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INTRODUCTION

One way in which the origin of refractory inclusions is inves-
tigated is by comparing observed assemblages to results of equi-
librium condensation calculations for a gas of solar composition. 
Although many refractory inclusions have undergone melting, 
by deÞ nition they consist of phases predicted to condense at high 
temperatures from a gas of solar composition. Spinel-, hibonite-
bearing spherules, a major type of inclusion common in CM2 
chondrites, consist of phases that are predicted by thermodynamic 
calculations to condense, but they are not predicted to coexist. 
Melilite (speciÞ cally, the gehlenite end-member, Ca2Al2SiO7), 
should form by reaction between hibonite (CaAl12O19) and vapor 
after almost all Al is condensed into hibonite. Then, after melilite 
formation has consumed all the Ca remaining in the vapor, the 
remaining hibonite should react with the vapor to form spinel 
sensu stricto, MgAl2O4. Throughout updates and additions to 
the database over the years, calculations (e.g., Grossman 1972; 
Yoneda and Grossman 1995; Ebel and Grossman 2000) consis-

tently have shown that melilite should condense after hibonite 
and before spinel. Contrary to these predictions, however, spinel-
free, hibonite-melilite inclusions have not been reported. Instead, 
hibonite-, spinel-bearing inclusions that are melilite-free or very 
melilite-poor are abundant among the inclusions found in CM2 
chondrites, consistent with formation of spinel before melilite. 
For inclusions that were once molten, we assume that if melilite is 
present, then it was among the precursor phases that were melted. 
Therefore, the origin of spinel-, hibonite-rich, melilite-free in-
clusions has puzzled researchers for years. Some Þ ne-grained 
inclusions that consist of spinel-, hibonite-, perovskite nodules ± 
thin melilite rims also provide petrographic evidence for forma-
tion of spinel before melilite (Krot et al. 2004).

Explanations that have been offered to reconcile the observed 
assemblages with condensation calculations include: slower 
formation of melilite than spinel (MacPherson et al. 1983); 
preferential nucleation of spinel upon hibonite relative to melilite 
(Beckett and Stolper 1994); suppression of melilite condensation 
due to depletion of the vapor in Al as a result of prior condensa-
tion and removal of an Al-rich phase (Beckett and Stolper 1994); 
condensation under conditions of supersaturation (Petaev et al. * E-mail: sbs8@midway.uchicago.edu
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ABSTRACT

We report petrography, mineral chemistry, bulk chemistry, and bulk isotopic compositions of a 
suite of 40 spinel-rich inclusions from the Murchison (CM2) carbonaceous chondrite. Seven types 
of inclusions have been identiÞ ed based on mineral assemblage: spinel-hibonite-perovskite; spinel-
perovskite-pyroxene; spinel-perovskite-melilite; spinel-hibonite-perovskite-melilite; spinel-hibonite; 
spinel-pyroxene; and spinel-melilite-anorthite. Hibonite-bearing inclusions have Ti-poor spinel com-
pared to the hibonite-free ones, and spinel-hibonite-perovskite inclusions have the highest average 
bulk TiO2 contents (7.8 wt%). The bulk CaO/Al2O3 ratios of the inclusions range from 0.005 to 0.21, 
well below the solar value of 0.79. Hibonite-, spinel-rich inclusions consist of phases that are not 
predicted by condensation calculations to coexist; in the equilibrium sequence, hibonite is followed by 
melilite, which is followed by spinel. Therefore, hibonite-melilite or melilite-spinel inclusions should 
be dominant instead. One explanation for the �missing melilite� is that it condensed as expected, but 
was lost due to evaporation of Mg and Ca during heating and melting of spherule precursors. If this 
theory were correct, melilite-poor spherules would have isotopically heavy Mg and Ca, assuming 
Rayleigh fractionation accompanied evaporation. Except for one inclusion with FMg = 4.3 ± 2.6�/amu 
and another with isotopically light Ca (FCa = �3.4 ± 2.0�/amu), however, all the inclusions we ana-
lyzed have normal isotopic compositions within their 2σ uncertainties. Thus, we found no evidence 
for signiÞ cant mass-dependent fractionation. Conditions necessary for non-Rayleigh evaporation 
are unlikely if not unrealistic, and our preferred explanation for the general lack of melilite among 
hibonite-, spinel-bearing inclusions is kinetic inhibition of melilite condensation relative to spinel. 
Because of similarities between the crystal structures of hibonite and spinel, it should be easier for 
spinel than for melilite to form from hibonite.
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