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Introduction:  The components of chondritic me-

teorites (CAIs, chondrules, matrix, etc) preserve a  
complex record of early solar system processes. CAIs, 
in particular, as the earliest surviving solar system sol-
ids, are of fundamental importance for understanding 
the earliest stages of protoplanetary disk evolution.  
However, many CAIs have experienced multistage 
formation and alteration histories that are challenging 
to interpret [1-5]. This is particularly true of CAIs in 
the oxidized CV3 chondrite, Allende which have been 
studied extensively. These CAIs have clearly experi-
enced variable, but often extensive alteration that has 
overprinted their primary mineralogy [2, 3, 6]. Under-
standing the timing and location of this alteration is of 
fundamental importance for constraining conditions 
within the solar nebula. However, the complex altera-
tion products in Allende CAIs have led to conflicting 
interpretations of the environment in which secondary 
processing occurred [4]. Both nebular and parent body 
processes been invoked to explain the alteration of 
CAIs in the Allende meteorite. Recent petrographic 
and isotopic studies of a variety of different character-
istics of Allende have generally provided support for 
alteration within a parent body environment [1, 5, 7]. 
In order to gain additional insights into the location 
and  timing of alteration of CAIs in Allende, we have 
undertaken a systematic study of the mineralogy of a 
large number of CAIs in situ in multiple thin sections 
of Allende. We have focused specifically on the style 
and degree of alteration of the CAIs as well as rela-
tionships between the CAIs and their associated ma-
trix. Our results also suggest that alteration of most 
CAIs occurred in a parent body environment after ac-
cretion, but the extent of alteration of individual CAIs 
is variable. This variability is partially the result of 
differing primary mineralogical and textural character-
istics of individual CAIs. However, other factors, such 
as local variations in the availability of fluid also ap-
pear to have been important. 

Methods:  We examined 16 type A CAIs in situ 
from 6 thin sections of the Allende meteorite. Several 
of the samples studied are from serial thin sections, 
and objects in one thin section are routinely found in 
the adjacent thin section. We used SEM, followed by 
electron microprobe WDS X-ray element mapping and 
quantitative microprobe analysis to characterize these 
CAIs.  

Results:  All CAIs observed in this study showed  
evidence of alteration to varying degrees. The altera-

tion products of these CAIs are similar to those de-
scribed previously [4, 6, 7], and their textural charac-
teristics indicate that alteration of different primary 
CAIs phases occurred in a progressive sequence. Meli-
lite clearly altered first followed later by Ca-pyroxene, 
and perovskite. In all the CAIs studied, regions of al-
teration are characterized by enhanced Na and Cl con-
tents due to the presence of nepheline and sodalite 
alteration products. These regions also exhibit signifi-
cant depletions in Ca, shown in figure 1, largely as a 
result of alteration of primary melilite. A notable fea-
ture of the CAIs is the presence of a distinct zone or 
aureole of Ca-enrichment in the matrix around the 
CAIs, that is generally complementary in shape to the 
depleted zone within the CAI itself. The aureoles 
range from nearly absent around some CAIs, to con-
tinuous zones of enrichment that entirely surround the 
CAI. This enrichment is caused by the presence of 
nodules of andradite and Ca-pyroxene within the ma-
trix itself. These Ca enrichments are distinctly better 
developed around the most heavily altered CAIs and 
are reminiscent of Ca-rich rims seen around dark in-
clusions from Allende [7]. Examples of advanced and 
intermediate CAI alteration and associated Ca-rich 
aureole development are shown in figures 1 and 2.  

Discussion: Collectively, these observations pro-
vide important clues as to the timing and environment 
of alteration of CAIs in Allende. First, there is clear 
evidence that systematic elemental exchange has oc-
curred between CAIs and matrix, that is exactly analo-
gous to that observed by [7] around Allende dark in-
clusions. Soluble Ca released by alteration of melilite 
has been mobilized from the interior of the CAIs and 
has precipitated in the matrix as Ca-rich pyroxene and 
andradite-rich aureoles. Such precipitation reactions 
are very likely driven by variations in the activities of 
different mobile species and pH as modeled by [7]. 
Conversely, Na and Cl are mobilized into CAIs and 
form feldspathoid minerals by reaction with immobile 
Al from primary melilite. There is also evidence of 
significant Si mobilization into CAIs during the altera-
tion. These observations require that CAIs and matrix 
were assembled together within a parent body and re-
quired a fluid to transport soluble elements over the 
scale of 10s of microns. 

Second, all CAIs have experienced similar styles of 
alteration, but to different degrees. Assessing the abso-
lute degree of alteration of an individual CAI is some-
what complex, because many CAIs do show signifi-
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cant internal variability in their extent of alteration.  
Nevertheless, it is clear that there are gross differences 
between the degree of CAI alteration observed in dif-
ferent thin sections. Based on the evidence presented 
above alteration clearly occurred in situ, after accretion 
and so the variation in the degree of alteration has to 
be explained by plausible factors, of which there are 
several possibilities. Differences in the primary min-
eralogical and textural characteristics of CAIs proba-
bly play at least some role in controlling the extent 
alteration. In addition, regolith processes may contrib-
ute to mixing of components which have experienced 
different degrees of aqueous alteration in different 
parts of the CV3 parent body. Finally, some of the 
differences might reflect local-scale variations in the 
fluid availability. We are currently examining the po-
tential role of each of these factors. 

  
Figure 1. Two X-ray maps of the same type a CAI are 
shown above, with Ca on top and Na on the bottom. 
These X-ray maps demonstrate the correlation be-
tween Na enrichment and a well developed Ca-rich 
aureole.  

 
Within each thin section, similar alteration is ob-

served between the different CAIs. The more advanced 
aureoles are present on more than one CAI within a 
thin section. Likewise if a CAI has little or no aureole, 

then CAIs within that thin section are also lacking the 
aureole.  The localization of alteration effects is a 
strong indicator that parent body processes were the 
cause of these Ca-rich regions immediately adjacent to 
some CAIs within Allende.  

  
 Figure 2. Ca X-ray map of a Type A CAI with an in-
termediate Ca-rich ring. 

 
Conclusions: Element exchange between CAIs and 
adjacent matrix is pervasive in Allende and appears to 
correlate with the degree of alteration exhibited by 
each individual inclusion. These two lines of evidence 
are strong indicators that the CAIs altered in situ after 
accretion, consistent with other observations on Al-
lende [4, 7]. The variable alteration displayed by these 
CAIs is probably the result of a combination of factors 
including the primary characteristics of the inclusions, 
mixing due to regolith processes and possible localized 
variations in the availability of water.  
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