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We have previously described the internal structure and composition of micrometer-sized 
circumstellar graphite spherules h m  the Murchison meteorite (separate KFC1; 2.15-2.20 g/cm3 
[I]) that have an onion-like external morphology . Our TEM studies [2,3] show that the KFCl 
spherules (modal size -1.5 micron) generally consist of nanocrystalline carbon mantled by well- 
crystallized graphite. The spherules often contain internal crystals of Ti, Zr and Mo refractory 
carbides (5 - 200 nm; modal size -10 nm) that formed prior to (and sometimes served as seeds 
for) carbon condensation. We have since numerically modeled the growth of graphite spherules 
and T ic  crystals in stellar outflows, to put constraints on the physical conditions responsible for 
their formation. A related study making use of our observations has been presented by Sharp & 
Wasserburg [4]. 

In our calculations we assumed solar gas phase abundances except for the U O  ratio, and 
considered only the available C not tied up in CO during graphite condensation. We used 
C/O=l.l, since equilibrium condensation requires a similar value in order for Tic  to condense 
before graphite at plausible pressures [4,5] and because this is a typical value for carbon stars [5]. 
We investigated total pressures P in the range 0.001 to 100 dyne/crn2, corresponding to available 
carbon number densities from -6 x 105 to -6 x 1010 cm-3 and Ti number densities from -6 x lo2 
to -6 x 107 cm-3 at the condensation temperature of graphite (1620-1680 K; [5]). Upper limits to 
grain growth rates were established by assuming unit sticking efficiency for impinging C- and Ti- 
bearing species, and by ignoring subsequent evaporation, so that the growth rates were limited 
only by the rate of arrival of gas species to solid surfaces. Our growth models took into account 
time variation in the number density of gas species caused by adiabatic expansion and depletion 
(due to grain formation), as well as variation in ng, the condensation seed number density. 

Grain growth rates scale directly with the number density of the relevant gas phase 
species. For diatomic species like Tic, the growth rate is dictated by the availability of the least 
abundant species, and since Ti is -1000~ less abundant than condensible carbon, the growth rate 
of graphite is faster than that of Tic  by about this factor. Because the rate of depletion for a gas 
species varies as the cube of its number density, for any given n condensible carbon is also 
depleted much more rapidly than Ti. For example, at P=10 dyne$cm2, the available carbon is 
completely condensed at AT=50 K below the initial condensation point if ng =lo-3 cm-3 (or 
more), while only -0.003% of Ti is condensed under the same conditions; at ng 5 10-5 ~ m - ~ ,  
however, the concentration of grains is so low that graphite growth is not limited by C depletion. 
In general, it appears that Ti depletion is unimportant, and that the ultimate size of Tic  grains will 
vary in proportion to AT during grain growth for a given initial Ti partial pressure; most Ti will 
be in the gas until S ic  formation (160 K-170 K after initial Tic  condensation; [4,5]), when 
growth of preexisting Tic grains will be effectively quenched by solid solution of Tic  in Sic. 

Under the assumed maximal growth conditions, it takes 2 1 yr to grow Tic  grains to the 
modal size of -10 nm at P 5 0.1 dyne/cm2; taking carbon depletion into account, comparable 
times are required to grow graphite grains to the modal size of -1.5 pm. However, growth times 
on the order of a year or less are plausible, given the expected residence lifetimes in stellar 
atmospheres, so pressures considerably greater than 0.1 dyne/cm2 would likely be required to 
produce these grains under realistic growth conditions. This conclusion is consistent with 
equilibrium thermodynamics [4], which requires relatively 'high' P in excess of -1 dyne/cm2 at 
C/O=l. 1 in order for Tic  to form before graphite, as indicated by the TEM observations. 

Another TEM observation relevant to the pressure in the grain forming environments is 
that clusters of -10 nm carbide grains sometimes served as seeds for C condensation [6]. This 
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requires a high enough concentration of carbide grains to permit them to collide with each other 
before carbon condensation is complete. The maximum number density of such Tic grains can 
be estimated from the Ti number density at a given pressure. Assuming that random motion of 
grains occurs at thermal speeds, Tic  grain pairs can come into contact in times 5 1 yr only when 
P 2 1 dyne/cm2, consistent with the conclusions based on equilibrium thermodynamics and 
growth kinetics. 

On the basis of carbon isotopic ratios (in particular 1 2 ~ ~ 3 ~  ratios less than the solar value 
of 89), it is plausible that about one-quarter of the spherules in KFCl originated in the 
atmospheres of C-rich AGB stars. However, it is clear that the high pressures imposed by the 
above considerations cannot apply to spherically symmetric and homogeneous grain formation 
regions in stellar atmospheres (Figure I), since these pressures would lead to mass loss rates far 
greater than the rates typically observed for AGB stars ( 5 10-5 W y r ) .  For example, if the grain 
outflow speed in the region of grain formation is of the same order as the sound speed (several 
Wsec) ,  these pressures would lead to mass loss rates in excess of the maximum observed rates 
(i.e., 2 lo4 Wyr). For those KFCl graphites that originated around AGB stars, it thus appears 
necessary to suppose that the grain formation regions were local, high-density clumps (rather 
than uniform shells) in the stellar outflows. 

Although the KFCl spherules generally have low abundances of minor elements, some of 
them have measureable Si isotopic compositions that exhibit 2 * ~ i  excesses accompanied by 
isotopically light carbon (12c113c > 400). These isotopic data appear to require massive stellar 
sources, with material from deep interior stellar zones (where 0 is burned to 28Si) being mixed 
with material from the HeIC zone (with isotopically light carbon), thus implicating supernovae as 
the source of this subset of KFCl grains. Coupled with the grain growth constraints, these data 
imply that at the time that the ejecta gas parcels had reached temperatures permitting grain growth, 
they must still have had sufficiently high densities ( 2  10-1 gIcm3) and/or carbon number 
densities ( 2  109 cm-3) to permit the formation of micrometer-sized graphite. 
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Fi ure 1. i Ste lar mass loss rate as a function 
of atmospheric expansion timescale 
b, pressure and radius of the region 
of grain formation. Parameter fields 
allowed for formation of various 
grain types (see legend) are shaded. 
Note that mass loss rates ( 5 1 0 5  
%/yr) and radii ( 2 500 R@) for 
typical AGB stars indicate low 
pressures ( 5 0.001 dynelcmz) that 
do not permit the formation of such 
grains in homogeneous, spherically 
symmetric outflows. The high 
pressures ( 2 ldyneIcm2) required 
by equilibrium thermodynamics 
and kinetics appear to require 
atmospheric density clumps with 
scale lengths less than a stellar 
radius. 
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