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ABSTRACT

Hibonite, nominally CaAl12O19, is among the first minerals thermodynamically predicted to have
formed in the early history of our solar system. It can incorporate significant amounts of Ti (≤15 wt%,
∼2 cations per formula unit) into its crystal structure, as both Ti4� and Ti3�. The main pathways for Ti
incorporation in the solar nebula include a direct substitution of Ti3� replacing Al3� and a coupled
substitution in which Ti4� and Mg2� replace two Al3�. Additionally, the formation of oxygen vacan-
cies can also reduce a Ti4� cation to Ti3� by trapping a free electron. The relative amounts of these
cations potentially reflect the fugacity of oxygen ( f O2

), a fundamental thermodynamic parameter, that
prevailed when hibonite first formed or last equilibrated. However, the Ti content and its oxidation state
in hibonite does not depend solely on f O2

. The composition of the system is, thus, a key factor in chang-
ing the Ti4�/ΣTi ratio of the structure concurrently with the f O2

. Therefore, it is necessary to understand
the energetics, complex crystal chemistry, and substitution reactions of hibonite to relate the Ti oxida-
tion state to the f O2

of the nebular system in which it condensed.
To that end, we report DFT calculations (0 K) to determine the ground-state energies and the

enthalpy of formation (ΔH) of hibonite solid solutions that span the range reported in meteorites.
Our results show that coupled substitution is energetically favored (ΔH =−96.70 kJ·mol−1, from oxi-
des). In comparison, the formation of oxygen vacancies is energetically unfavorable, though similar to
Ti3� direct substitution for Al3� (ΔH =∼60 kJ/mol, from oxides), which is commonly observed in
hibonite. It is therefore necessary to consider oxygen vacancies as a potential mechanism for controlling
the incorporation of Ti3� into hibonite, in addition to direct replacement reactions. We provide here the
first reliable estimation of the formation enthalpies for the hibonite solid solution that includes solutes
and point defects. The results presented herein constitute a significant advance toward the establishment
of a comprehensive Gibbs free energy description of the hibonite solid solution, which is ultimately
required for accurate modeling of its thermodynamic stability within the early solar nebula.
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INTRODUCTION

Hibonite is an oxide mineral with end-member stoichiometry
CaAl12O19 that occurs in both terrestrial and extraterrestrial rocks.
In terrestrial settings, hibonite occurs mostly in high metamorphic
facies rocks (Curien et al. 1956; Bermanec et al. 1996; Nagashima
et al. 2010; Holtstam and Hålenius 2020). In chondritic meteor-
ites, hibonite occurs mainly in calcium-aluminum-rich inclusions
(CAIs), but also in amoeboid olivine aggregates (AOAs), as pre-
solar grains, or in the matrix (Allen et al. 1978; Armstrong et al.
1982; Beckett et al. 1988; Brearley and Jones 1998; Zega et al.
2011). Hibonite is of particular importance in cosmochemistry
because it is thermodynamically predicted to be among the first
minerals to condense from a cooling gas of solar composition
in the early solar protoplanetary disk (Kornacki and Fegley
1984; Geiger et al. 1988; Yoneda and Grossman 1995; Ebel

2006; Lodders 2010; Zega et al. 2021). Thus, its crystal chemistry
can provide important information on the thermodynamic envir-
onments (P, T, f O2

) of the early solar system.
In CAIs, hibonite can incorporate Ti, Mg, Fe, V, and Si as

solutes through varied pathways. Fe or Si (1 to 5 wt%) are
mainly incorporated through secondary processes and therefore
do not provide information on the primordial condensation para-
meters in the protoplanetary disk (Brearley and Jones 1998;
Zanetta et al. 2023). Fe can be incorporated through thermal
metamorphism and aqueous alteration, whereas most Si-rich
hibonite formed in Ti-free melts during repeated episodes of
reheating in interactions with the surrounding nebular gas. In
contrast, the substantial Ti and Mg substitutions (12–15 wt%,
while V is in low concentration <1 wt%) in minimally altered
condensates are believed to occur via gas-solid reaction under
the reducing conditions of the early solar system (Allen et al.
1978; Brearley and Jones 1998; Berry et al. 2017). Ti can occur
in mixed oxidation states of Ti4� and Ti3�, and the relative
amounts of these cations can be used to trace the f O2

under which
the hibonite formed or last equilibrated.
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