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Introduction: The timing of formation and 

thermal processing of refractory Ca-, Al-rich 
inclusions (CAIs) plays an important role in models of 
early solar system evolution. The relative timing of 
those events can in principle be constrained from the 
abundance of 26Al in CAIs [1]. High-precision Al-Mg 
isotope data have led to divergent answers regarding 
the periods of time over which CAIs could have 
formed, with bulk data indicating an extremely short 
period of ~20,000 years [2,3] and laser-ablation in situ 
data implying a much longer interval for the thermal 
processing (~300,000 years [4]). Other ICPMS data on 
bulk CAIs [5] suggest lower initial 26Al/27Al values, 
apparently in conflict with [2]. We have conducted an 
ion microprobe survey of 9 igneous and 3 non-igneous 
CAIs from the CV3 meteorites Efremovka, Vigarano 
and Allende in order to document the range of initial 
26Al/27Al values preserved in these inclusions. We have 
also determined the initial 26Al/27Al abundances in the 
high-temperature Wark-Lovering rims (WLRs) around 
a subset of these CAIs to constrain the timing of rim 
formation processes. A set of these data has been 
previously reported [6,7]. 

Results: Analyses are obtained with the UCLA 
CAMECA ims1270 ion microprobe by high mass 
resolution multiple-collector Faraday cup measure-
ments. Analyses on ~20 µm spots and have typical 
precision and accuracy, in a single spot, in the range 
~0.2‰ (2σ) for ∆26Mg* in the low Al/Mg phases 
(spinel and pyroxene). ∆26Mg* values were calculated 
applying an exponential mass fractionation law with an 
exponent of 0.514 [8]. With the exception of melilite in 
the Allende and Vigarano CAIs, which has apparently 
undergone multiple reheating episodes resulting in 
internal redistribution of Mg isotopes, there is very 
good correlation between Al/Mg ratios and excess 
∆26Mg* in spinel, pyroxene and hibonite phases. 
Because of evidence for isotopic resetting in melilite, 
we only used spinel, pyroxene and hibonite, where 
available, to regress the data and calculate the initial 
26Al/27Al values. Given the relatively low spread in 
Al/Mg ratios, isochron lines were forced through the 
origin in all cases. Uncertainties in the 26Al/27Al ratios 
are ~ 0.2×10–5 (2σ).  

Two fluffy type A (FTA) samples (Vigarano 477-
5 and Allende TS24) are composed of individual 
melilite+spinel+hibonite nodules, each surrounded by 
a WLR, whereas the third FTA studied (Allende TS25) 
consists of a single object overlain by a continuous 

WLR. The inferred initial 26Al/27Al ratios for the 
interiors of the FTAs range from 4.9×10–5 in V477-5 to 
5.9×10–5 in TS24 and TS25 (Fig. 1). We also studied 
three igneous-textured compact type A CAIs (CTA): 
Vigarano 1623-2, and Efremovka E44L and E44N, 
which consist of melilite+ spinel±hibonite±fassaite and 
are also surrounded by WLR sequences. Well-
correlated initial 26Al/27Al ratios for the interior phases 
range from 5.1×10–5 (E44N) to 6.1×10–5 (E44L) (Fig. 
1). We measured the WLR spinel and pyroxene around 
each of the six type A CAIs and find that a range in 
26Al/27Al ratios from 4.4×10–5 (TS24) to 5.6×10–5 
(V1623-2) (Fig. 1). In all but one of these CAIs there 
are resolvable time differences between the formation 
of the CAI interiors and their surrounding WLRs. Six 
type B CAIs, Efremovka E38 and E107, and Allende 
TS23, TS34, 3712B and 181-129_1 have typical B1 
igneous textures and consist of melilite+fassaite+ 
spinel±anorthite. These CAIs display a spread of 
inferred 26Al/27Al ratios at isotopic closure ranging 
from 3.8×10–5 for E107 to 5.5×10–5 for E38 as well as 
TS34 (Fig. 1).  

Discussion: All CAI show a large range of initial 
26Al/27Al ratios, as determined from spinel and 
pyroxene, which in principle are the phases least 
susceptible to secondary isotopic redistribution. 
Isotope resetting in spinel and pyroxene during melting 
and/or thermal processing can explain the low initial 
26Al/27Al values for some (or all) of the type B CAIs. 
However the high initial values and also the spread in 
values seen in the FTA inclusions, which have not 
been melted [9], and in the CTA inclusions are not 
apparently compatible with a well-defined single CAI 
formation event, constrained by the (‘supra-canonical’) 
initial 26Al/27Al value of 5.85×105 [3]. Alternatively, it 
is possible that even the FTAs may have undergone 
some degree of partial melting and evaporation, as 
suggested for the large ranges in Mg isotopic 
fractionation observed within each CAI [9], that 
resulted in isotopic resetting. In any case, our data 
suggest not only that the thermal recycling of CAIs 
lasted for a long time, in agreement with [4], but also 
that whatever nebular processes were responsible for 
the formation and thermal modification of CAIs, they 
continued for a period of time spanning at least 0.5 
My. Our data on WLRs also suggest that WLR 
formation events occurred repeatedly in the solar 
nebula for a prolonged period of time (up to 2×105 
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years) and that these events alternated with CAI 
crystallization events.  
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Fig. 1 Distribution of initial 26Al/27Al ratios in CV CAIs from Allende, Efremovka and Vigarano. Reference lines are 
shown for the initial 26Al/27Al ratios determined by [3,4,5] and the uncertainties are shown as shaded fields.  
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