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aBstract
Hibonite single crystals were synthesized using two different techniques: hot-pressing of polycrystalline hibonite by means of piston-cylinder apparatus and solid state reaction using citrate-based sol-gel
precursors. Chemical analyses, UV/Vis spectroscopy, and single-crystal X-ray characterization were
performed on four sets of Ti-Mg-bearing hibonites to investigate the substitution mechanism of Ti3+,
Ti4+, and Mg2+, relevant for hibonites found in calcium-aluminum-rich inclusions in meteorites. The
unit-cell volume of hibonite depends linearly on the concentration of Ti and Mg: V = 8.21(3)·(Titot +
Mg)apfu
P63/mmc, demonstrate that
Ti occupies two sites: M2, a trigonal bipyramid, and M4, a distorted octahedron occurring in faceTi cations the bond distance M4-O3 increases with increasing Ti content and the cations are displaced
from the central position of the polyhedron. The displacement factors (U33)M2 and the site occupancy
factor for Ti in the M2 site positively correlate for the samples, which have more than 0.3–0.4 Tiapfu,
while (U33)M2 remains that of pure hibonite for small Ti occupancies at the M2 site. This plateau of
sample synthesized at low oxygen fugacity we detected Ti3+ by means of UV/Vis absorption spectroscopy. The presence of Ti3+ has a clear effect on the M4-M4 distance, which deviates from the linear
trend described by samples containing mainly Ti4+. The average bond length M3-O depends linearly
on the Mg content of these synthetic hibonites clearly indicating that Mg occupies this site.
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introduction
Hibonite is a mineral rarely occurring on Earth, where it is
mostly found in alluvial deposits as a product of high-grade metamorphism from upper amphibolite to granulite facies (Maaskant
1980; Ulianov et al. 2005; Nagashima et al. 2010). In terrestrial
systems, the composition of hibonite differs significantly from
its end-member CaAl12O19 composition, showing major REE
substitution; the terrestrial mineral has typically black-brownish
to black color. Hibonite is also known in the ceramic industry
as calcium hexaluminate (CaO·6Al2O3 or CA6), where it is used
for various applications, for example, as reinforcement fiber in
composite material (Cinibulk 1995; An et al. 1996; Dominguez
et al. 2001).
Besides its rare natural occurrence hibonite is however of
great interest because it is a common constituent of calciumaluminum-rich inclusions (CAIs) in carbonaceous chondrites,
providing evidence for the formation of the first solid matter in
our Solar System. Based on observed 26Mg excess (Hinton et al.
1988; Ireland 1990) and on thermodynamic calculations (Grossman and Clark 1973), hibonite is considered to be a primary
condensate from a hot gas of solar composition. It is the second
most Al-rich phase usually found in CAIs after corundum (e.g.,
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Simon et al. 2002; Nakamura et al. 2007). Hibonite has attracted
a lot of attention over the years due to the fact that it contains
significant amounts of Ti, Mg, Fe, Si, and V. The transition metals
(Ti, Fe, V) have more than one available oxidation state, which
may be correlated to the redox conditions of the solar nebula during the condensation process (Ihinger and Stolper 1986; Beckett
et al. 1988; Doyle et al. 2011; Giannini et al. 2011). However,
the structural site at which a cation is accommodated in a material as well as the substitution mechanism in complex systems
may often determine the oxidation state independently from the
oxygen fugacity. Therefore, determining the Ti site distribution
in hibonite and its substitution mechanism is as important as
measuring its oxidation state.
So far, hibonite has been characterized by means of singlecrystal X-ray diffraction only on a few terrestrial samples from
Madagascar (Bermanec et al. 1996; Hofmeister et al. 2004) and
on a gem-quality crystal from Myanmar (Nagashima et al. 2010).
To our knowledge there are no reported studies on hibonite single
crystals from chondrites, mostly because the typical grain sizes of
diffractometers, as well as due to technical limitations for sample
preparation and extraction.
The X-ray structural refinements on the terrestrial samples
show that hibonite, AM12O19, crystallizes in space group P63/mmc
(Z = 2). The structure can be described as a stacking of close-
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