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Introduction:  Relative and absolute dating tech-

niques indicate that calcium-aluminum-rich inclusions 
(CAIs) are the earliest formed solids in the Solar Sys-
tem [1, 2]. The refractory mineral phases in CAIs are 
predicted to have condensed at high temperatures 
(starting at ~1750 K) [3]. Many CAIs are  surrounded 
by a sequence of seemingly mono- or bi- mineralic 
layers, termed as Wark-Lovering (WL) rims [4], which 
were described as early Solar System stratigraphy [4]. 
The WL rims show a general mineralogical sequence 
of the innermost spinel-perovskite-hibonite layer, fol-
lowed by melilite-anorthite, Al-rich clinopyroxene and 
the outermost forsterite layer [4, 5]. Alteration phases 
such as nepheline, anorthite, sodalite, grossular and 
wollastonite have also been reported in the rim se-
quences [6-7]. Incomplete WL rims around broken 
CAIs and absence of rims around other chondritic 
components such as chondrules, suggest restricted spa-
tial or temporal conditions of rim formation in the solar 
nebula.  The 26Al-26Mg relative dating of the WL rims 
shows a time of formation varying from 0 to ~2.5 Ma 
after CAI formation [8-11]. Various mechanisms have 
been proposed to explain the formation of WL rims, 
including: 1) condensation and subsequent accretion 
on the CAI [5, 12-14]; 2) crystallization from a melt, 
via flash-heating mechanisms [15]; 3) formation as 
evaporation residues [16]; and 4) growth of layers as a 
result of chemical gradients set up during alteration of 
the interior of the inclusion, in nebular settings [7, 17]. 
Different mineral layers of WL rims were likely 
formed and affected by a combination of these pro-
cesses. Understanding the processes and timescales 
involved in WL rim formation through detailed petro-
graphic, geochemical and isotopic analyses is im-
portant, as this can provide better constraints on the 
environment and conditions in the early Solar System. 
However, since the width of these individual layers is 
less than a few microns (< 15-20 µm), their textural, 
geochemical and isotopic characterization can be a 
significant analytical challenge.  

In order to determine formation mechanism of 
CAIs and their WL rims, we analyzed a coarse-grained 
inclusions (CAI-1) from the CV3 chondrite Northwest 
Africa (NWA) 8323 using electron backscattered dif-
fraction (EBSD). This study is part of a broader effort 
to understand the detailed microstructures of CAIs and 
gain new insight into their origins [5, 18]. 

Sample Description and Previous Work: NWA 
8323 is an oxidized CV3 chondrite that shows a low 
shock grade and minimal weathering effects [19]. CAI-
1 is a coarse-grained type-B inclusion containing meli-
lite, spinel, Ti-rich pyroxene, and anorthite. The WL 
rim sequence in CAI-1 consists of innermost anorthite, 
intermediate spinel, and outermost pyroxene layers; in 
some regions the rim sequence shows Fe-rich spinel 
grains and a glassy layer. The relative 26Al-26Mg ages 
have been reported for this CAI. The relative time be-
tween formation of CAI-1 interior and its WL rim is 

 Ma [11]. In terms of Δ17O, phases in this CAI 
range from the CAI end-member (Δ17O = -25‰) up to 
the terrestrial value (Δ17O = 0‰). [11]. 

Methods: We investigated CAI-1 using a JEOL 
JXA-8530F electron microprobe at Arizona State Uni-
versity to obtain backscattered electron (BSE) images 
of selected regions. We further investigated these re-
gions using the FEI Helios NanoLAB 660 focused-ion-
beam scanning electron microscope (FIB-SEM), 
equipped with an EDAX energy dispersive X-ray spec-
trometer (EDS) and EBSD detector, located at the Lu-
nar and Planetary Laboratory, University of Arizona.  

Results and Discussions: The EBSD map of the 
interior of CAI-1 shows melilite grains with triple 
junctions and random crystal orientation (Fig. 1A , B, 
and C), suggesting equilibrium conditions during meli-
lite formation. A single anorthite grain analyzed in the 
region of interest shows twin lamellae (Fig.1C and D). 
Plagiclase twinning is common in terrestrial rocks, and 
it has been previously observed in TEM analyses of 
anorthite from coarse-grained Allende inclusions [20]. 
Spinel grains in this CAI region show some clusters, 
however, the grains in these clusters show random 
orientations, in contrast to the pyroxene clusters re-
ported in WL rims previously by [5]. The misorienta-
tion map of all three mineral phases analyzed here do 
not show significant strain and deformation, suggesting 
that they are minimally affected by secondary process-
es. Continued examination of this CAI using EBSD 
and transmission electron microscopy (TEM) tech-
niques will reveal more microstructural details to un-
derstand the formation mechanisms of this inclusion 
and its WL rims. 
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Figure 1: A) Electron back-scattered image of the interior of CAI-1. B) Mineral phase map of the same region as 
A, where red region is melilite, blue shows spinel and pink shows anorthite. C) Unique grain color map, show-
ing different grain clusters of melilite, spinels and a single twinned crystal of anorthite. D) Inverse pole figure 
map, where the crystallographic orientations for each mineral phase (Melilite, spinel and anorthite) is shown in 
the legend. 
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