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Abstract 12 

Hibonite, nominally CaAl12O19, is among the first minerals thermodynamically predicted to 13 

have formed in the early history of our solar system. It can incorporate significant amounts of Ti 14 

(≤15 wt%, ∼2 cations per formula unit) into its crystal structure as both Ti
4+

 and Ti
3+

. The main 15 

pathways for Ti incorporation in the solar nebula include a direct substitution of Ti
3+

 replacing 16 

Al
3+ 

and a coupled substitution in which Ti
4+

 and Mg
2+

 replace two Al
3+

. Additionally, the 17 

formation of oxygen vacancies can also reduce a Ti
4+

 cation to Ti
3+

 by trapping a free electron. 18 

The relative amounts of these cations potentially reflect the fugacity of oxygen (fO2), a 19 

fundamental thermodynamic parameter, that prevailed when hibonite first formed or last 20 

equilibrated. However, the Ti content and its oxidation state in hibonite does not depend solely 21 

on fO2. The composition of the system is, thus, a key factor in changing the Ti
4+

/∑Ti ratio of the 22 

mailto:pierre.marie.zanetta@gmail.com
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structure concurrently with the fO2. Therefore, it is necessary to understand the energetics, 23 

complex crystal chemistry, and substitution reactions of hibonite in order to relate the Ti 24 

oxidation state to the fO2 of the nebular system in which condensed.  25 

To that end, we report DFT calculations (0 K) to determine the ground-state energies and the 26 

enthalpy of formation (ΔH) of hibonite solid solutions that span the range reported in meteorites. 27 

Our results show that coupled substitution is energetically favored (ΔH=-96.70 kJ.mol
-1

, from 28 

oxides). In comparison, the formation of oxygen vacancies is energetically unfavorable, but 29 

similar to Ti
3+

 direct substitution for Al
3+

 (ΔH=∼60 kJ.mol
-1

, from oxides), which is commonly 30 

observed in hibonite. It is therefore necessary to consider oxygen vacancies as a potential 31 

mechanism for controlling the incorporation of Ti³⁺  into hibonite, in addition to direct 32 

replacement reactions. We provide here the first reliable estimation of the formation enthalpies 33 

for the hibonite solid solution that includes solutes and point defects. The results presented 34 

herein constitute a significant advance towards the establishment of a comprehensive Gibbs free 35 

energy description of the hibonite solid solution, which is ultimately required for accurate 36 

modelling of its thermodynamic stability within the early solar nebula. 37 

Keywords: Hibonite, density functional theory, enthalpy of formation, titanium, oxidation state, 38 

oxygen vacancies, early solar system. 39 

1. Introduction  40 

Hibonite is an oxide mineral with endmember stoichiometry CaAl12O19 that occurs in both 41 

terrestrial and extraterrestrial rocks. In terrestrial settings, hibonite occurs mostly in high 42 

metamorphic facies rocks (Curien et al. 1956; Bermanec et al. 1996; Nagashima et al. 2010; Holtstam 43 

and Hålenius 2020). In chondritic meteorites, hibonite occurs mainly in calcium-aluminum-rich 44 

inclusions (CAIs), but also in amoeboid olivine aggregates (AOAs), as presolar grains, or in the 45 
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matrix (Allen et al. 1978; Armstrong et al. 1982; Beckett et al. 1988; Brearley and Jones 1998; Zega et 46 

al. 2011). Hibonite is of particular importance in cosmochemistry because it is 47 

thermodynamically predicted to be among the first minerals to condense from a cooling gas of 48 

solar composition in the early solar protoplanetary disk (Kornacki and Fegley 1984; Geiger et al. 49 

1988; Yoneda and Grossman 1995; Ebel 2006; Lodders and Palme 2009; Zega et al. 2021). Thus, its 50 

crystal chemistry can provide important information on the thermodynamic environments (P, T, 51 

fO2) of the early solar system. 52 

In CAIs, hibonite can incorporate Ti, Mg, Fe, V, and Si as solutes through varied pathways. 53 

Fe or Si (1 to 5 wt%) are mainly incorporated through secondary processes and so do not provide 54 

information on the primordial condensation parameters in the protoplanetary disk (Brearley and 55 

Jones 1998; Zanetta et al. 2023). Fe can be incorporated through thermal metamorphism and 56 

aqueous alteration whereas most Si-rich hibonite formed in Ti-free melts during repeated 57 

episodes of reheating in interactions with the surrounding nebular gas. In contrast, the substantial 58 

Ti and Mg substitutions (12-15 wt%, while V is in low concentration < 1 wt%) in minimally 59 

altered condensates are believed to occur via gas-solid reaction under the reducing conditions of 60 

the early solar system (Allen et al. 1978; Brearley and Jones 1998; Berry et al. 2017). Ti can occur in 61 

mixed oxidation states of Ti
4+

 and Ti
3+

, and the relative amounts of these cations can be used to 62 

trace the fO2 under which the hibonite formed or last equilibrated. 63 

Ti
3+

 and Ti
4+

 can be incorporated into the structure mainly through two pathways (Allen et al. 64 

1978; Brearley and Jones 1998). The primary pathway for Ti
4+

 is through a coupled substitution 65 

with Mg
2+

 and two Al
3+

 cations to maintain electroneutrality. In comparison, Ti
3+

 can substitute 66 

directly for Al
3+

. In addition, oxygen vacancies can occur in the structure and play a key role in 67 

dictating the concentration of Ti
3+

 by trapping a free electron and reducing Ti
4+

 cations
 (Beckett 68 

et al. 1988; Asaduzzaman et al. 2021; Zanetta et al. 2023). Several papers report measurements of 69 
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Ti-oxidation states in hibonites from refractory inclusions in meteorites (Beckett et al. 1988; Simon 70 

et al. 2009; Zega et al. 2012; Giannini 2014; Han et al. 2022) and reveal that the Ti
4+

/ΣTi ratio can 71 

vary significantly from 0.7 to 1. Such variations reflect the formation of hibonite grains in 72 

distinct environments in the solar protoplanetary disk. Thus, understanding and deciphering the 73 

Ti-substitution reactions in the pristine condensates is key to inferring precisely the 74 

thermodynamic conditions [P, T, fugacity of fO2, chemical potentials] of the nebular gas when a 75 

hibonite grain originally condensed or last equilibrated. 76 

However, there are potential challenges in using hibonite as an oxybarometer due to its 77 

complex crystal chemistry and the numerous solutes that can substitute into its structure (Doyle et 78 

al. 2014; Berry et al. 2017; Zanetta et al. 2023). The hibonite structure is part of the 79 

magnetoplumbite group (space group 194: P63/mmc) and is defined by 11 crystallographic sites, 80 

six of which are distinct Wyckoff sites. Of the 11 sites, six are occupied by cations; five are 81 

occupied by oxygen (Curien et al. 1956; Bermanec et al. 1996; Nagashima et al. 2010; Holtstam and 82 

Hålenius 2020). The Ca(2d) site is a 12-coordinated polyhedron. Al is distributed among five 83 

crystallographic sites labeled M1 to M5. The M1(2a), M4(4f), and M5(12k) are octahedra, M3(4f) is a 84 

tetrahedron, and M2 is a trigonal bipyramid with an ambiguity on its exact symmetry in the 85 

structure (Kreber et al. 1975; Obradors et al. 1985; Bermanec et al. 1996). The M2 site can adopt an 86 

ordered configuration in a 2b Wyckoff site or a 4e position with partial occupancy (a pseudo-87 

tetrahedral site). The M1, M3, and M5 sites form a sequence of two cubic-closest-packed layers 88 

referred to as the spinel module (or S-block). The Ca, M2, and M4 sites form a sequence of three 89 

hexagonal closest-packed layers referred to a conductor layer or R-block (Nagashima et al. 2010).  90 

To use hibonite as an oxybarometer, the role of substitution reactions and oxygen vacancy 91 

formation on its crystal chemistry and Ti oxidation state must be understood. To achieve such an 92 

objective, a comprehensive thermodynamic model of the crystal chemistry including major 93 
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solutes (Ti and Mg) and point defects (oxygen vacancies) on different sublattices (the possible M 94 

sites) is required. The establishment of such a thermodynamic model is impeded by two 95 

significant obstacles: 1) the complex crystal chemistry of hibonite precludes the synthesis of the 96 

entire solid solution while experimentally controlling the crystalline site of substitution; and as a 97 

result, 2) there are no thermochemical data available for the hibonite solid solution. To rectify 98 

those limitations, previous work investigated the Ti and Mg substitution and their location in the 99 

various M sites as well as the effect of the Ti oxidation state on the energetics of the hibonite 100 

solution through first-principles calculations employing the density-functional-theory (DFT) 101 

approach. (Doyle et al. 2014; Pankin et al. 2016; Asaduzzaman et al. 2021; Guerch et al. 2024). Pankin 102 

et al. (2016) investigated Ti substitution in their calculation, but limited their work to direct 103 

substitution, i.e., Ti
3+

 substituting for Al
3+

. Doyle et al. (2014) investigated the energetics of the 104 

localization of the solute substitution and established that Ti should occur on the M2 or the M4 105 

sites and Mg on the M3 site. Their results were later confirmed experimentally by Han et al. 106 

(2022) and Zanetta et al. (2023). However, in their calculation, Doyle et al. (2014) considered 107 

neither the case of mixed Ti
3+

 and Ti
4+

 in the same structure nor the occurrence of oxygen 108 

vacancies in controlling the Ti oxidation state. In a separate study, Asaduzzaman et al. (2021) 109 

included oxygen-vacancy formation in their calculations but considered a narrow range of 110 

hibonite compositions and substitution site combinations, providing a limited description of the 111 

enthalpy of formation of the hibonite solid solution. In addition to these complexities and the 112 

scarcity of thermochemical data, the results from previous DFT studies are not referenced against 113 

species in the same state and are therefore neither reproducible nor usable in a thermodynamic 114 

model.  115 

To fill the knowledge gaps, here we investigate the complete interplay among the 116 

composition, the oxidation state of Ti, the substitution site, and oxygen-vacancy formation to 117 
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establish the thermochemistry of the hibonite solid solution. We also compare the energetics of 118 

direct substitution, coupled substitution, and oxygen vacancy formation, i.e., the three main 119 

substitution reactions, to quantify their potential to occur in the hibonite structure. This work is 120 

part of a broader effort to develop a comprehensive thermodynamic model of hibonite and infer 121 

the temperature and fO2 under which it formed or last equilibrated in the solar protoplanetary 122 

disk. Such information can provide insight into the thermodynamic landscape of the inner and 123 

early solar system. 124 

2. Methods 125 

The thermodynamic properties and phase stability of a system can be calculated from the 126 

Gibbs free energy (∆G), whether for endmember compositions or for discretized compositions in 127 

a range of solid solutions. Ideally, a free-energy description for hibonite would be obtained from 128 

experimental measurements. However, determination of the energetics of the entire range of 129 

hibonite solid-solution chemistry through experimental synthesis methods is impractical because 130 

of hibonite’s complex crystal chemistry (several substitution sites). Moreover, experimentally 131 

regulating the Ti oxidation state in the structure is particularly complex since both the Mg 132 

activity and the oxygen fugacity affect it. Instead, density functional theory (DFT) offers an 133 

attractive alternative means of determining thermochemical and structural properties and 134 

provides accurate assessments of multiple properties from first principles (Kresse and Hafner 135 

1993; Padilha et al. 2014; Liu et al. 2015; Pankin et al. 2016; Benisek and Dachs 2018, 2020; 136 

Asaduzzaman et al. 2021; Zega et al. 2021; Manga et al. 2022; Manga and Zega 2024).  137 

Thermodynamic modeling of hibonite requires detailed knowledge of its thermochemistry, 138 

including the effects of the solutes in its structure. To obtain such information we defined 139 

structures to investigate the various compositions predicted to form from coupled substitution, 140 

single substitution, and formation of oxygen vacancies. Several considerations were necessary in 141 
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development of this model. The number of possible solutes and substitution sites being large in 142 

the hibonite structure, here we (1) focus on the most representative solutes (Ti and Mg) that 143 

occur in meteoritic hibonite in pristine CAIs, i.e., those that experienced little to no secondary 144 

alteration. Our model assumes that pristine hibonite does not incorporate substantial Si, Fe, and 145 

other elements into its structure during condensation in the solar protoplanetary disk but that 146 

these elements are instead introduced during substantial secondary thermal metamorphism or 147 

aqueous alteration, consistent with previous descriptions of pristine hibonite (Simon et al. 1997, 148 

1999; Brearley and Jones 1998; Han et al. 2020; Zanetta et al. 2023). Further, we (2) limit the Ti and 149 

Mg substitutions to three Wyckoff sites (M2 and M4 for Ti and M3 for Mg), based on previous 150 

literature (e.g., Doyle et al., 2014, 2016; Han et al., 2022; Zanetta et al., 2023). We also assumed 151 

an initial (before relaxation) 2b position for the M2 site rather than a 4e position for our 152 

calculations (Bermanec et al. 1996; Nagashima et al. 2010; Holtstam and Hålenius 2020). We (3) 153 

considered the variation of the Ti
3+

/Ti
4+

 ratio by the introduction of oxygen vacancies in the 154 

(M3) polyhedra on the O4(12k) site in the structure. We assumed that if an oxygen vacancy is 155 

formed, it would occur next to the Mg
2+

 cation substituting for an Al
3+

. A single oxygen vacancy 156 

was created by removing an oxygen atom from the supercell, after which the supercell was 157 

energy-minimized. Based on these constraints, we defined 16 solid-solution compositions in 158 

which Ca, Al, Mg, and Ti solutes, vacancies, and substitution sites are represented. We 159 

investigated: (i) the direct replacement of Al
3+

 by Ti
3+

 on the M2 or the M4 sites; (ii) the coupled 160 

substitution of Ti and Mg alternating between the M2 and M4 sites for the Ti and keeping the 161 

Mg on M3 site; and (iii) the formation of oxygen vacancies on the O4 site associated with the 162 

Mg substitution on the M3 site while substituting Ti on the M2 or M4 sites respectively. We also 163 

investigated whether localization of two solutes substituting together in the structure could affect 164 

the total energy. Indeed, Mg and Ti, when they substitute together may occur in the M3 and M4 165 

nearest sites, respectively, because those polyhedra, which are close together, could favor the 166 
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accommodation of the charges. To investigate such cases, we considered a “random” and 167 

“nearest” distribution of the Mg on M3 sites while incorporating Ti on the M4 site. Additional 168 

combinations were carried out to investigate the effect of the site occupancy and the 169 

concentration of the solute in the structure.  170 

To provide a reference structure for the calculations, we initially optimized an 171 

endmember CaAl12O19 structure from Doyle et al. (2014) with 64 atoms (1×1×1) as a basis for 172 

the supercell structures (file from Item #AM-14-702 in the appendices of Doyle et al. (2014). 173 

The Brillouin Zone was then sampled using 2×2×1 supercell structure for a total of 256 atoms 174 

using Supercell software (Okhotnikov et al. 2016). Such large periodic lattices give rise to a vast 175 

number of combinations of similar structures where cations can substitute on equivalent 176 

positions. Therefore, to assess which of the combinations produced the smallest periodic unit (at 177 

atomic length scales), we characterized the structures through multisite correlation functions as 178 

described by Zunger et al. (1990) to produce special quasi-random structures (SQS). We 179 

employed supercell and Alloy Theoretic Automated Toolkit (ATAT) software to generate and 180 

rank the SQS structures (see Supp. Mat. section 1. for additional details).  181 

The DFT approach to modeling thermochemical data has been described in detail (e.g., 182 

Turchi et al. 2007; Zega et al. 2021; Manga et al. 2022; Manga and Zega 2024). We used the 183 

projector-augmented plane wave pseudopotential method (PAW) as implemented in Vienna Ab 184 

initio Simulation Package (VASP) to relax our targeted SQS (Kresse and Furthmüller 1996). The 185 

PAW approach simplifies oscillating wavefunctions near the ion cores into smooth 186 

wavefunctions, allowing for greater computational efficiency. We used the Perdew–Burke–187 

Ernzerh (PBE) post-DFT approach to treat the exchange and correlation energy and to determine 188 

optimized structures (Perdew and Zunger 1981; Perdew et al. 1996). The plane-wave cut-off energy 189 

was set to 400 eV, i.e, the cutoff on the number of plane-wave functions used to represent the 190 
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real electronic wavefunction. We used a force convergence, resulting from electromagnetic 191 

interactions between the atoms, of 0.05 eV/Å  on each atom and an external pressure of less than 192 

1 kBar. A k-point mesh of 4 × 4 × 2 is constructed using the Monkhorst-Pack scheme for 193 

Brillouin zone integration (Monkhorst and Pack 1976). All calculations are spin-polarized to 194 

account for the magnetic moment and a smearing width of 0.05 eV is used for electronic 195 

occupancy. After force and pressure convergence, a final calculation is performed using the 196 

tetrahedron method with Blöchl corrections to get an accurate total energy of each structure 197 

(Blöchl et al. 1994). We used SPGlib library to verify if the 194-space group symmetry (for further 198 

details on the adopted VASP symmetry preservation protocol, please refer to the supplementary 199 

material) was maintained (Togo and Tanaka 2018).  200 

We used the “Bader” charge analysis to obtain the charge distribution of the SQSs after 201 

calculation and compare it with the expected charge from the crystal chemistry before ionic 202 

relaxation (Henkelman et al. 2006; Sanville et al. 2007; Tang et al. 2009; Yu and Trinkle 2011). The 203 

Jahn-Teller polyhedral distortion of each Wyckoff site was calculated based on: 204 

    
 

 
  

       

  

 

   
      

where Δd is the polyhedral distortion parameter; R is the individual cation (e.g., either Ca, Al, Ti 205 

or Mg) to oxygen (O) bond length (M-O) in the (MO)x polyhedron; and    is the mean M-O bond 206 

length in the (MO)x polyhedron (Manga et al. 2022). The n is the coordination number and can 207 

take the value 12, for ΔdCa and its 12-coordinated polyhedron distortion parameter, n=6 for Ti on 208 

M4, n=5 for Ti on M2 and n=4 for Mg on M3.  209 

The enthalpy of formation of the SQS is expressed as follow: 210 
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Where    is the ground-state energy of the considered SQS in J/mole, Ci is the 211 

concentration (molecular fraction) of the binary oxides i in the SQS structure and   
    is the 212 

enthalpy of formation of the binary oxides in the same state. To compare with the literature, 213 

enthalpies of the solid solution series were referenced against their constituting oxides (i.e., CaO, 214 

Al2O3, TiO, Ti2O3 and MgO) as reference states (Zega et al. 2021). Those reference states 215 

exhibit minimal differences with thermochemical table (Δerr CaO=5.02, Δerr Al2O3=-1.90, Δerr 216 

Ti2O3=10.73, Δerr TiO2=11.44, Δerr MgO=-2.71 in g-atom, e.g., Barin (1995)). 217 

We assumed the general reaction; 218 

CaO + ½ w Al2O3 + x1 TiO2 + ½ x2 Ti2O3 + y MgO ⇌ CaAlwTixMgyOz (3) 219 

with, w=12-(x+y), x=x1 + x2, and z = 1 + (3×½w) + (2×x1) + (3×½x2) + y). 220 

Thus, ΔHmix = ΔHR
 
– (ΔHf

 
CaO + w/2 ΔHf Al2O3 + x1 ΔHf TiO2 + x2 ΔHf

 
TiO + y ΔHf

 
MgO) (4) 221 

Oxygen vacancies were included in those calculations by mixing the binary oxides to 222 

obtain charge neutrality (thus, z may differ from 19).  223 

3. Results 224 

3.1. Structure optimisation and ground state energies 225 

We first relaxed the endmember CaAl12O19 (n°0) hibonite structure (Fig. 1, Table 1) using 226 

complete geometrical degrees of freedom (ionic positions, cell shape, and cell volume) while 227 

retaining the symmetry. Final positions can be found in Table 1 and are compared to the 228 

literature (Nagashima et al. 2010; Doyle et al. 2014). The maximum difference between our 229 
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calculations and Doyle et al. (2014) occur for O3 (±2.3e-4 Å for x and y direction), followed by 230 

O4 and Al4 (~1e-4 Å). The differences are greater than Nagashima et al. (2010), with 7.2e-3 Å 231 

for Al2, and (~±2.5e-4 Å) for O4, O3, and Al4 (Fig. 1). We note that in the experimental work 232 

from Nagashima et al. (2010), temperature has an effect on the atomic positions that are not 233 

integrated into the 0 K calculations presented in this work.  234 

In contrast, the relaxation of SQS structures were obtained by following a symmetry-235 

preserved scheme wherein the volume of the cell and ionic positions are allowed to relax, in 236 

alternative steps, to achieve the desired total pressure (< 1 kB) and forces (< 0.005 eV/Å ). It is 237 

known that relaxation of SQS, with all geometrical degrees of freedom in a single run, can lead 238 

to changes in the symmetry of the cell. Therefore, relaxation with alternating volume and ionic-239 

position enables monitoring of the evolution of energies while preserving the symmetry. Table 2 240 

shows the 16 defined compositions of hibonite solid solutions and their final lattice parameters 241 

after the relaxation. Atomic positions and deviations from the original position (space group 194) 242 

were inspected. All SQS preserved the 194 spacegroup with a tolerance of 0.2 Å for each atomic 243 

equivalent position. The introduction of Ti, Mg, and O vacancies in the structure modify the cell 244 

parameters a/b and c (Table 2 and Fig. S1a) by +1% for calculations with no point defects (upper 245 

part of the Table 2). In comparison, the change in the lattice parameter (a/b and c) is +0.1% on 246 

average when only O vacancies are introduced in the structure. Most SQS structures containing 247 

oxygen vacancies show similar or smaller a/b and c parameters compared to endmember (n°0). 248 

The general tendency is that the higher the concentration of cations introduced into the structure, 249 

the higher the volume (e.g., Table 2 and Fig. S1a). The ground state energy (E0) varies according 250 

to the number and type of substitutions. The more solutes that substitute into the structure, the 251 

more the ground state energy decreases (Table 2, Fig. S1b).  252 
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The introduction of solutes in the structure modifies the atomic positions and distorts the 253 

crystal polyhedra (Fig.2 and Table S1, S2). The M2 polyhedra exhibit the largest distortions (Δd) 254 

independently of where the solutes are substituted in the structure (Fig 2, the sum of the brown 255 

and orange bins is significantly larger than the bin of any other polyhedron). Although we setup 256 

the M2 position to be on a 2b Wyckoff site, relaxation caused it to occupy a different position 257 

than its initial central position (Fig. 1 and Table 1). The new 4e position (with a partial 258 

occupancy, see Fig. S2) strongly distorts the polyhedron (Fig. 2, and Table S1, S2) and modifies 259 

the bond distances between the M2 central cation and the O1 atoms (above and below the central 260 

position, Table S1, Fig. S2). The polyhedron M2 is deformed at its maximum when Ti occurs on 261 

the M4 site only (Fig. 2 and Table S2). The polyhedra are less distorted and the central atom is 262 

closer to a 2b position when Ti occurs on the M2 site (Fig. 2). Structures containing oxygen 263 

vacancies show the lowest distortion. Oxygen vacancies have the effect of increasing the 264 

maximum bonding distance between the central cation and the oxygen at the M3 site. However, 265 

this distortion remains minimal in comparison to other crystal sites. Deformation is only slightly 266 

accommodated at the M3 site. 267 

During the relaxation, most of the deformation due to cation substitutions in the structure 268 

was accommodated in the R-block (Ca, M2, and M4 sites, e.g., Fig. 3a). In comparison, the M1, 269 

M3, and M5 sites, i.e., the S-block, display smaller distortion, even for a high concentration of 270 

solutes and when oxygen vacancies occur in the M3 polyhedra (Fig. 2 and Table S2). The M5 271 

site that is at the interface between the S-block and the R-block shows higher distortion than the 272 

M1 and M3 polyhedra (Fig.2 and Table S2). There is a dichotomy in how the total energy is 273 

affected by distortion if it occurs in either the S-block or the R-block (Fig. 3b). The energy of the 274 

structure can be minimal even for significant distortion (Δd>0.1) occurring in the R-block (Fig. 275 
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3b). On the contrary, smaller variations (Δd>0.005) in the S-block significantly destabilize the 276 

structure and increases its total energy (ΔE=150 eV). 277 

3.2. Bader analysis  278 

The Bader charge, derived from the electron density from VASP calculations, is useful to 279 

determine the impact of the substitutions on the charge distribution (Henkelman et al. 2006; 280 

Sanville et al. 2007; Tang et al. 2009; Yu and Trinkle 2011). Bader-charge analysis is a necessary step 281 

to compare with the theoretical formula before ionic relaxation and the crystal chemistry 282 

obtained by calculation. We selected six SQS of interest to quantify the Ti oxidation state after 283 

relaxation and check that it is consistent with stoichiometry and charge neutrality. We used the 284 

CaAl12O19 endmember as a reference to establish Al, O, and Ca charge equivalence (Table 3). 285 

The Al and O charges are close to nominal, i.e., 3
+
 and approximately 2

-
, respectively. In 286 

comparison, the Ca shows a Bader charge of approximately 1.6+.  287 

In the case of Ti in hibonite structure, SQS n°8 serves as a reference because that 288 

structure has Ti substituting on M4 and no other cations are substituting on other sites. In SQS 289 

n°8, the Ti charge is expected to be 3
+
 based on stoichiometry and assuming charge neutrality. 290 

Bader-charge analysis shows a charge of 2.3
+
 for all Ti sites. Thus, we first established that a 291 

Bader charge of 2.3
+
 corresponds to 3

+
 for Ti cation in the structure, e.g., SQS n° 6 and 8. Mg 292 

shows a nominal Mg
2+

 Bader charge. Structures that contain Mg should therefore contain 293 

associated Ti
4+

 (according to the charge neutrality rule) and display a higher Bader charges, e.g., 294 

2.7 for SQS n°9, 10, and 16 in contrast to the 2.3
+ 

for Ti
3+

.
 
Charge difference due to Ti 295 

substitution can be found in supplementary material (Fig. S3, S4). The introduction of oxygen 296 

vacancies affects the Ti Bader charge (Table 3, SQS n°16). Ti next to the vacancies show a lower 297 

Bader charge of 2.5 while other Ti away from the vacancies show Bader charge of 2.7. The 298 



 14 

introduction of vacancies does not affect the average O4 Bader charge (-2.06) but they 299 

significantly affect the local O4 Bader charge with individual O4 exhibiting the lowest charge of 300 

-2.6 while a minimum of -2.0 is observed for all the other structures (Table 3, SQS n°16). 301 

Currently, it is difficult to ascertain the oxidation state of a cation situated within a precise 302 

Wyckoff site and to determine the influence exerted by the nearest oxygen vacancy on site 303 

distortion through empirical means. Thus, it is difficult to compare our Bader-charge analysis to 304 

experimental data. The only existing data that quantified the Ti oxidation at the atomic scale in 305 

meteoritic hibonite were previously collected by (Zanetta et al. 2023). In their paper, Zanetta et al. 306 

(2023) were able to highlight the potential presence of oxygen vacancies using charge neutrality. 307 

However, we note that the errors in quantifying these parameters at this scale are quite 308 

significant.  309 

3.3. Enthalpy of formation  310 

We provide a first estimation of the enthalpy of formation for the hibonite solid solution. 311 

The enthalpy of formation was determined for each structure from the ground state energy 312 

obtained by first-principle calculations (Fig. 4 and Table 2). A 3D representation of the Al – Mg 313 

– Ti ternary diagram is shown in Figure 4. SQS structures show higher and lower ∆HmixNorm than 314 

the endmember (n°0) used as the reference state with values ranging from 60 to 212 kJ/mole (see 315 

also Table 2). The structures that display the lowest energy are those that have Ti as Ti
4+

, i.e., a 316 

Ti
4+

/∑Ti close to 1, and Mg in relatively high concentration in their structure (e.g., SQS n°1, 9, 317 

and 10, see Table 2). The coupled substitution (for instance SQS n°1 to 5, 9 and 10) of Mg
2+

+ 318 

Ti
4+

 is energetically favored in comparison to direct substitution of Ti
3+

 (SQS n°6) or the 319 

reduction of Ti
4+

 to Ti
3+

 via oxygen vacancy formation (SQS n°12-16, Table 2).  320 



 15 

SQS n°1 to 5 have similar compositions with a total Ti concentration of 1 cation per 321 

formula unit (p.f.u), with Ti
4+

 occupying the M2 site, the M4 site, or distributed between both 322 

sites. The enthalpy of formation is relatively similar for those five structures (Table 2). We also 323 

find similar ΔHmixNorm for structures containing Ti
3+

 substituted on the M2 or the M4 sites (SQS 324 

n°14 vs 15). In other words, our calculations suggest that the enthalpy of formation is weakly 325 

dependent on the Ti substitution site for Ti = 1 cation p.f.u, even if a slightly lower energy is 326 

observed on the M2 site (SQS n°1). On the contrary, when Ti is highly concentrated (Ti = 2 327 

cation p.f.u, SQS n°10) it can fully occupy the M4 site and a significantly lower energy is 328 

observed.  329 

The compositions containing the same concentration of Ti on a single site, with or 330 

without Mg, show similar formation energies (Table 2, SQS n°2 vs n°8). Thus, the Mg 331 

concentration does not change the enthalpy of formation. Also, the “nearest” and “random” Mg 332 

substitution (along with Ti on M4) structures show that there is no difference in energy among 333 

structures with the same composition in which Mg occurs next to the substituted Ti or is 334 

randomly distributed on the M3 Wyckoff site (Table 2). Thus, the computations suggest that 335 

mixing of Mg and Ti on M3 and M4, respectively, do not exhibit any association and can prefer 336 

random arrangement on their respective Wyckoff sites.  337 

It is likely that the occurrence of oxygen vacancies increases the total energy due to the 338 

perturbation of the atomic symmetry in the structure. Table 2 shows that the oxygen vacancy 339 

calculations (for the structure that we defined) exhibit higher total energy than the endmember 340 

n°0 and solid solutions. For instance, SQS n°10 and n°16 show similar composition (full 341 

occupancy of the M4 and M3 sites by Ti and Mg respectively), but SQS n°16 contains oxygen 342 

vacancies in the M3 polyhedra and shows a significantly higher enthalpy (∆HmixNorm=66.78 343 

kJ/mol vs -96.70 kJ/mol). However, we note that SQS n°8, which models a single substitution 344 
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(Ti
3+

 for Al
3+

) reaction, shows a ∆HmixNorm= 60.68 kJ/mol which is close to the ∆HmixNorm= 66.78 345 

kJ/mol of the SQS n°16 that models the reduction of Ti
4+

 to Ti
3+

 due to the introduction of an 346 

oxygen vacancy. 347 

4. Discussion 348 

4.1. Site occupancy analysis  349 

We computed enthalpies of mixing for a range of hibonite solid solutions in our effort to 350 

develop its thermodynamic model for nebular conditions. We constrained the number of 351 

substitution sites of the solutes (Ti and Mg) based on previous work (Doyle et al. 2014), enabling 352 

investigation of a more comprehensive set of structures for these sites. We discuss the new 353 

observations that have been enabled by the extended data set to previous models. First, our 354 

calculations show that Ti substitution in the hibonite structure is energetically favored for the 355 

simulated structures, consistent with previous descriptions (Doyle et al. 2014; Pankin et al. 2016; 356 

Asaduzzaman et al. 2021). This result is also consistent with the relatively high concentration of 357 

Ti (up to 12 wt%) measured in natural samples (Allen et al. 1978; Armstrong et al. 1982; Beckett et 358 

al. 1988; Bermanec et al. 1996; Brearley and Jones 1998). Second, our calculations provide insight 359 

on the effect of Ti concentration on site preference. We observed that for a low level (<1pfu) of 360 

substitution, Ti
4+

 would preferentially occupy the M2 site, whereas in samples with high Ti 361 

content (2 cation p.f.u), Ti
4+

 prefers neighboring M4 sites. Similar results were obtained in 362 

previous calculations from Doyle et al. (2014) as well as microprobe and Rietveld refinements 363 

by Berry et al. (2017). Doyle et al. (2014) suggested that this concentration dependence is mostly 364 

due to Ti-Ti interactions, i.e., that Ti
4+

 on two neighboring M4 sites would lower the ground state 365 

energies. In comparison, we suggest that the concentration dependency of the Ti site preference 366 

is instead due to the multiplicity of the site. For low Ti
4+

 concentration, the M2 site would be 367 
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favorable (in comparison to M4) because of the lower multiplicity of the site, which would tend 368 

to populate faster and attain a full occupancy during crystallization. For a higher concentration of 369 

Ti
4+

, and if Mg is available, Ti
4+

 can fully occupy the M4 site and stabilize the structure (e.g., 370 

SQS n°10, Table 2). We note that in the cases of low Ti concentration (Ti=1 cation p.f.u), the 371 

difference in energy of the structures where the Ti is distributed on the M2 site (SQS 1) or on 372 

both M2 and M4 sites (SQS 4 and 5), is small (0.1 eV/f.u.). If the Ti is distributed over the M2 373 

and M4 site (SQS 4 and 5), and thus adopts a partial occupancy of the M2 site, it implies a 374 

possible gain in configurational entropy. This small change in configurational entropy could be 375 

sufficient to change the site preference. Such reasoning does not apply to the case in which Ti 376 

concentration is high and fully occupying the M4 site (Ti=2 cation p.f.u) because the energy 377 

difference is significant (few eV/f.u., e.g., SQS n°10 and 11). Third, our work shows that Mg and 378 

Ti do not require substitution on nearby sites, suggesting that the Ti-Mg interactions are weak 379 

and which might be explained by the relatively long distance (3.55 Å) between the two sites. 380 

Fourth, we find that the case of mixed Ti oxidation state within the same SQS (which was not 381 

investigated in previous DFT work) is the most favorable ground state energy (SQS, n°11). 382 

Ultimately, our extended SQS series shows a lower Ti bader charge (Ti
3+

) if a vacancy is located 383 

on the nearby M3 polyhedra and demonstrates that we correctly modelled the reduction of Ti
4+

 to 384 

Ti
3+

 by trapping a free electron. These results were not modelled previously, even in the earlier 385 

work of Asaduzzaman et al. (2021), since only the vacancies adjacent to the Ti atoms affected 386 

the system in their modelling. We could not investigate how Ti
3+

 and Ti
4+

 distribute between the 387 

two sites (M2 and M4) in the case of a mixed oxidation state (i.e., without oxygen vacancies) 388 

because our Bader analysis was not conclusive (intermediate charge for all Ti atoms see 389 

supplementary material) potentially due to the limited size of our supercell. However, it is 390 

possible that Ti
3+

 and Ti
4+

 would be distributed on both sites as significant Ti
4+

/∑Ti variation 391 

over the M2 and M4 sites was measured in an atomic-scale study by Zanetta et al. (2023). 392 
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The compositional range that we investigate here sheds new lights on two important 393 

characteristics of the hibonite structure. First, the effect of the polyhedral distortion on the total 394 

energy is dependent on the specific block within the hibonite structure where the distortion 395 

occurs. Almost no distortion is accommodated in the S-block and the energy of the structure is 396 

minimal even if significant distortion occurs in the R-block (Fig. 3b). Previous work from 397 

Nagashima et al. (2010) reported a dichotomy in the behavior of the hibonite structural blocks. 398 

They experimentally compared the evolution of the S-block and the R-block volume in the 399 

hibonite structure as a function of temperature. They showed that the expansion of the R-block 400 

with the temperature is steeper than that of the S-block. Our results appear to explain this 401 

dichotomy, i.e., the different responses of the R- and S-block are due to impurity substitution and 402 

resulting polyhedral distortions. Both blocks efficiently fill the space (up to 74%) since the S-403 

block is a sequence of two cubic closest-packed layers (cc) and the R-block is a sequence of 404 

three hexagonal closest-packed layers (Fig. 1). The solutes (Ti and Mg), should change the 405 

volumes in a similar way in both blocks. We hypothesize that the S-block has a greater bond-406 

stiffness due to an overall lower coordination (tetrahedron and octahedra vs trigonal, octahedra, 407 

and 12-coordinated polyhedron) of the sites that compose it. Such bond stiffness could thus 408 

explain why most of the distortion is preferentially accommodated in the R-block. In 409 

comparison, bond softness in the R-block is evidenced, for example, by a strong dynamic 410 

disorder of the Ca site at high temperature, with a stronger motion for Ca than for the 411 

coordinating light oxygen atoms (Nagashima et al. 2010). Second, the introduction of solutes in 412 

the structure force the M2 central atom to move to a 4e position. This M2 asymmetric position 413 

closely matches the atomic position measured by Nagashima et al. (2010). Such displacement is 414 

usually attributed to atomic vibration and is a frequent problem in XRD analyses of the 415 

magnetoplumbite-type structures (e.g., Kreber et al., 1975; Obradors et al., 1985; Bermanec et 416 

al., 1996). Our results show that the volume around the M2 polyhedron gives this 417 



 19 

crystallographic site a large diversity of local minima energy potential. We note that the 418 

displacement of the central 2b position to a 4e position (with partial occupancy of 1/2) was 419 

forced by the substitution of the solute and energetically favored at 0 K (Table 2, Fig. 2, Fig. S2). 420 

The vibrational activity is thus not a requirement to explain this alternative position. The 421 

displacement of the M2 central atom due to impurities at 0K show that the composition might 422 

partly control this ambiguity. We also note that if 2b and 4e have nearly identical enthalpies, then 423 

4e may become favorable at finite temperatures because it gains configurational entropy as the 424 

site become partially filled (to maintain the number of atoms per unit cell). 425 

4.2. Standard enthalpy of formation 426 

The scarcity of experimental data on the thermochemistry of hibonite and the fact that 427 

these studies have only focused on nominal hibonite (CaAl12O19), underscores the significance of 428 

this research. To our knowledge, these findings represent the first reliable estimates of the 429 

energetics associated with the hibonite solid solution (Ti and Mg pole), referenced from species 430 

in the same state, paving the way for the modeling of complex compositions. It is challenging to 431 

corroborate these findings with an alternative methodology because there is a dearth of 432 

experimental data pertaining to the energetics of a hibonite structure incorporating Ti and Mg at 433 

defined substitution sites. However, our calculations are consistent with existing literature values 434 

for the nominal composition for which experimental data are available. The enthalpy of 435 

formation of our endmember CaAl12O19 ΔHmix = -10,644.2 ± 67 kJ.mol
-1

 (0 K, from elements) is 436 

in the range of previous experimental values and those derived from phase-diagram analysis, i.e., 437 

ΔHf ∼ [-10,600, -10,800] kJ.mol
-1

 (298 K; from elements, Table 4, e.g., (Glushko 1979; Eliezer et 438 

al. 1981; Eliezer 1982; Hemingway 1982; Geiger et al. 1988; Hallstedl 1990; Eriksson and Pelton 1993)).  439 
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The enthalpy energies derived in this work cannot be directly used to calculate the Gibbs 440 

free energy and compared with thermochemical data in the literature for nominal hibonite. To do 441 

so, the entropic contribution must first be determined (ΔG = ΔH - TΔS). The lattice models used 442 

in this work have the advantage of determining the enthalpy of a complete series of solid 443 

solutions with constrained substitution sites. These unusual hibonite solid solutions are too 444 

complex for a comprehensive synthesis and detailed calorimetry measurement. Therefore, DFT 445 

computes entropic contributions using the Debye-Gruneisen or phonon calculation approach to 446 

account for structural perturbations because they directly affect the thermochemical properties of 447 

the materials (Moruzzi et al. 1988; Lu et al. 2005, 2007). Based on these new enthalpies of 448 

formation and by calculating the effects of the entropic component of the system, it will be 449 

possible, in future work, to estimate the Gibbs free energies of the system containing Mg, Ti, and 450 

O vacancies and to compare these energies with existing thermochemical data for nominal 451 

hibonite (Blander and Fuchs 1975; Allibert et al. 1981; Kornacki and Fegley 1984; Kumar and Kay 452 

1985; Nagata et al. 1989; Hallstedl 1990; Eriksson and Pelton 1993). Ultimately, these results will be 453 

integrated into a thermodynamic model containing thermochemical data for other stable 454 

refractory phases around the condensation temperatures and pressures of hibonite.  455 

Many recent articles have suggested that DFT with the generalized-gradient 456 

approximation does not provide the correct ground state energy for the oxides. The current 457 

opinion is that a Hubbard U correction improves the DFT results. Wang et al. (2006) defined the 458 

U parameter by computing the energy of a large number of oxidation reactions of 3d transition 459 

metal oxides using the generalized gradient approach (GGA) and GGA+U methods. Two 460 

substantial contributions to the error in GGA oxidation energies were identified and they 461 

proposed a systematic correction for the O2 molecule energies of -1.36 eV that we applied to our 462 

data when normalizing from the elements (Zhang et al. 2018). Such correction gives a match with 463 
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a ΔHf0 in range with previous literature (Table 4). It is difficult to quantify precisely the errors 464 

inherent in DFT calculations (see Supp. Mat 2 and Manga and Zega, 2024, for a precise estimate 465 

of errors from k-mesh of different sizes and various plane-wave-energy cutoffs) and most of the 466 

time a relative calibration is given from experimental studies. Here, comparison with previous 467 

literature gives a difference of less than 5-10 kJ/g-atom. (Barin 1995; Manga and Zega 2024). The 468 

correct referencing of first principle calculations is fundamental in order to be usable as a 469 

database for future work but also to be reproducible and available for the community. Such 470 

appropriately referenced calculation allows a reliable benchmarking with experimental data and 471 

are at the basis of the Calculation of Phase Diagrams (CALPHAD) approach. Previous studies, 472 

lacking reference states, could not be quantitatively compared to our thermochemical data 473 

despite providing critical clues on the crystal chemistry of hibonite (Doyle et al. 2014; Pankin et al. 474 

2016; Asaduzzaman et al. 2021). 475 

With the above caveats in mind, the determination of enthalpy of formation sheds light 476 

on the thermodynamic stability of Ti-bearing hibonite. If all of the structures are compared, the 477 

coupled substitution of Ti
4+

 with Mg
2+

, independent of their position in the structure, is the most 478 

energetically favorable pathway for Ti incorporation (Table 2 and Fig. 4). If no specific 479 

thermodynamic conditions are imposed on the hibonite-forming system, then the most stable 480 

phase to form would be enriched in Ti
4+

 + Mg
2+ 

with Ti occupying the M4 site. If Mg and Ti are 481 

sufficiently available in the system, a full occupancy of the M3 and M4 sites would be favored to 482 

preserve the symmetry (noted in SQS N°10, -96.70 kJ.mol-1). In comparison, for similar 483 

hibonite compositions, we find that the enthalpy of formation is significantly affected by the 484 

presence of oxygen vacancies, e.g., SQS n°16 (containing oxygen vacancies) = 66.77 kJ/mol 485 

versus SQS n°10 (no oxygen vacancies) = -96.70 kJ.mol
-1 

(Table 2). Now, if the energy of this 486 

structure (n°16) containing oxygen vacancies is compared to the energy of formation of a 487 
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structure mimicking the direct substitution of Ti
3+

 for Al
3+

 (SQS n°16 to SQS n°8), then we 488 

obtain similar enthalpy of formation (~60kJ/mol). The similar energetics for the reactions 489 

involving direct substitution and the oxygen vacancy formation (reducing Ti
4+

 to Ti
3+

) 490 

demonstrates that both reactions are nearly equally energetically unfavorable but whether they 491 

proceed to completion depends critically on the thermodynamic conditions of the system.  492 

4.3. Cosmochemical Implications 493 

Hibonite was proposed as an oxybarometer that can provide an indication of the fO2 494 

conditions prevalent at the time the first solids formed 4.5673 Ga ago (Beckett et al. 1988; Amelin 495 

et al. 2002, 2009; Connelly et al. 2012; Berry et al. 2017; Zanetta et al. 2023). Previously, we 496 

concluded that use of hibonite as a universal oxybarometer requires a complete thermodynamic 497 

description of the solid solution in its entire composition space, including the role of oxygen 498 

vacancies (Zanetta et al. 2023). Here we show the importance of such a model. Interpretations 499 

based on enthalpy predictions from this work indicate that the coupled Ti
4+

 + Mg
2+

 substitution 500 

is the favorable reaction to incorporate Ti into the hibonite structure. However, free energies with 501 

the included entropic contributions into various defect reactions will enable an accurate 502 

prediction of the stable crystal chemistry. In meteoritic hibonite, a well-known Ti:Mg 1:1 503 

correlation is systematically observed (Allen et al. 1978; Armstrong et al. 1982; Doyle et al. 2014; 504 

Berry et al. 2017; Han et al. 2022; Zanetta et al. 2023), suggesting that coupled substitution is the 505 

most likely pathway for the incorporation of Ti
4+

 into the hibonite structure. Yet, in natural 506 

samples, Ti
3+

 was also measured in relatively high concentration (~1 Ti2O3 wt% (Beckett et al. 507 

1988; Han et al. 2022; Zanetta et al. 2023)). Therefore, at least one alternative reaction introduced 508 

Ti
3+ 

into the structure of hibonite under nebular conditions. Berry et al. (2017) suggested that 509 

because of the prevalence of the coupled substitution, the Ti oxidation state was mostly 510 

controlled by the Mg activity. Although the Mg activity plays a key role, the oxygen fugacity, 511 
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may, in certain cases, become the main factor driving the previously described reactions. The 512 

early solar system was marked by significantly reducing conditions with log fO2 = -18.1 (at 513 

T=1500K), which is six orders of magnitude lower than the iron-wüstite buffer (Grossman et al. 514 

2008). Such conditions could overcome the energy barrier and lead to one of the reactions 515 

introducing Ti
3+

 into the hibonite structure, e.g., the direct substitution or the formation of 516 

oxygen vacancies.  517 

To explain the presence of the Ti
3+

 in the structure, previous literature invoked direct 518 

substitution under reducing conditions (Allen et al. 1978; Bermanec et al. 1996; Brearley and Jones 519 

1998). Here we show quantitatively for the first time that the reaction forming oxygen vacancies 520 

can occur in hibonite during its crystallization in the solar nebula with a similar enthalpy of 521 

formation (ΔH=∼60 kJ.mol
-1

, from oxides) as the direct Ti-substitution reaction. The oxygen 522 

vacancy formation is of great significance in the understanding of the early solar system 523 

thermodynamic landscape as it is directly linked to the oxygen fugacity of the solar gas in which 524 

the mineral formed during the process of primordial condensation. A noteworthy property of the 525 

two proposed reactions incorporating Ti
3+

 is that they are site specific. The oxygen vacancy 526 

mechanism could reduce some of the Ti
4+

 (by trapping a free electron), already present in the 527 

structure after having substituted along with Mg, and thus occupying the M4 site (if Ti is highly 528 

concentrated). Such a mechanism could therefore enrich the Ti
3+

 in the M4 site. On the contrary, 529 

direct Ti
3+ 

substitutions are likely to happen on the M2 site because the M4 site would be 530 

preferentially filled (with Ti
4+

) by coupled substitution. This second mechanism could therefore 531 

enrich Ti
3+

 on the M2 site. The predominance of these reactions in the protoplanetary disk may 532 

be recorded on the M2 or M4 site in natural hibonite, depending on the abundance of the Ti
3+

. 533 

The precise quantification of the Ti
4+

 and Ti
3+

 distribution in natural samples could therefore 534 

give important constraints on which reaction dominated and on the fO2 recorded in CAIs (Zanetta 535 
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et al. 2023). We note that the record of these reducing conditions would only be retrievable in 536 

pristine hibonites that have not been re-equilibrated in more oxidizing conditions.  537 

Further, to evaluate the likelihood of either of these reactions to occur, a complete 538 

thermodynamic model incorporating the entropic contributions to the free-energy function is 539 

needed. The computation of enthalpy that we report on here is an important step in this direction 540 

and should provide new insights into open questions. For example, how would Ti and Mg 541 

substitution affect the condensation behavior of hibonite? Does the initially formed hibonite 542 

contain Ti and/or Mg? How do the concentrations of these elements evolve as hibonite 543 

condensation proceeds? Does the incorporation of Ti into hibonite affect the condensation of 544 

perovskite? The newly derived thermodynamic data should ultimately provide answers to these 545 

questions. Once the free-energy function incorporating the full range of solid solutions and 546 

structural perturbations is determined, a thermodynamic model can be established. Such a model 547 

will be a fundamental to providing new insights into the thermodynamic conditions that 548 

prevailed in the early Solar System and the nature of the gaseous reservoir that formed the 549 

planets.  550 

5. Conclusions 551 

Using density-functional theory (DFT), we determined the ground-state energy and the 552 

enthalpies of formation of hibonite solid solution phases that span the range of compositions 553 

reported for meteoritic hibonites. Our calculations provide a fundamental understanding on the 554 

interplay among changes in composition, site substitution, and the oxidation state of titanium in 555 

hibonite while incorporating the occurrence of oxygen vacancies in the system. The data show 556 

that the formation of oxygen vacancies should be considered as a possible reaction to incorporate 557 

Ti
3+

 in the structure along with the direct substitution of Ti
3+

 for Al
3+

, especially under the 558 
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thermodynamic conditions that prevailed in the early solar nebula. The oxygen vacancy 559 

mechanism should result in an increase in the Ti³⁺  content on the M4 site, whereas direct Ti³⁺  560 

substitutions are likely to occur on the M2 site. The advent of sophisticated microscopy tools, 561 

such as aberration-corrected scanning transmission electron microscopes, allows for direct 562 

probing of atomic structure and validation of the site occupancies suggested in this work. DFT 563 

calculations in conjunction with such atomic characterization will facilitate a better 564 

understanding of the first solid condensates. The estimate of enthalpies for the solid solution of 565 

hibonite (i.e., including solutes) provides a first stepping stone towards a full description of the 566 

free energy of this important phase and its development as a barometer. 567 
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9. List of figure captions:  

Table 1: Nominal hibonite Wyckoff site and atomic positions from VASP optimization of the 

reference CaAl12O19 (64 atoms) compared to the literature. *Ca is simplified to a central 2d 

position. **Al2 (M2) is assumed to be on a 2b position before relaxation (z=1/4 or 3/4; see text 

for detail). *** Nagashima et al. (2010) studied the temperature effects on hibonite atomic 

positions. Here we compare our 0K calculation to their 296K measurements. 

Table 2: The modeled hibonite crystal chemistries and their final parameters after relaxation as 

discussed in the method section. The bulk Ti oxidation state of the structure is indicated. Total 

energy and enthalpy of formation according to eq. (2) are given. *Reactions proposed in Zanetta 

et al. (2023) that impact the bulk Ti oxidation state in the structure (see supplementary material 

(3)). **Normalized to nominal hibonite. *** R for “random”, referring to SQS structures with Ti 

and Mg randomly distributed on both M3 and M4 sites. N for “nearest”, with Ti randomly 

distributed on M4 sites but the Mg is on the closest M3 site. (u.c.) = unit cell – all other 

structures are 2x2x1 supercells. (f.u.) = formula unit. Error estimation from previous literature 

(Barin 1995) give a difference for reference oxides lower than 5-10 kJ/g-atom. 

Table 3: Bader charge analysis of the atomic sites. Variation in Bader charges in equivalent 

positions are <1%. Ti OS: Ti oxidation state. Bader charge of individual cations of a particular 

type are averaged per Wyckoff site. 

Table 4: Standard enthalpy of formation for hibonite (0 K) compared to previous literature at 298 

K and 1 bar. 

 

Fig. 1. Polyhedral representation of the nominal hibonite structure. Small red spheres are oxygen 

atoms. Large red spheres are Ca. All the other spheres represent the equivalent positions of each 

M site (Nominally Al), one color per Wyckoff site. The 2b ordered configuration and 4e partially 

occupied configuration of the M2 site are indicated.  

Fig. 2: Representation of the average polyhedral distortion for each Wyckoff site (Table S3). The 

distortion in each site is represented by a color. The total distortion is visible as the sum of the 

distortion in each Wyckoff site. The M2 site (brown and orange) and the Ca site (green) are the 

most represented color and therefore the most distorted sites in the structure. 

Fig. 3: Mapping of the polyhedral distortion in the hibonite unit cell. a) Polyhedral distortion 

map with hibonite structure (transparent) projected along the (100) orientation superimposed (see 

Fig. S1 for comparison). The color bar shows the amount of polyhedral distortion. The map is 

constructed based on a data grid containing one point per central atom. The data are then 

interpolated and averaged along the y axis (orthogonal direction to the plane of the figure). The 

distortion is maximum for the M2 and M4 sites (see black arrows). The projection along the z 

axis (plot on the right of the heat map, i.e, summed along the x axis) shows that higher distortion 

(see red fitted curve) occurs in the R-block. b) Sum of the distortion in the individual blocks as a 

function of the ground state energy E0.  
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Fig. 4: Ternary diagrams for the enthalpy of mixing of the targeted SQS chemistries with Mg, 

Al, and Ti (sum of both M2 and M4 substitution sites) in pfu. A 3D view is provided to highlight 

the minimum potential. Red circles represent the calculated compositions (some points exhibit 

superposition). The surface is interpolated from these points. The scale bar at right applies to 

both plots. SQS containing oxygen vacancies are indicated by red markers. SQS with no point 

defects are indicated by blue markers. O vacancies have been accounted by subtracting their 

concentration in p.f.u to the “substituted species”, changing the total used for the normalization 

of the ternary surface, thus artificially shifting the SQS with O vacancies to slightly higher “Al 

pfu” (by 0.7 or 0.2 depending if their concentration is 1 or 0.5 pfu respectively). O vacancies 

significantly affect some regions of the surface (higher ΔHmixNorm).  
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10. Tables  

Table 1 

 Wyckoff site  DFT 

 (This work, 0K) 

Doyle et al., 2014 (0K) Nagashima et al., 2010 (296K)*** Diff. 

Doyle et al. 2014 

Diff. 

 Nagashima 2010 

Ca 2d* x 0.6667 0.6667 0.6667 0.0000 0.0000 

  y 0.3333 0.3333 0.3333 0.0000 0.0000 

  z 0.2500 0.2500 0.2500 0.0000 0.0000 

Al1 (M1) 2a x 0.0000 0.0000 0.0000 0.0000 0.0000 

  y 0.0000 0.0000 0.0000 0.0000 0.0000 

  z 0.0000 0.0000 0.0000 0.0000 0.0000 

Al2 (M2) 2b** x 0.0000 0.0000 0.0000 0.0000 0.0000 

  y 0.0000 0.0000 0.0000 0.0000 0.0000 

  z 0.2500 0.2500 0.2572 0.0000 0.0072 

Al3 (M3) 4f x 0.3333 0.3333 0.3333 0.0000 0.0000 

  y 0.6667 0.6667 0.6667 0.0000 0.0000 

  z 0.0283 0.0273 0.0276 -0.0010 -0.0007 

Al4 (M4) 4f x 0.3333 0.3333 0.3333 0.0000 0.0000 

  y 0.6667 0.6667 0.6667 0.0000 0.0000 

  z 0.1913 0.1902 0.1892 -0.0011 -0.0021 

Al5 (M5) 12k x 0.1682 0.1687 0.1679 0.0005 -0.0003 

  y 0.8318 0.8313 0.8321 -0.0005 0.0003 

  z 0.8903 0.8912 0.8920 0.0009 0.0017 

O1 4e x 0.0000 0.0000 0.0000 0.0000 0.0000 

  y 0.0000 0.0000 0.0000 0.0000 0.0000 

  z 0.1509 0.1511 0.1505 0.0002 -0.0004 

O2 4f x 0.3333 0.3333 0.3333 0.0000 0.0000 

  y 0.6667 0.6667 0.6667 0.0000 0.0000 

  z 0.9455 0.9454 0.9427 -0.0001 -0.0028 

O3 6h x 0.1816 0.1839 0.1803 0.0023 -0.0013 

  y 0.8184 0.8161 0.8197 -0.0023 0.0013 

  z 0.2500 0.2500 0.2500 0.0000 0.0000 

O4 12k x 0.1551 0.1565 0.1523 0.0014 -0.0028 

  y 0.8449 0.8435 0.8477 -0.0014 0.0028 

  z 0.0525 0.0524 0.0531 -0.0001 0.0007 

O5 12k x 0.5034 0.5035 0.5040 0.0001 0.0006 

  y 0.4966 0.4965 0.4960 -0.0001 -0.0006 

  z 0.1498 0.1499 0.1499 0.0001 0.0001 
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Table 2 

   

Final lattice parameter 

 

 

 

 

 

 

SQS 

n°  

a/b 

(Å) 

c 

(Å) 

Volume 

(Å
3
) 

Ti OS 
E0 

(eV/u.c.) 

Δhmix 

 (KJ/mol)  

from Elements 

Δhmix 

(kJ/mol) 

from oxides 

Diff. to 

nominal hib. 

from oxides 

 

0 Nominal CaAl12O19 (u.c.) 5.61 22.10 695.64 Ø -237.92 -10644.24 -57.23 0.00 

N
o
 p

o
in

t 
d
ef

ec
ts

 

 (
re

ac
ti

o
n
s 

1
, 

2
, 
5
)*

 

1 CaAl10Ti(M2)1Mg(M3)1Ti(M4)0O19 11.31 22.27 2849.93 4+ -239.60 -10630.14 -125.21 -67.98 

2 CaAl10Ti(M2)0Mg(M3)1Ti(M4)1O19 R*** 11.34 22.33 2871.95 4+ -239.51 -10621.95 -117.03 -59.79 

3 CaAl10Ti(M2)0Mg(M3)1Ti(M4)1O19 N*** 11.34 22.32 2867.90 4+ -239.52 -10622.86 -117.93 -60.70 

4 CaAl10Ti(M2)0.5Mg(M3)1Ti(M4)0.5O19 R*** 11.22 22.09 2778.79 4+ -239.42 -10613.28 -108.35 -51.12 

5 CaAl10Ti(M2)0.5Mg(M3)1Ti(M4)0.5O19 N*** 11.21 22.08 2776.49 4+ -239.41 -10612.23 -107.31 -50.08 

6 CaAl10Ti(M2)1Mg(M3)0Ti(M4)1O19 11.28 22.21 2824.60 3+ -243.68 -10423.80 80.80 138.03 

7 CaAl7.5Ti(M2)1Mg(M3)2Ti(M4)1.5O19 11.32 22.29 2854.99 1:4 -240.57 -10548.41 -125.56 -68.33 

8 CaAl11Ti(M2)0Mg(M3)0Ti(M4)1O19 11.32 22.30 2859.47 3+ -240.89 -10542.36 3.44 60.68 

9 CaAl8Ti(M2)1Mg(M3)2Ti(M4)1O19 11.43 22.51 2940.31 4+ -240.58 -10549.09 -126.25 -69.02 

10 CaAl8Ti(M2)0Mg(M3)2Ti(M4)2O19 11.46 22.41 2943.60 4+ -240.82 -10576.78 -153.94 -96.70 

11 CaAl7Ti(M2)1Mg(M3)2Ti(M4)2O19 11.5 22.64 2994.05 1:2 -243.95 -10486.18 -104.54 -47.30 

O
x

y
g

en
 v

ac
an

ci
es

 

(R
ea

ct
io

n
s 

3
, 
4

, 
6
)*

 

12 CaAl11Ti(M2)0Mg(M3)1Ti(M4)0O18.5 11.19 22.03 2757.55 Ø -230.05 -10301.82 52.52 109.75 

13 CaAl10Ti(M2)0Mg(M3)2Ti(M4)0O18 11.24 22.13 2794.39 Ø -222.25 -9966.89 154.78 212.01 

14 CaAl10Ti(M2)0Mg(M3)1Ti(M4)1O18.5 11.22 22.10 2784.56 3+ -233.65 -10261.23 51.90 109.13 

15 CaAl10Ti(M2)1Mg(M3)1Ti(M4)0O18.5 11.20 22.06 2767.90 3+ -233.65 -10261.78 51.36 108.59 

16 CaAl8Ti(M2)0Mg(M3)2Ti(M4)2O18.5 11.34 22.33 2872.18 1:1 -235.06 -10221.52 9.54 66.77 
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Table 3 

SQS 

n° 
SQS formula Ti OS Ca  Al 

Mg(M3

) 
Ti(M2) Ti(M4) O1 O2 O3 O4 

O5 

0 Nominal CaAl12O19   1.64 3.00    -1.99 -2.00 -1.93 -2.02 -1.96 

6 

CaAl10Ti(M2)1Mg(M3)0Ti(M4)1

O19 

3+ 
1.63 3.00  2.22 2.30 -1.94 -1.99 -1.60 -2.02 -1.89 

8 

CaAl11Ti(M2)0Mg(M3)0Ti(M4)1

O19 

3+ 
1.65 3.00   2.26 -2.00 -1.99 -1.82 -2.02 -1.89 

9 

CaAl8Ti(M2)1Mg(M3)2Ti(M4)1

O19  
4+ 

1.65 3.00 2.00 2.57 2.66 -1.74 -1.83 -1.65 -1.96 -1.84 

10 

CaAl8Ti(M2)0Mg(M3)2Ti(M4)2

O19 

4+ 
1.67 3.00 2.00  2.67 -1.97 -1.98 -1.65 -2.00 -1.69 

16 

CaAl8Ti(M2)0Mg(M3)2Ti(M4)2

O18.5 

1:1 
1.66 3.00 2.00  2.59 -2.01 -2.00 -1.68 -2.06 -1.74 

 

Table 4 

Reference ΔHf0 (298 K ; from elements) kJ.mol-1  

Glushko (1979) -10742.8 ± 12.9 

Eliezer et al. (1982) -10605.2 ± 10 

Hemingway (1982) -10813.0 ± 20 

Geiger (1988) -10722.0 ± 12  

Hallstedl (1990) -10711.5  

Erikson & Pelton (1993) -10704.2  

This study (0K) -10644.2  
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