 2) 
reveals two distinct lobes, connected at the top (SIMS-
exposed) surface. The polytype identification was 
made on the basis of two SAEDs from the left lobe, 
that index to [-2 8 -1] and [-8 8 -1] zones of the 6H 
polytype respectively, with a measured angle between 
the zones of 20.3°. A single diffraction pattern from the 
right lobe is also consistent with the 6H polytype. Each 
lobe contains multiple sub-grains. The largest is the 
30-nm bright spot in the right lobe (Fig. 2A), which 
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contains Fe, Ni, Si and N.  Al, Mg and N are spatially 
correlated, mostly in solid solution in the SiC matrix 
(Fig. 2C), although some distinct (Al,Mg)N grains are 
present. Ti-rich subgrains are also observed. The Mg is 
almost certainly due to decay of 26Al [6]. 

Figure 1.  Raman spectra of Murchison SiC. Sectioned grains 
are M1-A7-G78, M1-A8-G26, and M2-A1-G706. 

 
Figure 2. TEM analysis of X-grain M1-A7-G878. STEM (A) 
HAADF (B) BF (C) EDX Raw Count Maps and Selected 
area diffraction patterns (D) and (E). Higher background 
counts in the Au foil region give the appearance of elevated 
minor element in Au regions of the EDX maps. 

 
Mainstream grain M1-A8-G26 shows in cross-

section (Fig. 3) a very irregular surface morphology, 
even on the side not exposed to the SIMS beam.  In 
contrast, the SAED patterns show sharp spots con-
sistent with a well ordered single crystal. A self-
consistent indexing of the three patterns (Fig 3C-E), 
including relative orientations are angles between 
zones, can be made for the 15R polytype. This is also 
in agreement with the position of the corresponding 
TO peak in the Raman spectrum (Fig. 1).  Subgrains, 
and a large void are present in the section.  Based on 

the irregular grain surface profile, this void likely re-
sults from sectioning through a concavity in the grain 
surface, rather than a true fully internal void. EDX 
analysis reveals that the largest subgrain contains Ti, 
Al, Si and N. Al and N are present in the SiC matrix, 
but Mg was not detected. 

 
Figure 3. TEM analysis of mainstream grain M1-A8-G26.  
(A) STEM HAADF, (B) STEM BF, (C-E) SAED. 
 

 Mainstream grain M2-A1-G706 has a crack ex-
tending approximately 2/3 of the extent of the cross-
section (Fig. 4).  Like the other two grains analyzed, 
the diffraction patterns indicate good crystalline order 
that is inconsistent with the lowest order polytypes. 
Here, no consistent indexing was found for polytypes 
21R or lower. The elemental composition of this grain 
includes minor Al and N, with no detectable Mg. 

 
Figure 4. TEM analysis of mainstream grain M2-A1-G706. 
(A) STEM HAADF, (B) STEM BF, (C-E) SAED. 
 

Conclusions:  Our TEM analyses confirm that SiC 
grains with high order polytype structures, e.g., 6H, 
15R, and higher, through rare, condensed in the out-
flows of ancient AGB stars and Type II supernovae.  
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