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Abstract
Calcium-aluminum-rich inclusions (CAIs) in chondritic meteorites are composed of refractory 

minerals thought to be the first solids to have formed in the solar nebula. Among them, hibonite, 
nominally CaAl12O19, holds particular interest because it can incorporate significant amounts of Ti 
into its crystal structure in both Ti3+ and Ti4+ oxidation states. The relative amounts of these cations 
that are incorporated reflect the redox conditions under which the grain formed or last equilibrated and 
their measurement can provide insight into the thermodynamic landscape of the early solar nebula. 
Here we develop a new method for the quantification of Ti oxidation states using electron energy-loss 
spectroscopy (EELS) in an aberration-corrected scanning transmission electron microscope (STEM) 
to apply it to hibonite.

Using a series of Ti-bearing oxides, we find that the onset intensity of the Ti L2,3 edge decreases with 
increasing Ti-oxidation state, which is corroborated by simulated Ti-oxide spectra using first-principles 
density-functional theory. We test the relationship on a set of synthetic hibonite grains with known 
Ti4+/ΣTi values and apply the developed method on a hibonite grain from a compact type A inclusion 
in the Northwest Africa (NWA) 5028 CR2 carbonaceous chondrite. The STEM-EELS data show that 
the chondritic hibonite grain is zoned with a Ti4+/ΣTi ratio ranging from 0.78 ± 0.04 to 0.93 ± 0.04 
over a scale of 100 nm between the core and edge of the grain, respectively. The Ti substitution sites 
are characterized by experimental and calculated high-angle annular-dark-field (HAADF) images and 
atomic-level EEL spectrum imaging. Simulated HAADF images reveal that Ti is distributed between 
the M2 and M4 sites while Mg sits on the M3 site. Quantitative energy-dispersive X-ray spectroscopy 
shows that this grain is also zoned in Al and Ti. The Mg distribution is not well correlated with that 
of Ti and Ti4+/ΣTi at the nanoscale.

The spatial decoupling of the element composition and Ti-oxidation states suggests a multistage 
evolution for this hibonite grain. We hypothesize that Ti and Mg were incorporated into the structure 
during condensation at high temperature through multiple reactions. Transient heating, presumably 
in the solar nebula, adds complexity to the crystal chemistry and potentially redistributed Ti and Mg. 
Concurrently, the formation of oxygen vacancies as a result of a reducing gas, led to the reduction of 
Ti4+ to Ti3+. The multiple defect reactions occurring in this single hibonite crystal preclude a simple 
relationship between the Ti4+/ΣTi and the fO2 of formation. However, moving forward, these measure-
ments are fundamental inputs for modeling of the thermodynamic conditions under which hibonite 
formed in the early solar nebula.
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Introduction
The sun and planets formed out of a rotating disk of gas and 

dust over four billion years ago. It was hypothesized that the 
temperature of the inner solar nebula was high enough such that 
solid materials experienced melting, evaporation, and conden-
sation (Cameron 1962). Thermodynamic models subsequently 
predicted that as the solar gas cooled, solid materials condensed 

out of it according to their volatility, with the most refractory 
phases forming at the highest temperatures (Lord 1965; Larimer 
1967; Grossman 1972; Lewis 1974; Yoneda and Grossman 1995; 
Ebel and Grossman 2000; Lodders 2003; Ebel 2006; Grossman 
et al. 2008; Scott and Krot 2014; Zega et al. 2021). Evidence for 
such condensation is provided by the mineral assemblages found 
in Ca-Al-rich inclusions (CAIs) within primitive chondrites. 
With radiometric age dates of 4.5673 ± 0.00016 billion years 
(Amelin et al. 2009; Connelly et al. 2012), CAIs mark time zero 
for our solar system, and our chronological understanding of its 
evolution is anchored to that time stamp.
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