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It is generally believed that the major high temperature phases in 
coarse-grained CAI formed in the solar nebula by crystallization of a super- 
cooled liquid droplet and/or by accretion of nebular crystal condensates 
11-31. However, no clear evidence has been obtained for the preservation of 
accreted nebular condensates without major alteration. We have examined 3 
large CAI (Egg 3, Egg 6, and A 1-5-1) and in each case found evidence indi- 
cating that the melilite was produced or affected by planetary metamorphic 
processes. The most compelling evidence for planetary metamorphism in these 
CAI is the presence of large relict pyroxene crystals with cuspate grain 
boundaries completely surrounded by melilite (~ig. I), and small patches of 
pyroxene in melilite which appear to be resorbed. These textures indicate that 
pyroxene was present before melilite and is being replaced by it. This is con- 
trary to conventional views that melilite crystallization preceded that of 
pyroxene by as much as 150°C. Petrography. A 1-5-1 is a cm-sized, ameboid, 
type B2 inclusion. The major phases are equant melilite grains (20-100 um) 
and melilite laths (up to 1 mm); embayed, concentrically zoned pyroxene crys- 
tals (100-600 pm), and euhedral to subhedral spinels (10-50 pm). Egg 6 is a 
cm-sized type B1 inclusion composed of a mantle of melilite laths (up to 1 mm), 
enclosing anhedral pyroxene (0.1-1.5 mm) with strong concentric zoning, sub- 
hedral to euhedral anorthite crystals (100-300 pm), and euhedral to anhedral 
spinels (10-50 um). Egg 3 is very similar to Egg 6 with the exception of a 
one-crystal-thick palisade of subhedral spinel lying -150 pm inside of the in- 
clusion rim. Melilite was not found in the interior portions of Eggs 3 and 6. 
All three inclusions contain opaque phases, perovskite, and extensive fine- 
grained late-stage alteration products. Each of the inclusions contains pyrox- 
ene crystals with cuspate margins which appear to be replaced by melilite. In 
Eggs 3 and 6 these cuspate pyroxenes are found in the melilite mantle (Fig. 2), 
while in A 1-5-1 they are found throughout the inclusion (Fig. 1). In Egg 3 
and Egg 6 spinel morphology shows continuous radial variation from large 
euhedral crystals in pyroxene and anorthite in the interior to small anhedral 
spinel enclosed by aluminous melilite near the rim. Some interior portions of 
Egg 3 and Egg 6 display a subophitic growth of pyroxene and plagioclase, and 
concentric zoning (with ghost crystals) in pyroxene which indicate an igneous 
origin (Fig. 3). These textures differ from those in the melilite mantles 
where relict pyroxenes are enclosed by melilite that is chemically zoned 
radially and appears to be recrystallized near the inclusion rim. This radial 
compositional zoning is distinctly different from that of the subophitic 
textures in the interior and suggests a different mode of origin. Mineral 
Chemistry. Electron microprobe studies were done on Eggs 3 and 6. Pyroxenes 
are similar to other Allende high Ti,A1 pyroxenes. We found Ca,g8Mg,56A1,81 
Ti.ogSi1.5506 to be a typical composition. The most significant feature is 
the concentric variation in Ti in single crystals. In one crystal, Ti02 ranged 
from 5.3% (core) to 8.4% (margin). Most spinel is close to pure MgA1204. Ti02 
was found to be as high as 0.8%. Cr, Fe, and V were present at levels near 
the detection limit. Melilite shows strong chemical variation as a function 
of radial position in the CAI. Concentric zoning within a single crystal was 
not observed. The melilite composition varies from Gel near the rim of Egg 6 
and Gel7 near the rim of Egg 3 to - Ge60 at the pyroxene-melilite boundary 
where Al, Si, and Mg cation proportions are very close to that of the neigh- 
boring pyroxene. A typical average melilite composition at the pyroxene-meli- 
lite border in Egg 3 is Ca2,01Mg,56A1.80Sil.6207. Ti was not found in the 
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melilites. Discussion. If Eggs 3 and 6 cooled from liquid droplets, the 
order of crystallization, as determined from the textures, would be MEL + SP 
followed by MEL + SP + PX followed by SP + AN + PX. If the melilite in these 
inclusions is a metamorphic product, the order of igneous crystallization 
would be SP followed by AN + PX. Experiments have shown that the order of 
crystallization for a liquid drop of average CAI composition is spinel-meli- 
lite-plagioclase-pyroxene [4] . Melilite begins to crystallize at -1450°C 
while pyroxene first appears at -1300°C. The inference that pyroxene is en- 
closed and is being replaced by melilite is contradictory to this crystalliza- 
tion sequence and requires that 1) pyroxene crystallized before or at the same 
time as melilite and that a subsequent event caused replacement of pyroxene by 
melilite, or that 2) a proto-inclusion composed of pyroxene, plagioclase, and 
spinel was acted upon by Ca-rich fluids to produce melilite. This latter 
process is well known where terrestrial basalts have been contaminated by Ca- 
rich material. Although the possibility of metamorphic conversion of CAI 
pyroxene to melilite has been discussed briefly [2,3 I , this process has been 
rejected because sufficient Ca-rich phases such as CaC03 or Ca(OH)2 were not 
considered to have been available in early nebular or planetary environments. 
Recently, however, Armstrong et al. [51 have shown that Ca-rich phases were 
present and probably active in metasomatic processes at elevated temperatures 
on meteorite parent bodies. Given a source of Ca, the following approximate 
reaction may be written for a typical pyroxene-melilite boundary: 
CaMg.57A1,81Ti,09Si1. 5506 + CaO + Ca2Mg.56A1,80Si1.6207. In this System Ca 
and Si must be transported in, and Ti must be transported out. It appears 
necessary that reactions such as this be considered as processes in the meta- 
morphism of CAI on meteorite parent bodies and in the formation of "high tem- 
perature phases" such as melilite. Contribution No. 3737 (408). 
Ref: 111 Blander M. and Fuchs L.H. (1975) Geochim. Cosmochim. Acta 39 1605; 
[21 Grossman L. (1975) Geochim. Cosmochim. Acta 39, 433; [31 ~ r o s s ~ ;  1. 
(1980) Rev. Earth Planet. Sci. 8, 559; [ 4 ]  ~ t o l ~ e y ~ .  (1981) Lunar and Planet. 
Sci. XII, 1052; 151 Armstrong JT T., Meeker G. P., Huneke J. C., and Wasser- 
burg G. J. (1982) Geochim. Cosmochim. Acta, in press. 

1 O.5mm 4 @ Fig. 1. Embayed single pyroxene crystal completely surrounded by melilite (A 1-5-1). 
Fig. 2. Cuspate pyroxene associated with spinel in 
melilite mantle (Egg 3). 
Fig. 3. Subophitic pyroxene with concentric ghost 

I 0.2mm 4 (black) in Egg 3. Stippled areas are late-stage 
crystals (dashed lines) and plagioclase enclose spinel 

alteration. 
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