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Substitution of Ti3+ and Ti4+ in hibonite (CaAl12O19)
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aBStract
The structures of eight synthetic samples of hibonite, with variable Ti oxidation state and Ti concentration (2.4–15.9 wt% TiO2) that span the range reported for natural hibonite found in meteorites, were
3+
was found to exclusively
occupy the octahedral face-sharing M4 site irrespective of the presence or absence of Ti4+. Ti4+ partitions
between the trigonal bipyramidal M2 site and the M4 site. The ratio (Ti4+ on M2):(Ti4+ on M4) appears
to be constant for all the samples, with an average of 0.18(2) irrespective of the concentrations of Ti3+
and Ti4+
from calculations using density functional theory, although the predicted preference of Ti4+ for M4 over
M2 is not as strong as is observed. This is attributed to the different Ti contents of the experimental and
calculated structures and suggests that the Ti site occupancies might change between these concentrations. Furthermore, it is shown that Ti has a preference to occupy neighboring M4 sites such that Ti-Ti
interactions occur with stabilization energies of 83 kJ/mol for Ti3+-Ti3+ and at least 15 kJ/mol for Ti4+-Ti4+.
Features in optical spectroscopy and electron spin resonance data from meteoritic and synthetic hibonites
that have been used to infer Ti3+/Ti4+ are shown to actually derive from these Ti-Ti interactions. The amount
of Ti4+ in hibonite can be determined from the unit-cell parameters if Ti is determined independently.
Ti3+/Ti4+ in hibonite may record the oxygen fugacity (fO2) of the early solar nebula, however, the existence
of Ti3+-Ti3+ and Ti4+-Ti4+ interactions and the potential for Ti4+-Ti3+ interactions need to be considered
when interpreting spectroscopic data in terms of Ti valence state and fO2. Hibonite as a single-mineral
oxybarometer must be used with caution due to the potential role of crystal chemistry (including Ti-Ti
interactions) to stabilize Ti oxidation states independently of fO2.
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introDuction
Some of the oldest materials in the Solar System are the refractory calcium-aluminum-rich inclusions (CAIs) found in undifferentiated chondritic meteorites (Amelin et al. 2002). Hibonite
(CaAl12O19), a mineral found within some CAIs, is thought to be
the second major phase to condense from a gas of solar composition (Lodders 2003). Moreover, hibonite is the first mineral to
condense that can incorporate significant amounts of polyvalent
elements such as Ti, V, Cr, and Fe into its structure. As a result,
hibonite has the potential to record the conditions present in the
early Solar System, in particular the composition and hence oxygen fugacity (fO2) of the nebular gas. For terrestrial materials the
intrinsic fO2 is usually determined from Fe2+/Fe3+, however, this
* E-mail: pfs@nhm.ac.uk
† Present address: Hawai‘i Institute of Geophysics and Planetology, University of Hawai‘i at Manoa, Manoa 96822, U.S.A.
‡ Present address: Research School of Earth Sciences, Australian
National University, Canberra, ACT, 2601 Australia.
§ Present address: School of Earth and Environment, University
of Leeds, Leeds, LS2 9JT, U.K.
0003-004X/14/0007–1369$05.00/DOI: http://dx.doi.org/10.2138/am.2014.4532

is impractical for CAIs as the extremely reducing conditions of
formation usually result in the presence of metallic Fe (i.e., Fe0/
Fe2+). The most suitable alternative redox sensor is Ti3+/Ti4+ (e.g.,
Grossman et al. 2008) since Ti is a significant component of CAIs
and the ratio varies over the range of expected fO2s (Simon et al.
2007). Meteoritic hibonite may contain up to 8 wt% TiO2 (Allen
et al. 1978) and consequently has the potential to be utilized as a
single-mineral oxybarometer.
Hibonite crystals in CAIs can be colorless, greenish-blue, blue,
or orange and these differences have been used to infer variations
in the oxidation state of Ti, and to a lesser degree V (e.g., Burns,
and Burns 1984; Ihinger and Stolper 1986); such color changes
have even been reported to occur between the core and rim of
individual hibonite crystals (Rout and Bischoff 2008). Previous
studies of meteoritic hibonite by optical absorption spectroscopy
and electron spin resonance (ESR) spectroscopy (Ihinger and
Stolper 1986; Beckett et al. 1988) have confirmed the presence
of Ti3+ and suggested Ti3+/ Ti (where Ti = Ti3+ + Ti4+) values up
to 0.2. However, accurate measurement of Ti3+/Ti4+ in materials
is not necessarily a simple process. The determination of Ti3+/Ti4+
from stoichiometry or wet chemistry is notoriously problematic
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