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Calcium-aluminum-rich inclusions (CAIs), the first solids to condense in the protoplanetary disk, provide insights into the formation and evolution of our Solar 

System. Previous work has shown for a variety of elements that isotopic differences exist between normal (non-FUN) CAIs and terrestrial rock standards [review 

by 1]. This study examines the Fe isotopic composition of a variety of bulk CAIs along with mineral separates of one CAI as an attempt to determine the original 

Fe isotopic composition of the CAI-forming region.
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Fig. 2. The ε56Fe data for bulk CAIs and the Egg-2 mineral separates along with various standards. For 

bulk CAIs, no variations in ε56Fe are observed most likely due to secondary processes on the parent-

body. However, variations are observed for the Egg-2 mineral separates. Instrumental mass bias was 

corrected using the internal normalization 57Fe/54Fe = 0.36255 [7]. The ε56Fe data are corrected for 

natural mass fractionation following Rayleigh distillation [8]. The grey box represents the 2SD of the 

terrestrial standard. Note: No nucleosynthetic anomalies are observed outside of analytical uncertainty for bulk CAIs and the 

mineral separates in ε58Fe (not shown).

Depending on the element, isotopic differences between normal CAIs and terrestrial rock 

standards can be attributed to i) mass dependent isotope fractionation such as 

condensation or evaporation processes ii) nucleosynthetic differences or iii) both [e.g., 1]. 

However, Fe in CAIs has largely been ignored because of its susceptibility for 

contamination from secondary processes on the meteorite parent-body. This study seeks 

to determine the original Fe isotopic composition of the CAI-forming region by examining 

three mineral separates (representing high-Fe pyroxene, high-Mg pyroxene, and 

plagioclase rich) from the Allende CAI Egg-2 along with bulk CAIs from [2-4] that showed 

nucleosynthetic anomalies in numerous other elements. Furthermore, since Sr and Ti in 

CAIs are less susceptible to parent-body alteration processes, these isotopic systems are 

also investigated in the mineral separates. For Sr, the measured 87Sr/86Sr ratios are 

indicative of variations due to the decay of 87Rb to 87Sr and ε84Sr can be investigated as a 

nucleosynthetic signature. The Fe, Sr, and Ti isotopic compositions of the mineral 

separates are presented in tandem to search for the source of the nucleosynthetic 

anomalies.   

Bulk CAIs show no Fe nucleosynthetic variations but have varying mass dependent 

compositions that likely stem from fractionation during condensation and subsequent 

evaporation. The three mineral separates from the Allende CAI Egg-2 show correlated

ε56Fe and δ56Fe variations along with variability in their ε50Ti and 87Sr/86Sr ratios. The 

correlated 87Sr/86Sr and ε56Fe suggests that the high-Fe pyroxene incorporated the 

most Rb compared to the other mineral separates (Fig. 4). A strong correlation is also 

observed between ε50Ti and ε56Fe (Fig. 4). All of these correlations are likely 

representative of a two-component mix between 1) high values of δ56Fe, ε56Fe, Rb 

(87Sr/86Sr), and ε50Ti with 2) lower values that are closer to and/or resemble bulk 

meteorites. The combined Sr, Ti, and Fe isotopic compositions of the mineral separates 

suggest some mixing in components of CAIs since the different phases have different 

signatures. One possible scenario is mixing between an early formed, highly 

fractionated (possibly original) component of a CAI and a later formed solid, potentially 

of average Solar System composition. Furthermore, the mineral separates have 

anomalous ε56Fe compositions. This suggests bulk CAIs probably condensed with 

isotopically anomalous Fe but this signature has been overprinted with Fe from 

secondary processes. Therefore, while the exact original Fe isotopic composition of 

CAIs is still unknown, the mineral separates of the Egg-2 CAI show some original Fe 

signature and point to highly anomalous Fe in the CAI-forming region. 

Discussion 

Background 

Results
The Fe, Sr, and Ti data are presented below. Mass dependent variations are presented in 

δ-notation which are deviations from the terrestrial standard (IRMM-014) in parts per 

thousand. Nucleosynthetic variations are shown in ε-notation which are deviations from the 

terrestrial standard in parts per ten thousand. The uncertainties shown represent the 2SD 

of replicate sample analyses or the 2SD of the long-term reproducibility of the terrestrial 

standard during the measurement campaign, whichever was larger. 

Fig. 3. The Fe isotopic composition of the Egg-2 mineral separates. The y-axis shows the mass 

dependent variations (δ56Fe) and the nucleosynthetic variations (ε56Fe) are displayed on the x-axis. 

The observed correlation is most likely representative of a mixing line between Fe indigenous to the 

CAI and later condensed Fe from bulk meteorites. This suggests the high-Fe pyroxene retained more 

primary Fe and represents a more pristine signature, possibly closer to the original Fe isotopic 

composition of the CAI-forming region.

Fig. 1. The δ56Fe for the bulk CAIs and the Egg-2 mineral separates. The bulk CAIs of this study overlap 

with previous data from [5] represented by the green box. For δ56Fe, fine-grained CAIs are isotopically 

lighter while coarse-grained CAIs have both light and heavy δ56Fe. The variable δ56Fe for bulk CAIs is 

most likely due to fractionation during condensation and subsequent evaporation. However, the Egg-2 

mineral separates are very different and have extremely heavy δ56Fe. The dashed white arrows represent 

a model of Rayleigh fractionation and show how much Fe would need to be evaporated to produce the 

δ56Fe spread that is observed. The starting isotopic composition in this model is the lightest CAI of this 

study. The grey box represents the 2SD of the terrestrial standard. Instrumental mass bias was corrected 

using the external normalization 63Cu/65Cu = 2.24359 [6]. The δ56Fe data are corrected for nucleosynthetic 

anomalies.

Fig. 4. The 87Sr/86Sr plotted against ε56Fe (shown in red) along with the ε50Ti plotted against ε56Fe 

(shown in blue). Variations are observed in the mineral separates for 87Sr/86Sr, ε50Ti, and ε56Fe. 

However, the mineral separates had indistinguishable ε84Sr nucleosynthetic anomalies in agreement 

with previous bulk CAI data. Again, the correlations in this figure are likely representative of a mix 

between high values of 87Sr/86Sr (due to the decay of 87Rb), ε56Fe, and ε50Ti with lower values of 
87Sr/86Sr, ε56Fe, and ε50Ti that are closer to and/or resemble bulk meteorites. Symbols are consistent 

with Fig. 3. 

And the search for the source of nucleosynthetic anomalies
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