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Introduction: Calcium-Aluminum-rich Inclusions 
(CAIs) are thought to be the first solids to form in the 
early Solar System [1-4]. These inclusions are sur-
rounded by mono- and bi-mineralic rim sequences, 
called the “Wark-Lovering” (WL) rims [5], which are 
made of Ca- and Al-rich refractory minerals, similar to 
their parent CAIs. In some CAIs, the rim sequence is 
heterogeneous in its Δ17O composition, suggesting that 
these mineral layers sampled spatially or temporally 
distinct oxygen reservoirs [6−9]. The 26Al-26Mg chro-
nometry shows a range of relative ages from 0 to ~2 
Ma between the formation of the CAIs and their WL 
rims [10-16]. In order to better understand the for-
mation timescales and formation mechanism of WL 
rims, we analyzed and report here the oxygen isotopic 
compositions, and additional Al-Mg isotopic composi-
tions of the WL rims of two CAIs from the CV3 chon-
drite Northwest Africa (NWA) 8323 for which we pre-
viously showed a ~2 My time difference (based on Al-
Mg isotopes) between the CAIs and their rim for-
mation [14]. 

Analytical Methods: Characterization of the CAIs 
and their WL rim sequences was done using a JEOL 
JXA-8530F electron microprobe at Arizona State Uni-
versity (ASU) and a FEI NOVA NanoSEM 600 field-
emission gun scanning electron microscope at the 
Smithsonian Institution. Magnesium and oxygen iso-
tope analyses were conducted using secondary ion 
mass spectrometry (SIMS), specifically a NanoSIMS 
50L at ASU and the WiscSIMS IMS 1280, respective-
ly, with analytical conditions similar to those described 
previously [14, 17]. To assess the alteration effects in 
the CAIs and the rim minerals, major and trace ele-
mental abundances were measured using the JEOL 
JXA-8530F electron microprobe and the Cameca IMS 
6f SIMS, respectively, at ASU.  

Petrography, Major and Trace Element Anal-
yses: NWA 8323 is an oxidized subgroup CV3 chon-
drite that shows a low shock grade and minimal weath-
ering effects [18]. Both CAIs (CAI-1 and CAI-2) are 
coarse-grained type B inclusions containing melilite, 
spinel, Ti-rich pyroxene, and anorthite. The WL rim 
sequence in CAI-1 consists of olivine, spinel, pyroxene 
and anorthite (Fig. 1); in some regions the rim se-
quence shows Fe-rich spinels and glass. The CAI-2 
inclusion has a partially formed rim sequence com-

prised of a spinel layer in one portion of the inclusion, 
whereas the other side of the inclusion shows a se-
quence of spinel, pyroxene and anorthite and olivine. 

The WL rims in most CAIs contain fine-grained 
anorthite as a secondary alteration product, replacing 
the melilite layer [19]. However, the interior and the 
rim layer anorthites in these two inclusions are unusu-
al, as they show coarse-grained  textures, indicating 
crystallization from melt. There are some regions of 
the WL rims in these two CAIs that show presence of 
nepheline and alteration textures, which are likely pro-
duced by parent body processes. However, most 
coarse-grained regions show absence of elevated Na 
and Fe in the anorthites, suggesting minimal secondary 
alteration. Moreover, the Ba/Sr versus Eu/Sr ratios in 
these two CAIs suggest that Sr has not been mobilized 
during secondary alteration. 

26Al-26Mg Systematics: The Mg isotopic analyses 
of rims were conducted on the coarse-grained regions 
of the rims that are thought to be unaffected by sec-
ondary alteration. The preliminary results were report-
ed earlier [14]. The interior of the CAI-1 shows evi-
dence for a 26Al/27Al ratio of (5.2 ± 0.6) × 10-5, with 
initial (δ26Mg*)0 of 1.7 ± 4.7‰ (MSWD = 2.9). In the 
WL rim for CAI-1, the 26Al/27Al ratio was inferred to 
be (6.2 ± 3.2) × 10-6, with initial (δ26Mg*)0 of 3.4 ± 
2.7‰ (MSWD = 0.5). The relative time between for-

Figure 1: Back Scattered Electron (BSE) image of CAI-1, its WL rim, 
and the surrounding matrix. The image shows melilite (Mel) in the 
CAI interior; the phases in the WL rim shown here are olivine (Olv), 
spinel (Sp), anorthite (An) and glass.  
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mation of CAI-1 interior and its WL rim is  
Ma. The interior of the CAI-2 shows evidence for a 
26Al/27Al ratio of (5.2 ± 0.4) × 10-5, with (δ26Mg*)0 of 
5.8 ± 3.9‰ (MSWD = 2.1). In the WL rim for CAI-2, 
the 26Al/27Al ratio was inferred to be (4.5 ± 3.4) × 10-6, 
with (δ26Mg*)0 of 4.4 ± 3.1‰ (MSWD = 1.0). The 
relative time between formation of CAI-2 interior and 
its WL rim is   Ma. 

O Isotope Systematics: In terms of Δ17O, phases 
in the two CAIs range from the CAI end-member 
(Δ17O = -25‰) up to the terrestrial value (Δ17O = 0‰) 
(Fig. 2). The interior spinels show Δ17O  values of -24 
± 2 ‰ (2SD). The interior pyroxenes also show a re-
stricted range in Δ17O of -24.2 ± 1.6 ‰ to -20 ± 1 ‰. 
The interior melilites show Δ17O values that are close 
to terrestrial (ranging from -9 ± 2 ‰ to -1 ± 2 ‰). The 
interior anorthites show a range in Δ17O of -11 ± 2 ‰ 
to -1 ± 2 ‰. The WL rim spinels show a restricted 
range in Δ17O of -19 ± 2 ‰ to -22 ± 2 ‰. The rim py-
roxenes show Δ17O  values ranging from -24 ± 2 ‰ to 
-8 ± 2 ‰. The rim anorthites show Δ17O values in the 
range of -4 ± 2 ‰ to 0 ± 2 ‰.  

Discussion: The texture, mineralogy and chemistry 
of the two CAIs and their associated WL rims analyzed 
here indicate formation in a complex and dynamic set-
ting. The anorthite layer in the WL rim in each of these 
two CAIs is coarse-grained, and appears to have crys-
tallized from a melt, unlike the anorthite in most previ-
ously described rim sequences. The O isotopes in anor-
thites in the rims and the interiors are partially ex-
changed whereas both interior and rim spinels are 16O-
rich, suggesting that both interior and rim anorthites 
may have started with a 16O-rich composition and later 
exchanged. It seems likely that these texturally atypical 
rims in the two CAIs studied here were produced by 
melting events in the solar nebula and have not been 
significantly altered by parent body processes. This is 
supported by the fact that the rim and interior phases in 
these two inclusions define two distinct Al-Mg 
isochrons, recording two separate events, with the later 
likely associated with the melting event resulting in the 
formation of the phases in the rim. The time difference 
of ~2 Ma between the interiors of these two CAIs and 
their rims coincides with the majority of chondrule 
formation ages, suggesting that these rims may have 
formed in flash-heating events similar to those that 
produced the majority of chondrules in the early Solar 
System. This time difference additionally implies that 
CAIs remained as free floating objects for ~2 Ma be-
fore accreting into planetesimals. 
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Figure 2: Oxygen isotope compositions of interior and rim phases 
of CAI-1 and CAI-2. TF: Terrestrial Fractionation line; CCAM: 
Carbonaceous Chondrite Anhydrous Minerals line. 
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