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Previous studies have demonstrated that the bulk of Sic  grains from the Murchison 
carbonaceous meteorite are circumstellar condensates that cany a host of anomalous isotopic 
structures (Si, C, N and Ti, Ne-E, s-process Xe, Ba, Nd and Sm, fossil 2 6 ~ g )  pointing to their 
origins in pre-solar stars [l and references therein]. Recent measurements in the ion microprobe 
[2] have shown that certain elements such as A1 and Ti are present in significant concentrations (up 
to 1 %) in Sic  grains, and correlation of the abundances of pairs of elements such as A1 and N 
indicate the possibility that discrete mineral phases (e.g., A N )  may be present within the Sic. In 
the present work, we report the results of transmission electron microscope (TEM) studies of 
individual S ic  grains which have previously been studied in the ion probe. The purpose of this 
work was to investigate the feasibility of ultramicrotomy of Sic grains, a technique which in 
previous investigations led to the discovery of T ic  crystals within circumstellar graphitic spherules 
[3]. Three Sic  grains were selected from Murchison residue KJH [4], which comprises the 
second largest Sic  grain size fraction isolated from this meteorite (median size - 5 pm). The S ic  
was deposited from suspension on a gold foil, characterized for major elements and external 
morphology in the scanning electron microscope, and then analyzed for C isotopic compositions in 
the ion probe. After these analyses the particles were dismounted from the gold foil, imbedded in 
resin, and sliced into sections with a nominal 70 nm thickness using an ultramicrotome equipped 
with a diamond knife. The sections were retrieved on Cu TEM grids covered with holey C films, 
and were examined for composition and structure in a JEOL-2000FX TEM equipped with a Gatan 
607 electron energy loss spectrometer (EELS) and a Tracor Northern energy dispersive X-ray 
detector (EDS) with a Be window. 

Investigation of the thin sections revealed that, although many Sic  slices were shattered 
and often the bulk of the S ic  was spalled into pieces too thick for TEM study, several usable 
sections were obtained for all three particles. Only one of the grains, KJH2-0-5-1 (geometric mean 
size = 5.3pm), has been studied in detail to date. This SIC grain is a circumstellar condensate, 
having a 613C of 725 + 12 per mil, similar to the C composition of many circumstellar Sic  grains. 
As in the case of all other known circumstellar Sic  [2], the Sic  in this case is apparently the cubic 
polytype, based on the (1 1 1) d-spacing and the reciprocal lattice geometry inferred from electron 
diffraction patterns. Some Sic  pieces within a given slice show (1 11) layering disorder and 
twinning, as has been previously observed for cubic Sic  from the Murray meteorite [5]. EDS 
analysis revealed an A1 abundance which varied among pieces of the same slice from essentially nil 
to 2 or 3% of the Si signal, but no separate Al-bearing phase has been detected thus far. This 
result suggests that the A1 in this grain, if present as AN, may be in solid solution with the Sic  
and concentrated non-uniformly. However, separate Ti-rich crystals were detected both by 
convergent electron beam EDS and differences in contrast with the Sic when the inclusions were 
in diffracting orientations. The crystals are euhedral to subhedral and have geometric diameters in 
the range 10-70 nm. EDS analysis revealed only Ti, in addition to Si from the surrounding S ic  
matrix. Also, electron energy loss spectra (EELS) of the crystals showed prominent C and Ti 
peaks, with occasional traces of N and 0; the latter features were also evident in spectra of the 
embedding medium alone, which probably accounts for the observed peaks of these elements. On 
the basis of the elemental and crystallographic data (below), it  appears that the Ti-rich phase is Tic. 
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We observed 7 Tic crystals in one slice and estimate the relative modal abundance of T ic  to be 700 
ppm of the Sic, with an uncertainty of a factor of several due to variations in section thickness, 
difficulty of detecting crystals in non-diffracting orientations, etc. 

For cases where both S ic  (1 11) lattice fringes and fringes from the Ti-rich phase were 
present in the same high resolution E M  photograph, we computer-digitized the image and used 
the (1 11) S ic  fringe intensity distribution for distance scaling to determine d-spacings for the Ti- 
rich phase. An equivalent determination was made for diffraction spots in the spatial frequency 
domain from the Fourier transforms of the fringe images. Within an estimated 1% accuracy, the 
derived d-spacings are compatible with those for Tic, which has a unit cell 0.7% smaller than Sic. 
The one other possible candidate mineral, TiN, has a unit cell 2.7% smaller than Sic  and likewise 
appears to be ruled out by the EELS compositional data. In addition, the angular separation of 
computer-generated Sic  (1 11) and Tic  (200) diffraction spots is 54 f 20. This value is consistent 
with the 550 interplanar angle between (1 11) and (200) lattice planes in cubic crystals and implies 
both that the T ic  is cubic and that there exists an epitaxial relationship between the Tic  and Sic. 
These points are shown most clearly in the case of one 30 nm crystal seen in projection with three 
faces, two aligned parallel to corresponding pairs of Sic  (1 11) twin planes with the cubic 
interfacial angle of 70.50 and a (200) face at an angle of 550 to each of these (1 11) faces. This Tic  
crystal also has a (1 11) blade extending well into the Sic matrix, and is accompanied by two 
nearby 10 nm Tic  crystals bounded by a common (1 11) Sic crystal plane, seemingly precluding 
the possibility that these could have been free-floating crystals around which Sic  subsequently 
condensed. This is in contrast to the case of Tic  crystals observed in circumstellar graphite 
spherules 131, where there is no orientational relationship between matrix and inclusions and the 
Tic  appears to predate the graphite. Rather, the textural relationships in KJH2-0-5-1 seem to 
demand that either the SIC and Tic  grew simultaneously, or else the Tic  exsolved from the Sic. 
Thus, the small size of the S ic  grain notwithstanding, this stellar condensate appears to be a 
polycrystalline assemblage of at least two genetically related mineral phases--a rock! 

Equilibrium condensation models for the atmospheres of carbon rich stars [6] predict that 
Tic  will condense before Sic, a formational relationship which is not strictly compatible with the 
observations noted here. It is possible that KJH2-0-5- 1 condensed from a supercooled vapor in 
which T ic  and S ic  simultaneously nucleated and grew. Suitable conditions for this might well 
prevail in expanding and cooling stellar envelopes. Alternatively, if the Tic  is an exsolution 
feature, the implied physical conditions in the grain environment are plausibly very different. The 
exsolution process is unlikely to take place in the low temperatures of interstellar space, so in this 
case a lengthy exposure at elevated temperature, perhaps by turbulent stirring in the stellar 
atmosphere, may be required. 
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