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Introduction:  Calcium-aluminum-rich inclusions 

(CAIs) are the oldest dated solids known to have 

formed within the Solar System. Their chemical and 

isotopic signatures provide a sampling of the earliest 

reservoirs present in the Solar System and how these 

reservoirs evolved and mingled through time. Previous 

work has shown that CAIs have mass-independent 

(nucleosynthetic) isotope anomalies compared to later 

formed Solar Systems solids [e.g., 1-2]. However, thus 

far, the only confirmed carrier of isotopically anoma-

lous material has been nanospinels that show large 

enrichments in 54Cr [3-4]. 

In this study, we use two different methodologies 

to assess the carriers of the Ti isotope anomalies in 

CAIs. The first approach is examining 15 CAIs of var-

iable sizes from CV3 chondrites with laser ablation 

multicollector inductively coupled plasma mass spec-

trometry (LA-MC-ICPMS) to probe different Ti-

bearing CAI mineral phases. For these data, Type A 

CAIs, especially fluffy Type A, are of particular inter-

est as these objects are believed to have never been 

molten and have the most refractory compositions. The 

second approach is sequential acid leaching of four 

CAIs from CV3 chondrites, including a fluffy Type A 

inclusion and one fine-grained inclusion, in order to 

chemically separate the various Ti-bearing phases in 

each individual CAI. This combined CAI Ti isotopic 

dataset is then used to infer the cause of Ti isotope 

heterogeneity in the CAI-forming region/process and 

the resulting implications for the composition of Ti-

bearing solids in the solar parental molecular cloud.  

Samples and Methods:  Details regarding the 

CAIs investigated via LA-MC-ICPMS as well as the 

analytical procedures have been previously reported 

[5]. Four different types of CAIs (Table 1) were ob-

tained for sequential acid leaching. A small fraction of 

each CAI powder was reserved for the bulk CAI Ti 

isotope measurement while the majority of each CAI 

powder was processed through a sequential acid leach-

ing procedure modified from [6]. The CAI powders for 

the bulk measurements were digested on a hot plate 

using concentrated mineral acids. Chemical separation 

of Ti from the bulk CAIs and leachate samples fol-

lowed previously established procedures [7-8]. All 

samples and standards were measured using the Nep-

tune Plus MC-ICPMS in Münster, as outlined in [9]. 

To obtain Ti mass-independent (nucleosynthetic) data, 

instrumental and natural mass fractionation were cor-

rected using the exponential law and normalizing to 
49Ti/47Ti = 0.749766. 

Table 1– Characteristics of the CAIs for acid leaching. 

CAI Host meteorite

Mass for 

leaching 

(mg)

Mass for bulk Ti 

measurement (mg) Description

Warrior Acfer 082 (CV3) 92.5 15.8 FTA – FG

Pigeon Acfer 082 (CV3) 50.3 4.6 CTA – FMG

Lizard Allende (CV3.6) 22.8 8.2 A – FG

Garland NWA 6619 (CV3) 7.4 3.5 C – CG  
FTA = fluffy Type A, CTA = compact Type A, A = Type A, C = 

Type C, FG = fine-grained, FMG = fine- to medium-grained, CG = 

coarse-grained, NWA = Northwest Africa 

Results and Discussion: The Ti isotopic data are 

reported utilizing the ε-notation (parts per ten thousand 

deviation from the standard). For the samples investi-

gated via LA-MC-ICPMS (results shown in [5]), the 

majority of the ε50Ti values are between 6-10, con-

sistent with previously reported values for CAIs [e.g., 

8,10-14]. The coarse-grained CAIs define a range of 

ε50Ti compositions from ~ ‒1 to 15 while the fine-

grained and fluffy Type A CAIs span a larger range of 

ε50Ti compositions from ~ ‒16 to 45. We also observe 

intra-CAI variation in ε50Ti for some of the samples, 

although the widest variability is observed within the 

fine-grained and fluffy Type A CAIs.  

The Ti isotope compositions of the four bulk CAIs 

and their six individual leachates are consistent with 

literature CAI Ti isotope data from ordinary, CM, CO, 

CV, and CK chondrites [e.g., 8,10-14]. All four bulk 

CAIs and their leachates have small but resolvable 

excesses in ε48Ti from the terrestrial composition rang-

ing from 0.24 to 0.74. Garland, Pigeon, Lizard, and 

their corresponding leachates have excesses in ε46Ti 

and ε50Ti around 1.7 and 9.4, respectively (Fig. 1). In 

contrast, Warrior and its leachates are characterized by 

small deficits in ε46Ti of ~ 0.2 and excesses in ε50Ti of 

~ 2 (Fig. 1). 

The acid leachates from the two coarse-grained 

CAIs have little, if any, Ti isotope variability between 

the six different leaching steps for each individual CAI 

(Fig. 1). Given that these two CAIs were once molten, 

the homogenization of the Ti isotopes between the 

various Ti-bearing phases of the inclusions is expected. 

On the other hand, fine-grained CAIs did not experi-

ence melting and could potentially preserve vestiges of 

heterogeneous precursors. However, we observe that 
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the fine-grained inclusions also have little, if any, Ti 

isotope variability between the six different leaching 

steps. One clear difference between the two approach-

es utilized in this study is that the laser ablation data 

provides evidence of intra-CAI heterogeneity while the 

leachate data does not. The lack of variation in the Ti 

isotope compositions of the CAI acid leachates likely 

reflects that the leaching procedure is less effective in 

separating the different Ti-bearing phases compared to 

the laser technique. 
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Fig. 1: The a) ε46Ti and b) ε50Ti data of the four CAIs and 

their corresponding leachates. Labeling for each sample is 

demonstrated by Garland. 

The bulk CAIs and laser ablation spot analyses 

from this study as well as bulk CAI values from the 

literature all demonstrate heterogeneity in Ti isotopes 

in the CAI-forming region/process. This heterogeneity 

is shown in Fig. 2a with a normalized probability den-

sity plot for ε50Ti. Both the bulk CAI data and the laser 

ablation data comprise probability densities with a 

well-defined peak around 50Ti=9. However, some 

CAI data fall outside of the main peak, indicating that 

there was heterogeneity in the precursor material from 

which the CAIs formed. We suggest that the variable 

Ti compositions amongst CAIs from CV, CK, CO, 

CM, and ordinary chondrites represents echoes of larg-

er-scale heterogeneities in the precursor materials that 

have been dampened due to averaging.  

 
Fig. 2a/b: Normalized probability density plots for ε50Ti 

showing a) normal CAIs and b) SHIBs, PLACs, and normal 

CAIs. Literature data compiled from [8, 12-19].  

Hibonite-rich inclusions, including SHIBS and 

PLACs, have variable and large Ti isotope anomalies 

[e.g., 15-16], making hibonite grains attractive candi-

dates for carriers of heterogeneous Ti isotope anoma-

lies through to the CAI formation process. The coinci-

dence of the peaks in probability distributions between 

SHIBs, PLACs, and CAIs suggests that the narrow 

distribution in CAIs compared with those for the 

hibonites in SHIBS and PLACs (Fig. 2b) is purely the 

result of averaging large numbers of smaller grains. 

Using typical sizes of hibonite grains (30 m) and 

CAIs (600 m), we find that the observed narrowing in 

the distributions from hibonites to CAIs is consistent 

with the prediction from the central limit theorem, 

suggesting that the heterogeneity in CAIs is an “echo” 

of the heterogeneity in hibonites. We propose that the 

heterogeneity in hibonites is in turn an echo of the 

much greater heterogeneity in the precursor presolar 

grains. Characterizing the dispersion in isotope anoma-

lies at different scales of observation can be used to 

constrain models for mixing from the molecular cloud 

to the protoplanetary disk.  
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