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Polished thin sections were studied by optical and scanning electron 
microscopy and electron microprobe analysis in order to determine the types 
and abundances of objects in the Mokoia C3(V) carbonaceous chondrite. In a 
parallel study, calculations were made to determine the types of objects that 
could have formed by distillation and condensation processes. Metastable 
liquids and amorphous or glassy solids could have formed by both distillation 
and condensation processes, but equilibrium condensation of stoichiometric 
solids would not have occurred. 

Every object larger than 50p diam., including chondrules, inclusions, 
and aggregates, was studied in two thin sections of Mokoia (360 objects in 
all). ~rnoeboid olivine inclusions make up 12% of the objects studied and -1% 
of the volume (excluding matrix) of the two sections. Fine-grained Ca,Al-rich 
inclusions (CAI'S) make up 13% of the objects and -5% of the volume of these 
sections. Five other polished sections examined in less detail show similar 
abundances. No coarse-grained CAI's were found in any of the seven sections 
studied. Coarse-grained CAI's may be present in Mokoia, but their abundance 
is very small compared to that of fine-grained CAI's. 

Three distinct textures are observed in the Mokoia fine-grained CAI's. 
I refer to these as concentric, chaotic, and ultra fine-grained objects 
(UFO's). Concentric textures have been previously referred to as "rims", 
since concentric bands are often found rimming large coarse-grained objects. 
Many fine-grained CAI's, however, consist almost entirely of concentric bands. 
The mineral sequences reported in rims of coarse-grained CAI's and in banded 
fine-grained objects are identical in the Allende C3(V) meteorite. Occasion- 
ally polymineralic bands occur in both Allende and Mokoia, but the majority 
of bands are monomineralic. Boundaries between bands are sharp. Very deli- 
cate structures are usually preserved and appear to have formed in situ 
rather than by condensation as isolated grains followed by accretion. [See 
Grossman (1) for evidence that concentric textures were formed in situ. I The 
concentric textures in Mokoia are somewhat better defined than those in 
Allende. They are also less enriched in iron and alkalis than those in 
Allende CAI's. The mineral sequences observed in Mokoia differ from those 
found in Allende, and some of the Mokoia phases remain to be characterized. 

The chaotic structures are heterogeneous intergrowths of pyroxenes, oli- 
vines, feldspathoids, pyroxenoids, anorthite, sulfides, and magnetite, while 
the UFO's are 2-10~1 dim. pyroxenitic objects with grain sizes much smaller 
than 1p. UFO's have not been previously described and remain to be character- 
ized. Concentric and chaotic objects are equally abundant, while UFO's are 
rare. The fine-grained inclusions in Mokoia do not fit easily into Wark's (2) 
classification, but if this is extended broadly to Mokoia, concentric objects 
fall into his F and FA0 categories, and chaotic objects fall into FAO. 

Current astrophysical models of the solar system appear to preclude total 
vaporization of interstellar grains in the nebula (3) . The preservation of 
oxygen isotope anomalies in CAI's suggests that they are distillation residues 
rather than condensates ( 4 , 5 ) .  If primordial dust was heated and partially 
vaporized, and if transient temperatures were sufficiently high, the residue 
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would form liquids and glasses. Internal pressures in small dispersed grains 
or dust aggregates would be sufficient to stabilize liquids. Liquid surface 
tensions would be sufficient to maintain liquid metastability. The internal 
pressure in a 10v dim. grain or solid aggregate is about 4 bars. Liquid 
droplets ranging in diameter from 1 0 ~  to 1 cm would have internal pressures 
ranging from 1.4 to .002 bars. 

Temperatures of about 300 K above calculated condensation temperatures 
are required to liquify grains. Such high ambient temperatures are not pre- 
dicted in current astrophysical models; transient high temperatures (possibly 
caused by shock waves) might have caused grains to melt. Vapor pressures in 
small grains are high at such temperatures, and distillation would drive the 
residual material to CAI compositions. Some material could have been dis- 
tilled at temperatures below the solidus, resulting in fine-grained refrac- 
tory dust that might have accreted to form some CAI's. Sufficiently heated 
material would partially or totally melt and could accrete into larger 
objects while liquid. Droplets would crystallize or quench to glass depend- 
ing on the cooling rate. 

Whether or not all CAI's represent distillation residues, some materials 
must have condensed from the cooling nebular gas. However, condensates would 
not be the solids predicted by equilibrium condensation models. Silicates - 
would condense to liquids rather than crystals, because the nucleation bar- 
riers are much higher for solid nucleation than for liquid nucleation. De- 
pending on the cooling rates of the liquid spherules, liquids would crystal- 
lize or quench to glass. Blander and Katz (6) discussed nucleation barriers, 
but unfortunately the importance of these constraints has not been generally 
appreciated. The activation energy for solid nucleation is about 20 times 
higher than for liquid nucleation. Solid nucleation rates are on the order 
of 50 orders of magnitude lower than liquid nucleation rates at 50 K below 
the equilibrium condensation temperature. Heterogeneous nucleation may allow 
some solids to nucleate, but will not stabilize solid relative to liquid 
nucleation. The above discussion assumes stable or metastable equilibrium 
between nuclei and gas. Kinetic effects are even more unfavorable to the 
nucleation of stoichiometric solids in a low-pressure gas ( 7 ) .  

If material having CAI compositions did condense, liquids would have 
nucleated at about 100 K below the peak homogeneous nucleation temperature 
for solid nucleation from liquid. A liquid spherule formed in this way would 
have to cool slowly in order for solid nucleation and crystallization to 
occur. A small and/or rapidly cooled spherule would form a glass. 

It seems likely that many CAI'S were liquid at some time. In this case, 
the coarse-grained textures were formed by normal igneous processes, while 
banded rims and small fine-grained objects may have been quenched to glass 
and devitrified. Small droplets may have coalesced to various degrees, pro- 
ducing the amoeboid textures observed in fine-grained CAI's and amoeboid 
olivine inclusions. Small objects would have quenched entirely to glass, 
while larger objects would have quenched glassy rims around relatively 
coarsely crystalline interiors. Alkalis could have recondensed on and dif- 
fused back into droplets, as has been observed in lunar impact-melt spheres 
(81, causing the observed alkali enrichment of CAI's in contrast to their 
generally refractory nature. The scarcity of glasses in CAI's indicates that 
if such glasses were fonned,as seems likely, they have subsequently devitri- 
fied. Experiments are in progress that attempt to reproduce concentric 
textures by devitrifying tiny glass spheres of CAI composition. 
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If the above scenario is correct, some CAI's may be predominantly resi- 
dual material, while others are condensates. For example, Group I and I11 
CAI* s (9) could be residues, while Group I1 CAI's could be condensates. It 
may even be possible to extend this idea to ordinary chondrules. Fqrsterite- 
rich Type I chondrules (10) could be condensates, and intermediate olivine 
Type I1 chondrules could have formed from dust that was meated and devolati- 
lized to a lesser degree. 

In any case, it can be strongly argued that no CAI's should be inter- 
preted as records of the equilibrium condensation sequence of solid minerals 
from the solar nebula. C A I * ~  may consist of melted distillation residues, 
melted and devitrified or crystallized residues, and devitrified or crystal- 
lized, glassy or liquid, condensates. Heterogeneous solid nucleation may 
allow some condensation of vapor to solid, but examples of C A I ' s  wholly form- 
ed in this way would be expected to be very rare. 
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