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Introduction:  The refractory Calcium-Aluminum-
rich Inclusions (CAIs) preserve petrographic and geo-
chemical records of the earliest events that shaped our 
Solar System. Absolute high-resolution Pb-Pb dating 
of CAIs has revealed them to be the oldest solids in the 
Solar System [1-4]. Another useful high-resolution 
relative dating technique is the 26Al-26Mg short-lived 
chronometer which has been used extensively for rela-
tive dating of these early Solar System objects (e.g., 
[5-7]). CAIs typically exhibit multiple mono- or bi-
mineralic layered rim sequences, which are termed as 
Wark-Lovering (WL) rims [8]. As such, these rim se-
quences represent unique yet universal event(s) in the 
early Solar System. The WL rims are made of refracto-
ry minerals such as hibonites, spinels, perovskites, 
melilites, and Al-rich pyroxenes; alteration phases such 
as nepheline, anorthite, sodalite, grossular and wollas-
tonite have also been reported in these rim sequences 
[9-11].  

Based on their refractory element composition, WL 
rims were considered to be a consequence of flash 
heating (>2500 K temperatures for <2 s time interval) 
and were argued to represent the evaporation residues 
from such events [12]. However, textural studies 
through high spatial resolution Focused Ion Beam 
Transmission Electron Microscopy (FIB TEM) anal-
yses of WL rims show a complex mixture of polycrys-
talline material, and the presence of triple junctions 
and subhedral grains suggest formation from melt. 
This has been considered as evidence for flash heating 
caused by mechanisms such as shock waves [11, 13-
15]. The variation in the stable isotope fractionation of 

Mg in the rims suggest that they formed at a partial 
pressure of Mg approaching saturation (unlike the CAI 
interiors) and based on this observation it has been 
suggested that these rim were formed by condensation 
[17]. Many oxygen isotopic analyses of WL rims show 
16O enrichment (similar to the CAI parent reservoir) as 
well as the presence of a 16O-poor component. Both 
these components are present within the same rim se-
quence [9-10, 17, 19]. These variations in oxygen iso-
topes have been explained by flash heating and subse-
quent re-equilibration with nebular gas  [9, 15] or con-
densation processes rims forming from different O 
isotopic nebular reservoirs [15, 21].  

Constraints on the relative time difference between 
initial CAI formation and WL rim formation will help 
to identify the appropriate model for the rim sequence 
formation and will also provide a better understanding 
of the processes and dynamics within the protoplane-
tary disk. However, since the thickness of the individ-
ual layers in the rims is barely a few microns, it poses a 
challenge in analyzing these mineral layers using tradi-
tional mass spectrometry techniques. Only a few ion 
microprobe analyses of Al-Mg systematics in WL rim 
sequences have been conducted so far, and these sug-
gest formation several hundred thousand years after 
CAI formation [16-18].   

In this study, we present high spatial resolution Al-
Mg chronology of CAIs and their rims using a Na-
noSIMS instrument. Specifically, we analyzed two 
CAIs and their WL rims from the Northwest Africa 
(NWA) 8323 CV3 carbonaceous chondrites in order to 
determine the time difference between the formation of 

Figure 2: Back Scattered Electron (BSE) image of WL rim 
sequence of CAI-2. This region is shown in a red box on 
Fig. 1. 

 

Figure 1: Back Scattered Electron (BSE) image of CAI-2. 
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CAIs and their WL rims. 
Analytical Methods:  The characterization of the 

mineralogy of CAIs and their WL rim sequences was 
done using the new JEOL JXA-8530F electron micro-
probe at Arizona State University (ASU). Magnesium 
isotope analyses were conducted using a Cameca Na-
noSIMS 50L at ASU. A 16 keV O- primary beam at 
~20-30 pA current  was rastered over 5 × 5 µm areas 
on the sample (dwell time of 1 ms/pixel with 2562 pix-
els). Positive secondary ion signals for 24Mg+, 25Mg+, 
26Mg+  and 27Al+  were collected simultaneously using 
electron multipliers from the central 2.5 × 2.5 µm area. 
Isobaric interferences such as 23NaH, 12C2, 24MgH, 
13C2, and 12C14N are completely resolved using a mass 
resolving power of ~9000. The raw ratios were cor-
rected for dead time and instrumental mass bias using 
terrestrial standards. Analysis time varied between 30-
90 minutes per spot for different mineral phases. Both 
natural and instrumental mass fractionation were cor-
rected using an exponential law with β = 0.514. Radio-
genic 26Mg excess (δ26Mg*) is expressed in per mil 
unit with respect to terrestrial standards. The uncertain-
ties reported here are from counting statistical error (2 
sigma). San Carlos olivine and augite, Lake County 
plagioclase, NIST 610 synthetic glass and BCR-2 glass 
were used as terrestrial standards. San Carlos olivine 
shows external reproducibility (2SD) of δ26Mg* of 
±4.7‰ (n = 12), whereas Lake County plagioclase 
shows external reproducibility (2SD) of  ±23‰ (n = 
3).  

Sample Description: NWA 8323 is an oxidized 
CV3 carbonaceous chondrite, with a low shock grade 
as well as low weathering grade [21]. CAI-1 is a 
coarse-grained inclusion consisting of melilite, spinel, 
anorthite and pyroxene. The WL rim sequence consist 
of olivine, spinel, and anorthite. CAI-2 is similarly a 
coarse-grained inclusion that is made up of spinel, an-
orthite, Ti-rich pyroxene, and melilite. This inclusion 
also contains some Fe-Ni metal. The WL rim sequence 
consists of anorthite, spinel, pyroxene and some patchy 
occurrence of nepheline (Figs. 1 and 2). 
Results and Discussion: Fig. 3 shows Al-Mg 
isochrons for CAI-1, and its WL rim. The interior of 
the CAI shows an initial 26Al/27Al ratio of (5.2 ± 1.6) × 
10-5 (with initial δ26Mg* of 1 ± 7‰; MSWD = 0.8). In 
the WL rim for this CAI, only an upper limit on the 
initial 26Al/27Al ratio of <2.0 × 10-5 can be determined. 
As such, the minimum time between formation of 
CAI-1 and its WL rims is ~590,000 years. Fig. 4 shows 
Al-Mg isochrons for CAI-2, and its WL rim. The inte-
rior of the CAI shows initial 26Al/27Al ratio of (4.7 ± 
1.2) × 10-5 (with δ26Mg* intercept of 6 ± 12‰; MSWD 
= 0.1). In the WL rim for this CAI, only an upper limit 
on the initial 26Al/27Al ratio of <1.8 × 10-5 can be de-

termined. Therefore, the minimum time difference 
between the formation of CAI-2 and its WL rims is 
~690,000 years. The difference in time of formation 
between the CAIs and their WL rims, defined by these 
two inclusions is at least twice than reported by previ-
ous studies [14, 16-17]. This implies that CAIs were 
likely not accreted into parent bodies for at least this 
duration of time, which has significant implications for 
nebular dynamics. 
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(26Al/27Al)0 = (0.5 ± 1.5) × 10-5 

(26Al/27Al)0 = (5.2 ± 1.6) × 10-5 

 Figure 3: Al-Mg isochron of CAI-1 and its WL rim. 

(26Al/27Al)0 = (0.6 ± 1.2) × 10-5 

(26Al/27Al)0 = (4.7 ± 1.2) × 10-5 

 

 Figure 4: Al-Mg isochron of CAI-4 and its WL rim. 
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