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Introduction: Fine-grained Ca-Al-rich inclusions 

(FGIs) in carbonaceous chondrites are interpreted as 

aggregates of direct condensates from the solar nebula 

that escaped extensive melting [1]. Thus far, a few high-

precision SIMS Al-Mg chronology studies of FGIs from 

CV3 chondrites have been reported [2-4]. [2,3] argued 

that (26Al/27Al)0 of all FGIs are close to the bulk 

refractory inclusion value of ~5.2×10−5 [5,6], which 

may define a time zero for the FGI condensation. A 

similar (26Al/27Al)0 value was also inferred from an 

amoeboid olivine aggregate (AOA) [7], which also 

represents a direct condensate from the solar nebula [8]. 

In contrast, [4] reported significant variations in 

(26Al/27Al)0 of FGIs, ranging from ~5.2×10−5 to 

~3.4×10−5, and concluded that their formation continued 

over at least ~0.4 Ma after the canonical value. These 

contrasting results suggest that the chronological 

significance for the formation age spread of FGIs in 

CV3 chondrites is still poorly constrained.  

Building on our preliminary SIMS study [9], we 

report Al-Mg isotopic data of seven FGIs from reduced 

CV3 chondrites to better establish the distribution of 

(26Al/27Al)0 of FGIs relative to coarse-grained, igneous 

CAIs (CGIs) in CV3 chondrites [10]. We also analyzed 

two fluffy Type A CAIs (FTAs), which are widely 

believed to be the product of nebular condensation [11]. 

The overall objective of our isotopic study was to 

provide additional chronological constraints on 

condensation processes in the early solar nebula.  

Methods: Our initial mineralogical and petrologic 

characterizations of CAIs from reduced CV3 chondrites 

Efremovka, Thiel Mountains (TIL) 07003, and TIL 

07007 were conducted using a FEI Quanta 3D FEG dual 

beam SEM/FIB and a JEOL JXA-8530F electron 

microprobe at NASA JSC.  

In addition to three FGIs from Efremovka [9], six 

inclusions from TIL 07003 and TIL 07007 were 

analyzed in a high-precision multicollection mode on 

the CAMECA ims-1290 ion microprobe at UCLA. 

Hibonite, spinel, melilite, and diopside were sputtered 

with a 2-3 nA 16O3
− primary ion beam generated by a 

Hyperion-II oxygen plasma source. Our detailed 

analytical procedure was described in [12]. 

Results & Discussion: The six CAIs from TIL 

07003 and TIL 07007 studied here include four FGIs 

and two FTAs. These inclusions usually display a 

nodular structure, consistent with a condensation origin 

[1,11]. However, important variations in mineralogy, 

modal abundance, and nodule size and shape are 

observed among them, suggestive of their complex 

condensation history under non-equilibrium conditions. 

All CAIs studied here lack Na-rich and Fe-rich phases 

of likely secondary parent body alteration origin. 

TIL 3-02 is a mineralogically uniform FGI, which 

contains spinel-melilite-rich nodules. These nodules are 

rimmed successively by a sequence of intimate 

intergrowths of spinel + Al,Ti-diopside + perovskite, 

anorthite, diopside, and finally forsterite. TIL 3-05 is a 

fragment of FGI, consisting of intergrown spinel and 

melilite. Anorthite appears to partially replace melilite. 

A diopside rim occurs on the one side of the inclusion. 

TIL 7-02 is a compound FGI, consisting of two 

mineralogically distinct units. The first unit is 

dominated by melilite-cored, diopside-rimmed nodules. 

The second unit contains melilite-rich nodules, in which 

the melilite cores are surrounded by a thin layer of 

intergrown spinel and Al,Ti-diopside below a diopside 

rim. Spinel also occurs with perovskite as a core in some 

of larger nodules in this unit. TIL 7-06 is a zoned, 

melilite-rich FGI. The core contains smaller hibonite-

rich nodules with spinel, whereas the mantle is 

dominated by spinel-cored nodules with perovskite and 

minor hibonite. The nodules are separated by diopside.    

TIL 7-01 is a FTA, consisting of melilite-rich 

nodules with perovskite and spinel. The individual 

nodules are rimmed by diopside and forsterite. TIL 7-07 

is an elliptical-shaped FTA. The center of the largest 

nodule consists mainly of melilite with Al,Ti-diopside + 

anorthite bands. Spinel occurs throughout the inclusion, 

but larger grains are concentrated towards a diopside 

rim and in nodules on the outer region of the inclusion.   

Overall, the observed mineralogical and textural 

characteristics from individual FGIs and FTAs indicate 

that these inclusions represent primary condensates that 

had not been melted after their initial formation [1,11]. 

Therefore, the FGIs and FTAs studied here likely 

preserve Al-Mg isotopic compositions at the time of 

their formation by condensation in the solar nebula. 

Our high-precision multicollection data of hibonite, 

spinel, melilite, and diopside in nine CAIs from reduced 

CV3 chondrites Efremovka, TIL 07003, and TIL 07007 

yield internal isochrons. These diagrams clearly show 
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significant variations in (26Al/27Al)0 value among the 

inclusions, ranging from (5.59±0.25)×10˗5 to 

(2.49±0.72)×10˗5 (Fig. 1).  

The (26Al/27Al)0 values inferred from four FGIs (E-

A-01, E-B-01, TIL 3-02, and TIL 7-06) are broadly 

consistent with the bulk refractory inclusion value of 

~5.2×10−5 [5,6]. The similar value was also inferred 

from ten FGIs [2-4]. We interpret this clustering at 

~5.2×10−5 as a timing of the first condensation event for 

FGIs when 26Al became relatively homogeneous at the 

canonical level. In contrast, three FGIs (E-A-2, TIL 3-

05, and TIL 7-02) exhibit distinctly lower (26Al/27Al)0 

values than the canonical value of ~5.2×10−5 [5,6]. TIL 

3-05 has the lowest (26Al/27Al)0 value of 

(2.49±0.72)×10˗5. [4] also reported a range of 

(26Al/27Al)0 values down to as low as (3.34±0.20)×10−5 

from five out of seven FGIs analyzed. This observed 

spread from FGIs suggests multiple condensation 

events in the early solar nebula: that is, CAI 

condensation continued over a time span of at least ~0.8 

Ma after initial condensation. Moreover, two FTAs (TIL 

7-01 and TIL 7-07) yield a range of (26Al/27Al)0 values 

down to ~3.5×10−5. Previously, variations in 

(26Al/27Al)0, ranging from ~5.3×10−5 down to 

~4.4×10−5, were also inferred from FTAs [7,13,14]. 

This observed spread from FTAs can also reach the 

same interpretation that CAI condensation continued 

over a time span of at least ~0.4 Ma after initial 

condensation. The overall range of (26Al/27Al)0 values 

inferred from FGIs, FTAs, and an AOA in CV3 

chondrites [2-4,7,13,14,this study] overlap with those 

obtained from CGIs [10], implying that CAIs were 

continuously produced and reprocessed in the early 

solar nebula. Alternatively, this range may be an 

indicator of heterogeneous distribution of 26Al in the 

CAI-forming region [4,14]. 

A previous Al-Mg isotopic study of small FGIs 

(<200 µm in size) from a pristine CO3 chondrite Allan 

Hills A77307 identified two prominent peaks at 

(26Al/27Al)0 = 5.4×10−5 and 4.9×10−5 [15]. This was 

interpreted that a second major thermal event occurred 

~105 years after initial condensation. The collective data 

set of FGIs and FTAs from CV3 chondrites suggests 

that lower (26Al/27Al)0 than the canonical value become 

statistically important. Thus, more Al-Mg isotopic 

analyses are required to test if there are other peaks in 

the distribution of (26Al/27Al)0 that may be evidence for 

episodic thermal re-processing events in the nebula-

wide CAI-forming region.    

Conclusions: Our high-precision SIMS data 

obtained from FGIs and FTAs in reduced CV3 

chondrites yield internal isochrons with a spread in 

(26Al/27Al)0 values. The observed spread in (26Al/27Al)0 

values down to ~2.5×10˗5 suggests that the CAI 

formation by condensation occurred repeatedly in the 

early solar nebula, probably over an extended period of 

at least ~0.8 Ma after initial condensation.  
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Figure 1. Comparison of 

inferred (26Al/27Al)0 values from 

different types of CV3 CAIs 

determined by in situ SIMS 

measurements.  
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