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Introduction:  Primitive chondritic meteorites can 

contain mm- to cm-sized objects called calcuim-
aluminum-rich inclusions (CAIs) [1]. These objects are 
composed of Ca- and Al-rich refractory materials that 
have been thermodynamically predicted and isotopical-
ly dated to be among the first-formed solids in the solar 
protoplanetary disk [2-5]. The structure and chemistry 
of these inclusions contain a record of the environ-
ments in which they formed and the processes to which 
they were subsequently exposed. Their analysis can 
therefore help us better understand and constrain the 
early stages of solar-system formation. 

While the components of the inclusion are widely 
accepted to have initially formed via gas-phase con-
densation, multiple origins were proposed for the mul-
tilayer rims surrounding many of them [6-8]. Addition-
ally, many CAIs are known to have experienced subse-
quent thermal and aqueous processes in the solar nebu-
la and on their meteorite parent bodies. Such secondary 
processing resulted in changes to the morphologies, 
structures, and compositions of CAIs [9-11]. Here we 
present data on spinel and perovskite assemblages from 
the interior and rim of a CAI in the Northwest Africa 
(NWA) 5028 CR2 chondrite. Spinel and perovskite 
were chosen because they are predicted to form at high 
(<1300 K) temperature [2,3], and so are probes of neb-
ular condensation.  This work is part of a broader effort 
on the chemistry and structure of CAI materials from 
the micrometer scale down to the atomic level and 
what this information tells us about their origins and 
histories.  

Sample and Analytical Techniques:  A compact 
type-A (CTA) CAI (TR01, Fig 1) was identified in a 
thin section of the NWA 5028 (Center for Meteorite 
Studies, Arizona State University collection #1845-5) 
[12,13] using a Cameca SX-100 electron microprobe, 
located at the Lunar and Planetary Laboratory (LPL), 
University of Arizona. Wavelength-dispersive spec-
troscopy (WDS) maps and backscattered electron im-
ages (BSE) of the CAI were acquired. We identified 
assemblages of spinel and perovskite in both the interi-
or and rim of TR01 for more detailed studies using 
transmission electron microscopy (TEM).  

Three regions (two in the interior and one in the 
rim; Fig. 1) were cross sectioned normal to the spinel 
and perovskite interfaces, extracted, and thinned to 
electron transparency (<100nm) using previously de-
scribed methods [14] with a FEI Helios NanoLab 660 

focused-ion-beam (FIB) scanning electron microscope 
(SEM) located at LPL. The sections from the CAI were 
analyzed using a 200 keV spherical-aberration-
corrected Hitachi HF5000 scanning transmission elec-
tron microsope (S/TEM) and Hitachi SU9000 30kV 
SEM/STEM, located at LPL. The HF5000 and 
SU9000 are both equipped with Oxford Instruments 
(X-max) energy dispersive X-ray spectroscopy (EDS) 
detectors. Selected-area electron-diffraction (SAED) 
patterns were acquired for determination of crystallini-
ty and phase. 

               
Fig 1. BSE image of CTA TR01. Entire CAI and sur-
rounding material. Boxes in yellow indicate regions 
from which the FIB sections were extracted. 

Results: The mineralogy (80 to 85 vol% melilite, 
15 to 20 vol% spinel, and l to 2 vol% perovskite) and 
rounded morphology of the inclusion are consistent 
with previous descriptions of CTA CAIs [15]. Several 
spinel-perovskite assemblages were identified based on 
their composition and locations in the rim and the 
interior. 

TEM reveals the detailed microstructure and com-
position of the CAI phases. FIB section #1 from the 
interior (Fig. 1) is composed of a 6-μm wide spinel 
grain with a silicate-perovskite inclusion and a 5-μm 
wide perovskite grain. It does not show any signs of 
alteration, such as the presence of Na, Cl, or fine 
grained material [12,13]. FIB section #2 from the rim 
(Fig. 1) is composed of three perovskite grains (one 
with a spinel inclusion) embedded in a large spinel 
grain, and contains veins and rims around the grains of 
material with compositions consistent with Fe-rich sili-
cates [12,13]. The Fe-silicates have needle-like mor-
phologies and occur across the width and length of the 
veins in crosslinked patterns. FIB section #3 from the 
interior (Fig. 1) is composed of two spinel grains (3.5 
μm and 6.2 μm) and one perovskite grain (2.7 μm) 
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partially surrounded by a Ca-Al silicate phase, as seen 
from the high angle annular dark field (HAADF) image 
and EDS maps (Fig 2). The EDS maps also show the 
presence of some Cl-rich regions in the silicate phase 
(Fig. 2). 

Discussion: The condensates in CTA CAIs are 
thought to have experienced some amount of thermal 
processing. The evidence for such processing includes: 
their rounded morphology, inward zoning of Åkerman-
ite content, lathic melilite, and symplectite morphology 
[16]. Except for the rounded morphology of the CAI, 
TR01 lacks these characteristics. While the secondary 
thermal processing might have affected the surface of 
the CAI resulting in the rounded morphology, it ap-
pears that the interior of TR01 was not significantly 
affected. Below we explore its signatures of nebular 
condensation and secondary alteration.  

According to equilibrium thermodynamic calcula-
tions that model a cooling gas of solar composition, 
perovskite condenses at 1593 K, whereas spinel forms 
at 1397 K [2]. Therefore, the presence of the perov-
skite inclusion within the spinel grain from the interior 
(#1) is consistent with these predictions. In compari-
son, the spinel inclusion within the perovskite grain 
from the rim (#2) is not consistent with these predic-
tions. The hypotheses for rim formation include con-
densation [6], melt solidification [7], and evaporative 
residues [8]. The sequence of minerals seen in the rim 
is consistent with that listed in [7] as being evidence of 
melt solidification. Further, recrystallization experi-
ments conducted on CAI melts show that spinel solidi-
fies before perovskite [17].  The microstructure that we 
observe in the rim is thus consistent with a formation 
through melt solidification. 

NWA 5028 is a CR2 chondrite and it contains evi-
dence of aqueous alteration, in the form of secondary 
phases such as hydrated minerals in the matrix and 
CAIs [18,19]. TR01 also shows clear signs of aqueous 
alteration. The veins in the rim section (#2) are sugges-
tive of fluid flow [20]. Moreover, their morphology 
and Fe-rich composition are similar to Fe-rich phyllo-
silicates previously described as products of aqueous 
alteration [11]. In comparison, the interior section (#3) 
contains Cl-rich silicate regions. Chlorine is a highly 
volatile element and its incorporation into the inclusion 
is consistent with low-temperature processing, e.g. 
[21]. Thus, we hypothesize that these Cl-rich regions 
are remnants of low-temperature iron-alkali-halogen 
metasomatism such as those described by [11,20]. We 
note that of the two sections from the interior, only one 
shows signs of alteration. That they are approximately 
250 μm apart suggests that the alteration process was 
heterogeneous and localized. These observations point 
towards a complex history of CTA TR01. Additional 

work will help in constraining the pathways and condi-
tions of its evolution. 

       
Fig 2. TEM data on FIB section #3. HAADF image 
(top); EDS false-color images (bottom). 
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