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Refractory inclusions (also called calcium-aluminum-rich inclusions or CAI) are abundant in some 
carbonaceous chondrites, and at least some of them give evidence of complex histories that exceed a million 
years prior to their inclusion in those meteorites [I, 21. CAIs also exhibit deformations and recrystallizations 
that are not recorded in the mixture of chondrules and matrix in which they now occur. The additional 
dynamical problem of preserving centimeter-sized objects for long periods of time in an active accretion disk 
[3], suggests that CAIs might have been stored in one or more larger objects prior to their inclusion in 
meteorite parent bodies. These observations, together with interpretations of textures and deformational 
structures observed in coarse-grained Allende CAIs, lead to the conclusion that these objects must have once 
resided in one or more pre-Allende planetesimals that probably had overall refractory composition(s). 
Furthermore, these CAIs, as small objects, have experienced at least two separate exposures to nebular gases: 
an early high-temperature exposure and a later low-temperature one. The textures and structures preserved in 
Allende CAI5 reveal a sequence of events and environments which allows the reconstruction of their evolution. 
The evolutionary sequence developed here seems to be compatible with isotopic and geochemical data reported 
in the literature. 

This paper presents a model of CAI evolution; it does not attempt to address the original formation of 
these objects or their precursor materials. The proposed model is based on physical (textural) evidence that 
very clearly defines a sequence of events -- that is, it outlines a history of the CAIs. It is essentially what G. 
J. Wasserburg has called "early solar system stratigraphy" based on the laws of superposition, intersection, and 
inclusion. The physical evidence also has implications for the environments associated with each event. The 
history of Allende CAIs can be modeled in several stages, beginning with the formation of objects up to 
centimeter-scale with highly refractory compositions. The complexities of their formation are not necessary to 
the following argument, but may be explored by reference to the literature (e.g., [41). 

Stage 1: During this stage, coarse-grained CAIs up to a centimeter or more in size were formed. The 
refractory nature of these objects and the slow cooling rates implied by their mineralogies and textures [ 5 ] ,  
as well as their extreme ages, suggest that this stage may represent an early, high temperature phase of 
nebular history [4]. For CAIs, this stage ended with their accretion into one or more planetesimals, 
producing large refractory objects and isolating the CAIs, by burial, from further reaction with nebular gases 
(including Fe and Mg which are major constituents of chondrules and meteorite matrix). 

Stage 2: The refractory planetesimal(s) would have had to be more than a kilometer in diameter to survive 
in the solar accretion disk for more than a million years [3]. On the other hand, the planetesimal(s) could 
not have exceeded a few kilometers in diameter because Al-26 was still alive at this time [6] and would have 
produced melting and/or extensive recrystallization, giving rise to densely lithified rock in the 
planetesimal(s). Had this occurred, the integrity of mantled type B-1 CAIs would have been lost, and the 
occurrence of two or more type Bs welded together would be an expected result, but such compound objects 
have not been reported. More likely, there was weak lithification of the accreted material so that it easily 
broke up into the original objects (like a poorly cemented pebble conglomerate) when the planetesimal was 
disrupted. Direct evidence for this stage and the necessity to postulate a refractory planetesimal is found in 
deformation structures widely reported in type A and B CAIs. Kink banding in Allende CAIs as reported and 
illustrated by [7] is a deformation feature. Collision of centimeter-sized objects in the nebula would produce 
fragmentation, not internal kinking. This structure indicates that stress was applied while the objects were 
confined, i.e., buried within a planetesimal. This could not have been the Allende parent body, however, 
because the next stage in the evolution of these CAIs is a nebular one. The triple-junction mosaic textures 
noted in some coarse-grained CAI (e.g., by [7]) probably developed at this time as well. The mosaic 
textures I have observed in CAIs from Allende look like subgrains that formed from larger grains in 
response to stress, similar to those seen in many deformed quartz and feldspar grains in terrestrial rocks. 
Replacement textures associated with little or no evidence of an Al-26 signature [I] may have formed late in 
this planetesimal stage, or shortly after it, and may provide a means of estimating its duration. It is not yet 
clear whether low temperature alteration occurred during this stage or only during the following one. Stage 
2 ended with the disruption of the refractory planetesimal(s). 

Stage 3: Disruption of the refractory planetesimal(s) was probably due to one or more collisions that 
released whole CAIs and fragmental debris into a nebular environment that was now cooler than that in 
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which these refractory solids had formed. Recrystallization, neocrystallization, and low temperature 
alteration (metasomatism) may have occurred during this stage and/or during the disruption event that formed 
the transition from Stage 2 to Stage 3. A most important process associated with Stage 3 was the 
formation of thin Wark-Lovering rims on coarse-grained CAIs [8], probably during a transient heating event. 
This heating event may have been a fireball created by the collision(s) that destroyed the refractory 
planetesimal(s). The Wark-Lovering rims are ubiquitous and completely encase individual coarse-grained 
CAIs, except where they have been removed by later fracturing [81. They formed on CAIs in the nebula 
before these objects acquired accretionary dust rims and before they were accreted onto the meteorite parent 
bodies, e.g., the Allende parent body [9]. The rims are not affected by the kinkbands that are found in some 
CAI interiors. Fine-grained CAIs which resemble fragmented refractory debris that was altered, surrounded, 
and cemented into aggregate masses by Wark-Lovering rim-like material [8] also probably formed at this 
time. Amoeboid olivine aggregates (AOAs) do not exhibit Wark-Lovering rims but were probably formed 
during this stage, possibly by condensation of olivine around refractory dust [lo], perhaps released into the 
nebula by collisional disruption of refractory planetesimal(s). 

Stage 4: Coarse-grained CAIs with Wark-Lovering rims, fragments of such objects, fine-grained CAIs, and 
AOAs were accreted and buried on the Allende parent body along with much larger proportions of chondrules 
and fine-grained matrix. Some minor low temperature alteration and fragmentation may have occurred 
during this stage. 

Stage 5: Impact on the Allende parent body produced interplanetary debris, some of which became the 
Allende meteorite. The textures seen within the Allende meteorite probably do not record this stage in the 
sequence of events, and textural evidence of previous events was not affected. 

How does the history of CAIs, as determined largely from those in Allende, relate to the general 
question of CAIs in chondritic meteorites? Allende and other CV chondrites are unusual in that they contain 
CAIs of greater maximum size than those found in other meteorites [4]. Also, the compositions and 
mineralogies of CAIs are not the same in different meteorites, e.g., the CAIs in Murchison, a CM chondrite, 
are smaller and more refractory than those in the CV group [I 11, and there is some variation among various 
CVs [12]. All, however, seem to have been subjected to the size sorting process that operated on chondrules 
1131. 

It is not clear what determines the differences in CAI compositions among the various groups of 
chondrites. It may be related to disruption of planetesimals with different compositions that formed at different 
locationsltimes during Stage 1, or it may be related to some other process as yet undetermined. An important 
observation, however, is that CAIs are absent from CI chondrites, abundant in other carbonaceous chondrites, 
and rare in ordinary and enstatite chondrites. This suggests sudden influx of refractory material from one or 
more stochastic events, with carbonaceous chondrites (except for CIS) being especially close in time and 
location to those event(s). 

I believe that the physical history developed here can assist in sorting out the chemical and isotopic 
complexities of refractory inclusions. Conversely, this physical model must be compatible with the chemical 
and isotopic characteristics of these objects if it is to survive as a useful construct. Theoretical studies of 
accretion and growth of refractory objects in the hot, early stages of the nebula and experimental studies on the 
production of kink-bands and other deformational shuctures in melilite would provide further insights into the 
conditions under which CAIs formed and evolved. 
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