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Hibonite (CaA1fi9) has been observed in refractory inclusions in several carbonaceous chondrites, 
e.g. Allende, Leoville, Vigarano and Murchison. However despite the frequent occurrences of hibonite in 
refractory inclusions and the potential importance of hibonite for deciphering the history of these 
inclusions, no comprehensive chemical equilibrium calculations for hibonite and other calcium aluminates 
have been made. Grossman (1) suggested that hibonite, rather than corundun (A203) is the first major 
element-bearing condensate in a solar composition system. However, the lack of thermodynamic data for 
hbonite prevented Hm from actually doing any condensation calculations. Blander and Fuchs (2) used 
Jag activity measurements to estimate free energ values for hibonite and CaA14q and calculated 
condensation temperatures for both phases at bars pressure. However accuate and internally 
consistent thermodynamic data for all five calcium aluninates were not available until the very careful 
study by Alber t  et al (3). The present work uses these data to calculate the stabilities o f  hibonite, 211 

other calcium aluninates, and corundum over a wide range o f  temperatures and pressures in solar 
composition matter. 

The results o f  the chemical equilibriun calculations illustrate that hibonite and CaAl407 are the only 
two aluninates which are stable in solar composition matter. Corundum is also stable but only at 
pressures less than about 10-207 bars. Above this p-essuie hibonite is the initial condensate until a 
pressure of loooo6 bars where &A149 becomes the fast condensate. In turn CaA1407 is the first 
condensate until loom45 bars where Ca0-A203 melts become stable. The results o f  Blander and Fuchs 
(2) for corundun, hibonite, and CaA1407 formation ah bars are in qualitative agreement with the 
present results (at the same pressure). However no previous study included all five calcium altnninates, 
used internally consistent thermodynamic data, or covered as wide a range o f  temperatures and pressures. 

The calculations predict the following condensation sequence and mineralogical assemblages. At 
pressures less than bars corundun is the initial condensate. It reacts with the cooling nebular gas 
to form hibonite, which in turn i s  converted to CaA49. Thus assemblages such as relict corundun 
surrounded by hibonite or relict hibonite surrounded by CaA49 might be expected in hibonite-bearing 
refractory inclusions. Perovskite (CaTi03) is formed at comparable temperatures and can stably coexist 
with hibonite and phases formed at lower temperatures. Perovskite crystals on the suface of hibonite 
crystals or perovskite crystals enclosed by CaA4q--which condenses just below perovskite--or 
perovskite enclosed by melilite are assemblages predicted by the calculations. As the temperature 
decreases further C a A 4 9  reacts with the nebular gas to form gehlenite (Ca2A12Siq) and the akermanite 
(Ca2MgSifi) content of  the melilite increases. CaA1407 crystals surrounded by melilite or contiguous 
CaAl4~-meli l i te crystals displaying a reaction relationship are the assemblages expected. The melilite 
and CaA149 coexist until CaA& is consumed during spinel (MgN204) formation. Relict CaA407 
enclosed by spinel is the predicted mineral assemblage. 

How do the observed mineralogies o f  hibonite-bearing incl~sions compare with the predictions o f  the 
chemical equilibrium cakulations? Grossman et al (4) have described a corundum-rich inclusion (BB-5) 
from Murchison which i s  composed of hibonite (77% by area), co rmdm (23%) and traces o f  perovskite. 
The inclusion mineralogy and textural relations are consistent with a vapor-sdid condensation origin. 
BB-5 could have condensed at pressures less than bars and then have been isolated from the 
nebular gas after perovskite formation but before formation. 

Several authors (5) have described coarse-grained pure hibonite inclusions in Murchison. Some of 
these are irregular cltnnps of hibonite while another one is a single hibonite crystal 90 un in longest 
dimension. Textural and isotopic evidence suggest a primary origin for these inclusions. The coarse- 
grained hibonite inclusions can be viewed as hibonite crystals which condensed and were then isolated 
from further interactions with the nebular gas. They could be formed at pressures greater than 10-2.7 
bars and be samples of a different P-T region of the nebula than inclusion BB-5. 

However BB-5 is (sofar) an isolated occtrrence and the primary origin of the coarse-grained 
hibonite inclusions is uncertain. Many other hibonite-bearing inclusions in Murchison, as well as in Allende 
and Leovale, do not have rnineralogies and textural features consistent with the predictions o f  the 
chemical equilibrium calculations. Several different observations by other workers support this assertion. 
For example, hibonite is frequently fomd associated with spinel (5), but only rarely with CaA407 or 

mdilite which both condense after hibonite but before spinel. Second, ~ ~ 1 ~ 0 7 ,  which is stable over a 
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large P-T range, is almost never h rnd  in refractory inclurions. In fact, CaA407 has been observed in 
only one inclusion, labelled L2, in Leoville (6). Also the mineralogy, chemistry and textural features in 
L2 do not necessarily imply a vapor-solid condensation origin. Third, the hibonite-bearing rims (overlying 
more volatile phases) found on some inclusions (2,7) are not predicted by the chemical equilibrium 
calculations which pedict  instead that refractory phases will be enclosed by less refractory phases, e.g. 
corundun mantled by hibonite and hibonite mantled by CaA407. These latter two cases have been rarely 
if ever observed. Fouth some hibonite-bearing inclusions contain hibonite which has inclusions o f  
perwskite in it (2). This feature is exactly opposite to the textural relations predicted by the chemical 
ecpdlibrium calculations. Last some hibonite-bearing spherules in Murchison have textures such as an 
almost solid core with intergrown phases and splays of crystals which apparently grew inward from a 
coding exterior which suggest that these spherules were once molten (8). It is not certain whether the 
spherules are the r e d t  of  melting pre-existing condensates or are the product o f  direct vapor-liquid 
condensation. However, their spherical shape, mineralogy and texture are inconsistent with the 
predictions of the chemical equ lb r im calculations. 

Taken together these observations strongly suggest that processes much more complex than a simple 
sequential condensation process were involved in the formation of many hibonite-bearing inclusions. 
Although some inclusions such as BB-5 and the coarse-grained hibonite inclusions in Murchison have 
mineralogies and textural features consistent with a vapor-solid condensation origin many other inclusions 
described in the literature do not have such features. Rather than adapting the simple first-order 
condensation model to fa this evidence I suggest that a much more promising approach seems to be the 
development of  second order models incorporating features such as grain and vapor transport in the 
nebula, consideration of kinetic effects in reactions, and the study of vapor-liquid condensation processes. 
Although this suggestion is not original, the comprehensive equilibrium calculations for the calcium 
aluninates and the comparison with the actual inclusion mineralogies and textures indicate that deviations 
from !he first order condensation model occ~rred at much higher temperatures and are more widespread 
than previously assuned. Thus work on second order models is even more imperative than before. Our 
companion abstract (9) describes work which is being done along these lines. 
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