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Introduction: Chondrites are made of different components. Among them, the calcium-aluminium-rich inclusions 

(CAIs) are composed of refractory minerals believed to be the first solids to have formed in the early solar nebula. 

Determination of the chemical pathways and conditions under which these CAIs formed allow us to better constrain 

the thermodynamic landscape of the early solar system. Hibonite, nominally CaAl12O19, holds particular interest be-
cause thermodynamic modeling predicts it is among the first few phases to form from a solar gas at temperatures of 

~1500 K [1] and it can incorporate significant amount of 3d metals in its structure. Ti, the most concentrated 3d solute 

in hibonite, was shown to occur in both Ti3+ and Ti4+ oxidation states in hibonite [2, 3]. The exact mechanism of Ti 

incorporation in the structure is debated [3–5], but its oxidation states can potentially provide information on the 

thermodynamic conditions (temperature, composition of the gas, oxygen fugacity) under which it formed or last equil-

ibrated. Here we examine a hibonite grain in the Northwest Africa (NWA) 5028 CR2 chondrite to examine its chem-

ical and valence-state heterogeneity and how they relate to its origins and the conditions of the early solar nebula.  

Method and samples: We developed a new approach for the quantification of the Ti-oxidation state in Ti-bearing 

oxides by electron energy-loss spectroscopy (EELS) in the transmission electron microscope (TEM). We acquired 

spectra of Ti-oxide standards of known Ti4+/Ti3+ content including TiO (Ti2+), Ti2O3 (Ti3+), Ti3O5 (Ti4+:Ti3+= 1:2), 

Ti4O7 (Ti4+:Ti3+= 1:1), TiO2 (Ti4+), FeTiO3 (Ti4+), CaTiO3 (Ti4+) using a 200 keV aberration-corrected Hitachi HF5000 

scanning TEM (S/TEM) equipped with a Gatan Quantum ER EEL spectrometer. To improve our understanding of 
spectral features, we performed first-principle calculations using Wien2k [6] and simulated the Ti-oxide spectra via 

TELNES 3 (Theoretical Electron Energy Loss Near Edge Spectra [7]). We quantified the onset normalized intensity 

of the L3 edge using a window of 2 eV (455 to 457 eV). We find that the L3 integrated intensity decreases as a function 

of increasing oxidation state. We applied this method to both synthetic and meteoritic hibonite grains prepared using 

a focused-ion-beam scanning-electron microscope (FIB-SEM) and simultaneously quantified their compositions by 

energy dispersive spectroscopy (EDS). Synthetic hibonite FIB sections were extracted from the ALL sample series 

reported in [3]. The natural hibonite was extracted from a compact type-A (CTA) CAI within NWA 5028 [8]. 

Results: The synthetic hibonites measured with our approach yield to Ti4+/ΣTi values (where ΣTi=Ti3++Ti4+) that 

match (difference in  Ti4+/ΣTi <0.03±0.01) previous measurements by electron spin resonance [3]. The hibonite in 

NWA 5028 exhibits a EDS mean composition of: CaAl10.6Ti0.7Mg0.7O18.84, comparable to previous measurements for 

meteoritic hibonites [9, 10]. However, our EDS maps show that the hibonite crystal chemistry is heterogeneous. The 
concentrations of Al, Ti and Mg vary over tens of nanometers and Al and Ti+Mg exhibit a clear anticorrelation. The 

Ti4+/ΣTi ratio is also heterogeneous, ranging from 0.75 to 0.96. The directions of these chemical gradients (Ti-Mg) 

and the Ti-oxidation state gradient (Ti4+/ΣTi) differ from each other. The cation sum cannot be balanced by the nominal 

concentration of oxygen, i.e. 19, to attain electroneutrality ( = 0.16±0.07 pfu).   

Discussion: The analysis of the hibonite grain from NWA5028 suggests a complex history. Previous TEM analysis 

of this CTA suggested that the thermal processing that led to its compaction was heterogenous and that the signatures 

of nebular condensation should, to some extent, remain preserved [8]. Thus, we hypothesize a multistage origin. First, 

the hibonite formed through backreaction with previous condensates (e.g., Al2O3 [1]), producing a nominal CaAl12O19 

composition. The anticorrelation in the EDS data show that the Ti was then incorporated into the hibonite structure 

followed by the Mg (balancing the amount of Ti and giving the coupled substitution Ti4+ + Mg2+ ⇌ 2Al3+) as their 

abundances in the (nebular) gas phase increased at lower temperatures [5, 11]. Equilibrium between the grain and the 

gas was not achieved and a chemical gradient was recorded. Transient heating occurred, presumably in the solar 
nebula, but the partial overprint of the chemical gradient indicates that it was either too brief or at a too low temperature 

to equilibrate fully the hibonite grain. The Ti4+ was reduced to Ti3+ due to O vacancy formation as a result of a reducing 

solar gas, as supported by the EDS (non-electroneutrality) and EELS data, leading to a Ti4+/ΣTi gradient. 
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