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INTRODUCTION: Although the extent of the involvement of a liquid phase 
in the genesis of Ca-Al-rich inclusions (CAIs) and the origin of such a 
liquid phase are controversial topics (1-4), there seems to be general 
agreement that at least some coarse-grained CAIs crystallized from a molten 
state. Therefore, an experimental study of the crystallization sequences of 
CAI compositions has been undertaken in order to provide a framework for the 
interpretation of the textures and mineral compositions of the inclusions 
and to provide criteria for establishing whether individual inclusions could 
have crystallized from liquids. 

EXPERIMENTAL RESULTS: Fig. 1 shows the ex- 
perimentally determined equilibrium crystalliza- 
tion sequence of a synthetic sample ("CAIB") with 
a composition (in wt. % :  Si02 31.0, Ti02 1.1, 
A1203 27.6, MgO 10.1, CaO 29.9) equivalent to 
that of the average coarse-grained Type B CAI 
(5). Starting materials for the experiments 
were glass (with a few % spinel) or glass that 
was first held near the solidus for 3 days and 
that had crystallized to a spinel + melilite + 
plagioclase + pyroxene assemblage. Temperatures 
for phase appearance in Fig. 1 are based on 
synthesis experiments. Reversals were performed 
for spinel ana melilite entry; reversal brackets 
are shown in Fig. 1. For comparison, the results 
of synthesis experiments by (6) on an actual CAI 
are also shown. 
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CRYSTALLIZATION SEQUENCES OF CAIs: The results of Osborn (7) can be 
used to show that most CAI conpositions are expected to have spinel as their 
liquidus phase (3); this is consistent with the results shown in Fig. 1. 
Therefore, in considering the variability among the crystallization sequences 
of CAIs, only spinel-saturated equilibria need be taken into account. Fig. 2 
shows the spinel-saturated liquidus diagram (8) for the region of the system 
Ca0-Mg0-A1203-Si02 (CMAS) that encompasses known CAI compositions. The 
principal components of CAIs that are neglected in the phase equilibria 
summarized in Fig. 2 are Ti02 and Ti2O3. Plotted in Fig. 2 are: the 
compositions of CAIB and the sample studied by Seitz and Kushiro (6, S & K); 
the compositions of analyzed coarse-grained CAIs (see ref. 4; 9); the range 
of typical pyroxene analyses from Type B CAIs (10); solidus pyroxenes for 
the relevant region of the CMAS system (8); and calculated equilibrium 
condensates between 1227' and 1127°C (1, 10). 

Fig. 2 shows that available phase equilibria in Ca0-Mg0-A1203-Si02 
predict that the crystallization sequence of the CAIB composition should be 
spinel + gehlenitic melilite + akermanitic melilite + plagioclase + diopsidic 
clinopyroxene. This is the sequence that is observed experimentally for this 
composition (Fig. 1); reference to (8) shows that even the temperatures of 
the beginning of crystallization of each phase in this average CAI composi- 
tion are predicted reliably by the available data in CMAS. This confirms 
the conclusion that can be drawn from Osborn et al. (11) that even up to 5% 
Ti02 added to compositions in CMAS makes little difference to the liquidus 
phase relations. 

Fig. 2 shows that most coarse-grained CAI compositions will show the 
same crystallization sequence as CAIB. The different sequence observed by 
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Seitz and Kushiro (6) is also readily explained with reference to Fig. 2; 
the composition they studied represents an extreme and it is reasonable that 
it would have a lower temperature of entry for the second phase after spinel 
and that this phase might be clinopyroxene rather than melilite. The compo- 
sition they studied, however, is not representative of most CAIs. 

Fig. 2 provides a framework for understanding CAI crystallization 
sequences and for visualizing the compositional variations amongst inclusions 
and the effects of these variations on crystallization sequences. However 
the equilibrium phase diagram does not tell the whole story. Consider, for 
example, the inclusion described by MacPherson and Grossman (12) that shows 
the following crystallization sequence: spinel + melilite + Ti-Al-rich 
clinopyroxene. Why does plagioclase not precede clinopyroxene in the cry-. 
stallization sequence; indeed, why does it fail to appear at all? Why are 
the pyroxenes found in this and other CAIs so different from those produced 
by equilibrium experiments (see Fig. 2)? Although it is conceivable that 
part of the answer lies in the failure of the experiments to achieve oxygen 
fugacities low enough to reproduce the ~ i ~ + / ~ i + ~  ratios of the natural 
samples or that the inclusion described by (12) has an unusual composition, 
a more likely explanation is that at rapid cooling rates such as those that 
might be expected for droplets cooling in space, plagioclase fails to nu- 
cleate and metastable Ti-Al-rich clinopyroxenes form in place of the equili- 
brium pyroxenes. Indeed, similar discrepancies between natural samples and 
equilibrium experiments have been observed in studies of lunar mare basalts, 
and numerous experiments ultimately confirmed the fundamental role of kine- 
tic factors related to cooling rate in explaining this apparent discrepancy 
(e.g., 13-15). - 
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Fig. 2. Spinel-saturated liquidus diagram for the system Ca0-Mg0-A1203-Si02 projected 
onto the plane anorthite-forsterite-gehlenite from spinel [after (8)]. Coarse-grained CAI 
compositions are from the literature. CAIB and S d K refer to the CAI compositions whose 
crystallization sequences have been determined experimentally (Fig. 1). Type B pyroxene 
compositions are from (10). Solidus pyroxene compositions are from (8). Calculated equili- 
brium condensates are from (1)  and (10). Abbreviations: sp = spinel; me1 = melilite; 
an = anorthite; mont = monticellite; fo = forsterite; cpx = clinopyroxene; cor = corundum; 

i h i b  = hibonite. 
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COMPOSITIONAL VARIATIONS AMONG COARSE-GRAINED CAIs : Most of the CAI 
compositions shown in Fig. 2 lie along a roughly linear trend extending 
from the spinel-melilite join (Ak 30-50) towards the composition of the 
inclusion studied by Seitz and Kushiro (6). Examination of these composi- 
tions from other perspectives in composition space demonstrates that this 
trend is real, and not an artifact of the projection. Inclusions near the 
spinel-melilite join are Type A's while most of the others have been classi- 
fied Type B. Although it is not apparent from Fig. 2, pyroxenes from Type B 
inclusions do not lie at one extreme of the compositional variation displayed 
by the inclusions; the fact that they appear to do so in Fig. 2 is an arti- 
fact of the projection. Contrary to the conclusion of McSween (3), these 
inclusions do not follow the compositional trend of the calculated equili- 
brium condensates from the solar nebula, although they do parallel the 1177- 
1167OC portion of the trend. Assuming that the observed trend of coarse- 
grained CAI compositions represents a series of condensates, this would 
imply that the actual condensates departed from the calculated equilibrium 
condensates at temperatures below -1202OC and that a pyroxene component 
began to condense at -1202OC, rather than -1177°C as the equilibrium 
condensation sequence would suggest. As noted above, Type B pyroxenes cannot 
form an end-member of the compositional trend shown in Fig. 2; it is there- 
fore unlikely that the deviation of the actual trend of condensates (as 
inferred from CAI compositions plotted in Fig. 2) from the calculated trend 
of equilibrium solid condensates is due entirely to the inability of these 
calculations to take into account the complex Ti-Al-rich nature of the pyro- 
xenes that might condense from the nebula instead of pure diopside, unless 
the pyroxenes now found in Type B inclusions are not representative of those 
that condensed from the nebula. This could be the case if, for example, the 
inclusions had been melted after condensation. Rapid cooling of these molten 
inclusions could then, as discussed above, result in the crystallization of 
the Ti-Al-rich pyroxenes now found in Type B inclusions. Alternatively, 
the compositional trend of coarse-grained CAIs and the compositions of Type B 
pyroxenes would not be inconsistent with the formation of those CAIs that 
are not at the Type A end of the trend (i.e., all of the CAIs plotted in Fig. 
2 except those at the lower left end of the trend) as condensates that were 
molten or partially molten at the time of condensation (e.g., 2,3). 
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