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Abstract

The Al-rich oxide hibonite (CaAl;;0,9) is modelled to be the second mineral to condense
from a gas of solar composition and is found within calcium-aluminum-rich inclusions and
the matrix of chondritic meteorites. Both Ti>* and Ti*" are reported in meteoritic hibonite, so
hibonite has been proposed as a single mineral oxybarometer that could be used to elucidate
conditions within the first 0.2 Myrs of the Solar System.

Synthetic hibonites with Ti**/(Ti**+Ti*") (hereafter Ti>*/£Ti) ranging between 0 and 1
were prepared as matrix-matched standards for meteoritic hibonite. The largest yield of both
Ti-free and Ti-bearing hibonite at ~1300 and ~1400 °C was obtained by a single sinter under
reducing conditions.

In situ micro-beam Ti K-edge X-ray absorption near edge structure (XANES) spectra
were collected from the synthetic hibonites, as well as from terrestrial hibonite. Spectral
features in the post-crest region were shown to correlate with the Ti** content. Furthermore,
Ti** on the M2 trigonal bipyramidal and the adjoining M4 octahedral sites appears to cause
variability in the post-crest region as a function of orientation. For this suite of synthetic
hibonites it was observed that the pre-edge peak region is not influenced by orientation, but is
controlled by Ti**/XTi, site geometry and/or Ti concentration. In particular, the pre-edge peak
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intensities reflect Ti coordination environment and distortion of the M4 octahedral site.
Therefore, although pre-edge peak intensities have previously been used to determine
T’*/ETi in meteoritic minerals, we excluded use of the pre-edge peak intensities for
quantifying Ti valence states in hibonite.

The energy of the absorption edge at a normalized intensity of 0.8 (Eos) and the energy
of the minimum between the pre-edge region and the absorption edge (E.;) were found to
vary systematically with Ti**/ZTi. Ti**/ZTi in hibonite as a function of E,,; was modelled by
a quadratic function that may be used to quantify Ti**/Ti in meteoritic hibonite when the
synthetic hibonite standards are crystal-chemically matched to the natural samples and are

measured during the same analytical session as the meteoritic hibonites.

1. Introduction

Hibonite is found in the matrix of chondritic meteorites and in calcium-aluminum-rich
inclusions (CAls), the oldest Solar System materials-dated (Connelly et al., 2012). Many
CAIs form by condensation and may then undergo multiple reprocessing events (Ireland,
1990) within the first 0.2 Myrs of the Solar System (Connelly et al., 2012; Kita et al., 2013).
As such, the composition and textural relationships of hibonite can be used to elucidate early
Solar System processes.

The refractory element Ti (Lodders, 2003) may be accommodated within the hibonite
structure as both Ti’* and Ti'*; so hibonite is potentially a single-mineral oxybarometer
(Beckett et al., 1988). Ti’*/=Ti in hibonite may be determined stoichiometrically as Ti is
often a major component within hibonite; Ti’* substitutes directly for AI’*, whereas Ti'*
undergoes a coupled substitution with Mg** for two AI’* (Allen er al., 1978) such that Ti in
excess of the amount of Mg (Fig 1a) is inferred to be Ti**. Stoichiometric calculations are
used for determining the Ti** content of fassaite (Haggerty, 1978; Simon et al., 1991; Simon
et al., 2005; Grossman et al., 2008; Dyl et al., 2011). However, three reasons make it
advantageous to measure the Ti>*/Ti** ratio in hibonite directly. Firstly, the inclusion of
additional redox-variable elements within meteoritic hibonites (c.f. Fig. 1b and lc)
complicates the stoichiometric calculation of Ti’*/XTi. Secondly, oxygen vacancies and/or
cation defects (Beckett et al., 1988) in a chemically complex mineral such as hibonite may
compromise stoichiometric calculations. Thirdly, many meteoritic hibonite grains are very
small (e.g. with diameters of <3 pm), making contamination of elemental analyses by
underlying phases and/or by adjacent minerals sometimes unavoidable (e.g., Weber and

Bischoff, 1994).
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Ti>*/ZTi has previously been determined for glasses and meteoritic hibonite using bulk
analysis techniques such as titration (Schreiber et al., 1978; Tranell et al., 2002) and electron
spin resonance (ESR) spectroscopy (Beckett et al., 1988), respectively. Titration is suitable
for analysis of Fe-free compositions, but produces anomalously high Ti**/ZTi values in Fe-
bearing systems, as shown by Whipple (1979). ESR spectroscopy is restricted to the analysis
of paramagnetic elements, so Ti**/ZTi is determined by measuring the concentration of Ti’".
Furthermore, ESR spectra may be complicated by the presence of other paramagnetic
elements (Schreiber et al., 1978) and are interpreted in light of available structural data. For
example, of the five Al sites in hibonite, Beckett et al. (1988) inferred from ESR spectra that
Ti* occupied the M2 trigonal bipyramidal site, a key requirement/ for their proposed
oxybarometer. However, a recent neutron powder diffraction (NPD) study by Doyle et al.
(2014) showed that Ti** does not occupy the M2 site, but instead occupies the M4 octahedral
site, and Ti** partitions between the M2 trigonal bipyramidal site and the M4 octahedral site.

Spectroscopic techniques such as X-ray absorption near edge structure (XANES)
spectroscopy and electron energy-loss spectroscopy (EELS) may be used to determine the
ratio of oxidation states for redox-variable elements directly as both methods explore the
electronic structure of an atom. These techniques offer m to nm spatial resolution (Smith e?
al., 2004; Schofield et al., 2010), are element-specific and are applicable to a range of
elements, e.g., Ti (Stoyanov et al.; 2007; Waychunas, 1987) and Fe (van Aken and Liebscher,
2002; Berry et al., 2008).

Approximately 100 nm thick sections are required for EELS analysis, for which focused
ion beam (FIB) sections are extracted from polished sections. So, whether or not the samples
are stable during EELS analysis, the sample preparation required for EELS is destructive. In
contrast, XANES spectra can be collected from samples mounted as unpolished grains or
(preferably) polished sections prepared for optical and electron microscopy. As no additional
sample preparation is required before XANES analysis, it can be considered a non-
destructive technique (Schofield et al., 2010, 2014), which is beneficial when analyzing
unique samples and samples on loan from museums and personal collections.

Ti K-edge X-ray absorption spectra are divided into four main regions, namely the pre-
edge, absorption edge and post-crest regions (the XANES region) and the extended X-ray
absorption fine structure (EXAFS) region. The pre-edge feature is particularly sensitive to
oxidation state as it results from 1s — 3d electronic transitions between the K-shell and
empty (or partially filled) bound states when the target element is in a distorted site.

Similarly, to a first-order approximation, the absorption edge-energy of a redox-variable
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element will be dependent on its oxidation state as core electrons are bound more tightly in
higher oxidation states than in lower oxidation states (Brown et al., 1988). Indeed, the energy
of pre-edge and absorption edge features in Ti K-edge XANES spectra collected from Ti’*-
bearing phases were reported to be ~2 eV lower than those collected from similar Ti'*-
bearing phases (Waychunas, 1987). A shift to higher energy with higher oxidation state has
also been documented for pre-edge or absorption edge features in spectra of V**-V°* (Sutton
et al, 2005), Cr**/Cr’* (Berry and O’Neill, 2004), Fe**/Fe’* (Berry et al., 2003), and
Eu?*/Eu’* (Burnham et al., 2015).

Ti K-edge XANES spectra have been recorded for Ti’*- and Ti4+—bearing glasses (Yang et
al., 2008; Krawczynski et al., 2009), synthetic garnet (Krawczynski et al., 2009) and
meteoritic olivine, pyroxene, spinel and hibonite (Simon et al., 2007a,b, 2009; Paque et al.,
2013). Ti’*/ZTi has been quantified previously using either Ti**- and Ti**-bearing pyroxenes
(Simon et al., 2007a) or a mixing triangle defined by structurally diverse end-members
(Krawczynski et al., 2009; Simon et al., 2007b, 2009). The Ti K-edge XANES study by
Waychunas (1987) also sought to quantify the Ti’"-content of silicates, but reported the
results as semi-quantitative “at best” as shifts due to coordination, site symmetry and
composition could not be separated adequately from shifts in energy due to valence state. In
particular, the pre-edge feature is strongly affected by Ti coordination (Farges et al., 1996),
and Ti** can occur in tetrahedral, square pyramidal, trigonal bipyramidal and octahedral
coordination (Farges et al., 1996). It therefore seems wise to heed the caution of Waychunas
(1987) that “standards of similar structure and composition” are needed in order to determine
ratios of redox-variable elements quantitatively. This study reports a means of quantifying
Ti**/Ti in hibonite using Ti K-edge XANES spectra collected from a suite of well-

characterized synthetic hibonite samples with Ti**/Ti ranging from 0 to 1.

2. Samples and Analytical Techniques

2.1. Synthesis

Hibonite structure — Hibonite is structurally complex, having five Al sites
(Supplementary Fig. 1) onto which Ti may substitute: one trigonal bipyramidal site (M2), one
tetrahedral site (M3) and three octahedral sites (M1, M4, MS5). The site multiplicity
(subscript) and coordination number (superscript) of hibonite may be summarized as
12cal* M1 PIM2M3,19'M4, "M 54016 (after Bermanec et al., 1996).

A recent NPD study showed that Ti* only occupies the M4 octahedral site, whereas Ti**

partitions between the M2 trigonal bipyramidal site and the M4 octahedral site in a roughly
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constant ratio of 0.18, irrespective of the Ti and Ti** contents (Doyle et al., 2014). Ti**
undergoes a coupled substitution with Mg** in order to maintain charge balance (Allen ef al.,
1978), and Mg2+ occupies the M3 tetrahedral site (Doyle et al., 2014).

Ti-free hibonite and Ti saturation series — Ti-free hibonites were prepared using a range
of different conditions, as summarized in Supplementary Table 1. In order to investigate Ti-
saturation in hibonite, a suite of Ti’*- and Ti** end-member compositions were prepared from
stoichiometric mixtures of oxides at ~1400 °C and 1 atm, with up to 125% Ti saturation, as
predicted by the reported site occupancies of Ti’* and Ti** (Beckett et al. 1988; Bermanec et
al. 1996). Considering the reported site multiplicity of the M2 and M4 sites, the Ti contents
of the Ti’* and Ti** end-member hibonite series ranged up to 14 ‘and 28 wt% TiO,,
respectively.

Stoichiometric mixtures were prepared using pre-dried CaCOs3,Al,Os, TiO, and MgO.
The oxide powders were pressed into pellets and heated in a 1 atm vertical tube furnace
equipped with CO and CO, mass flow controllers to control the oxygen fugacity (fO). The
hibonite samples were synthesized at ~1400 °C, which is within the stability field of hibonite
at low pressure (Yoneda and Grossman, 1995) and well below the experimentally determined
incongruent melting temperature of hibonite (1850 +£10 °C in the CaO-MgO-AL,05%Si0;
system; De Aza et al, 2000; Vazquez et al., 2003). The Ti** end-member hibonite
compositions (Ti3+/ZTi = 1) were held in graphite in CO at logfO, = -16 (iron-wiistite (IW) -
6.5), and the Ti** end-member hibonite compositions (Ti*/ZTi = 0) were suspended in a Pt
crucible in either air (IW+8.8) or CO, (IW+6.5). For samples that were re-sintered, the
primary product was powdered by crushing in a pellet die and ground by hand using an agate
pestle and mortar. Up to two sinters were made of the Ti** end-member hibonites, all of
which were extracted into air at ambient room temperature from 600 °C. The Ti*" end-
member hibonites were sintered four times, with the first three sinters being extracted into air
at_ambient room temperature after cooling to 600 °C, and the fourth being quenched into
water from ~1400 °C.

Ti valence state series - The results of the saturation series experiments and the reported
Ti contents of meteoritic hibonites (Fig. 1) governed the choice of compositions for a
synthetic hibonite series with Ti*/2Ti ranging between 0 and 1. Large volumes (>5 g) of two
Ti’* end-member hibonites and two Ti** end-member hibonites were prepared, as well as a
suite of mixed-valent samples. One of the mixed-valent samples was an analogue of hibonite
from the pleochroic blue aggregate (BAG) CAI 10-43 in the CM2 Murchison chondrite.

Stoichiometric mixtures of pre-dried oxides were prepared for sintering at ~1400 °C, as
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described above. The Ti’* end-member hibonites and the mixed-valent samples were
mounted in graphite and prepared at IW-6.5, relying on the MgO content of the
stoichiometric mixture to control Ti’*/ZTi (noting the coupled substitution of Ti** and Mg™").
Two Ti**-hibonite compositions (T**/ZTi = 0) were each suspended in a Pt crucible at logfO,
= -3 (IW+6.5) and re-sintered (following regrinding and X-ray powder diffraction (XRD)
analysis) for ~32 h respectively. All synthesis products were cooled to 600 °C, taking

approximately 2 h before the samples were removed from the furnace.

2.2. Characterization

Diffraction — Phase identification was made using XRD data collected with a Nonius
PDS 120 powder diffraction system (Cu Ko, radiation) fitted with an Inel curved, position
sensitive detector (e.g., Schofield et al., 2002). A subset of eight samples was further
characterized by NPD (Doyle et al., 2014).

Electron microscopy — The hibonite compositions were determined by energy dispersive
spectroscopy (EDS) using a 5900LV JEOL scanning electron microscope (SEM) operating at
10 kV and 2 nA. The voltage was lower than commonly used, and the resulting smaller
excitation volume allowed ~100 wt% totals to be obtained from the platy hibonite crystals
(Fig. 2). The fluorescence was calibrated to the K-lines of Mg and Si in Mg ¢Fe( 4Si0O4, Ca in
CaSiOs;, Al in ALOs, and Ti in TiO; rutile. Matrix corrections were made using the Oxford
Instruments XPP routine. Although wavelength dispersive spectrometry potentially provides
more accurate analyses, EDS is sufficiently accurate for the purpose of this study given the
range of compositions-observed for some samples (Table 1).

The Ti content is reported as TiO, (Table 1), which would result in an overestimation of
the proportion of oxygen if Ti’* (nominally as Ti,O3) substituted directly for AI’** without the
creation of oxygen vacancies. That being the case, if the oxide wt% totals of the Ti3+—bearing
hibonites are ~100, then the number of cations (determined from elemental wt%) would be
less than 13. Indeed, the number of cations in the formulae of the Ti3+—bearing hibonites
(12.91-12.95 pfu) is less than that of the Ti** end-member hibonites (12.98-13.01 pfu).

Ti valence state — The Ti**/STi values of the synthetic hibonites are crucial for the
results of this study. As the starting stoichiometry of the samples was known to be free of
other mixed-valent elements, Ti**/£Ti was determined by stoichiometry, with 1Ti*":1Mg**
and the remaining Ti as Ti’*. The compositions that do not contain Mg are therefore expected
to have Ti*"/=Ti = 1.

Ti**/=Ti was calculated using 26 — 42 point analyses (Table 1). The resulting average

Ti**/£Ti values are equal to those calculated from the stoichiometries of the starting
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compositions. Moreover, the Ti**/ZTi determined by stoichiometry is consistent with the
results of the Rietveld refinement of NPD data. Indeed, as Ti** partitions into the M2 trigonal
bipyramidal site and the M4 octahedral site (Doyle et al., 2014), Ti** would have been
refined onto the M2 site in the Ti’* end-member hibonites had Ti** been present. This was not
found to be the case for the two Ti’* end-member hibonites, for which Rietveld refinement of
all the Ti onto the M4 site provided the best fits to the NPD data.

The Ti**/~Ti determined by stoichiometry may further be checked by normalizing the
hibonite formulae to 13 cations. This method was employed by Simon et al. (1997), who
showed that “normalizing to 13 cations yields almost exactly 19 O anions”, from which they
concluded that direct substitution of Ti** for AI’* occurred without the need for the reduction
of Ti** and simultaneous creation of oxygen vacancies. Herein the proportion of oxygen was
recalculated from the Ti**/ZTi determined by stoichiometry and XTi determined by EDS,
assuming Ti** as Ti,05 and Ti** as TiO,. Doing so results in 13.0 (12.98-13.03) cations per
formula unit (pfu) when normalized to 19 O; and 19.0.(18:96-19.03) O pfu when normalized
to 13 cations. Following the argument of Simon et al. (1997), we therefore deduce that the
Ti’*/ZTi values reported for the samples in this manuscript are correct, and that Ti’*

I** without the need for cation vacancies.

substituted directly for A

Throughout this text, the samples will be identified by reference to their Ti pfu and their
Ti**/Ti ratio in the form (Ti pfu; Ti**/ZTi). For example, sample (0.5,1) would have 0.5 Ti
pfu with all the Ti trivalent, giving a stoichiometry of CaAl;; 5TipsO9. Sample (1,0) would

have 1.0 Ti** pfu and 1.0 Mg™* pfu, giving a stoichiometry of CaAl;o.0Ti;.oMg0O1o.

2.3. XANES analysis

Samples .and mounting — Well-characterized Ti-bearing materials were used as
standards. These included Ti** oxide (SpecPure 170, (rutile); Johnson Matthey), 6l
oxide (99.9 % pure Ti,O3; Sigma Aldrich), Ti-spinel (Nis 6 *'Tio.004; Berry et al., 2007) and
Ti-olivine (Mgz,oo[‘”TiO,o1Sio,9904; Berry et al., 2007). The analytical grade oxides were mixed
with BN powder and pressed to form pellets such that the Ti content was 1 mol%, and the Ti-
spinel and Ti-olivine were mounted as polycrystalline pieces in epoxy resin.

During a preliminary study, Ti K-edge XANES spectra were collected from synthetic
hibonite powder pellets that were prepared such that the samples were either undiluted or
diluted to 1 mol% Ti in BN. An example of these spectra, shown for two Ti** end-member
hibonites, is shown in Supplementary Fig. 2. The Ti valence state calibration investigation is

based on a follow-up study in which Ti K-edge XANES spectra were collected from a subset
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of the sintered synthetic hibonite samples that were mounted in epoxy resin and polished for
electron microscopy.

As hibonite is an anisotropic mineral, Ti K-edge XANES spectra were collected from
natural and synthetic hibonite crystals in order to investigate the effect of orientation on
spectral features. In particular, a crystal of terrestrial hibonite (BM 1966,28c), mounted in
epoxy resin, was attached to an orientated stage so that spectra could be collected at discreet
angles. In addition, spectra were collected from multiple randomly oriented hibonite crystals
within epoxy-mounted sintered products.

Measurement - Ti K-edge XANES spectra were recorded in fluorescence mode at
beamline i18 (undulator source) at the Diamond Light Source (DLS) Oxfordshire, UK
(Mosselmans et al., 2009). The excitation energy was selected using a Si(111)
monochromator and calibrated by defining the first derivative peak inthe Ti K-edge XANES
transmission spectrum of Ti foil to be 4966.4 eV (Bearden and Burr, 1967). The beam was
collimated by a toroidal mirror and defined by vertical-and horizontal slits (Mosselmans e?
al., 2008, 2009). Thereafter, the beam was focused onto the sample using Kirkpatrick-Baez
(KB) mirrors, which produced a 2 x 2 pum spot. Fluorescence was measured using a nine-
element monolithic germanium detector, with the total incoming count rate of ~ 130000 cts/s.
The sample and detector were orientated at 45° and 90°, respectively, to the incident beam,
resulting in a beam footprint of ~2 x 3 um on the sample.

The step sizes used to collect data from hibonite were as follows: 0.5 eV between 4950
and 4960 eV (background), 0.1 eV between 4960 and 4975 eV (pre-edge region), 0.2 eV
between 4975 and 5015 eV (edge, crest and post-crest region) and 2.5 eV up to 5200 eV
(EXAFS region) such that the total scan time was ~20 min. Six to ten Ti K-edge XANES
spectra were collected from each of the synthetic hibonite samples used for the Ti**/ZTi
valence state calibration.

Data processing — Deadtime-corrected fluorescence data from the nine detector channels
were averaged and normalized to the incident beam flux. A linear background was subtracted
from the Ti,O3 spectrum by fitting a line through the 5070-5095 eV EXAFS region. This step
was not necessary for the spectra collected from any of the other samples as their pre-edge
and EXAFS regions were horizontal. Following Berry et al. (2007), therefore, a constant
background was subtracted, after which the spectra were normalized to the absorption edge
jump as defined by the average intensity of the EXAFS region above 5145 eV.

The energy resolution of the beamline at the energy of the Ti K-edge is 0.70 eV,

resulting in a spectral energy resolution of 1.2 eV when coupled with the Ti Ka core-hole
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width of 0.94 eV (Krause and Oliver, 1979). The absorption length of the incident X-rays for
the range of hibonite compositions was calculated to be 10 — 13 um (after Henke er al.,
1993).

There is no evidence for self-absorption influencing the spectra for a suite of synthetic
hibonite samples with Ti contents ranging from 1 mol% Ti (BN-diluted hibonite powders) to
11.4 wt% TiO, (sintered and powdered hibonite). Indeed, as noted by Doyle (2012), similar
lineshapes were observed for spectra collected from synthetic hibonite mounted-in three
ways: epoxy-resin mounted sintered pellets (micro-focus beam), hibonite powder pellets
(diffuse beam) and BN-diluted hibonite powders (diffuse beam).

The pre-edge regions of the spectra were modelled using PeakFit v4. The background
was modelled by fitting two peaks to the edge, one to model the rising absorption edge and
one to account for a shoulder (bg(); the pre-edge feature was fitted using three or four peaks
with peak widths constrained to be constant for each sample across the series. All peaks were
modelled as Gaussian-Lorentzian Cross Product (Amplitude) functions. Example fits are

provided in Supplementary Figure 3.

3. Results

3.1. Synthetic products

Ti-free hibonite — Impurities were found in all of the Ti-free sinter products, irrespective
of fO, IW+6.5, IW-2.5, IW=6.5), temperature (1300 and ~1400 °C), and sample preparation
method employed (single or multiple sinter(s), air-extraction or water quench). In particular,
corundum (Al,Oz) was observed in all samples. A few run products contained CaAl;O;
(grossite) and/or-a minor amount of CasAl;0Oi3. The largest hibonite yield was produced
under reducing conditions (IW-2.5), whereas the sample with the most ALO3; was produced
under oxidizing conditions (IW+6.6).

Ti Saturation series — Samples prepared under reducing conditions produced almost
pure hibonite after one sinter. In contrast, the yield of Ti** end-member hibonites was
maximized after two sinters.

The Ti** hibonites were sky-blue in color where exposed to the gas and discolored
(greyish) where enclosed by graphite. The Ti** hibonite saturation-series samples were white.
This coloration is consistent with Ti** being present (blue) or absent (white) according to

studies by Thinger and Stolper (1986) and Beckett et al. (1988).
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No impurities were identified in the XRD patterns for Ti’* end-member hibonites with
starting compositions having <0.75 Ti** pfu, but Al,O; and minor amounts of a Ti-oxide,
which could not be identified from the stoichiometry, were noted by EDS SEM analysis.
CaTiO;3; (perovskite) was found in the Ti-rich sample (1,1) by XRD and EDS SEM.
Impurities such as CaTiO; +MgAL Oy (spinel) £AlLO; +Mg-Al-Ti-oxide were noted in the
Ti** end-member hibonites with >1Ti pfu. As significant quantities of impurities were noted
in samples with >0.75 Ti’* pfu and >1 Ti** pfu, the end-member and mixed-valent hibonites
used in the XANES study were made from compositions with <0.5 TP pfu and <1 Ti'* pfu.

Ti valence state series — The Ti’* end-member hibonites and the mixed-valent hibonites
were blue in color, with grey discoloration in the areas shielded by graphite. The Ti'*
hibonite sinter products were white.

Backscatter electron imaging (BEI) of polished samples mounted in epoxy resin revealed
that the sintered products were highly porous aggregates of crystals ~10 um in the longest
dimension. The porosity of the single-sintered Ti3+—bearing hibonites was greater than that of
the twice-sintered Ti** hibonites (Fig. 2).

The Ti contents of the series range from 2.4 to 11.4 wt% TiO,, translating into
0.20 to 0.98 Ti pfu (Table 1). The Ti** and Ti** end-member hibonites (0.20,1), (0.33,1) and
(0.98,0) were compositionally homogeneous (£0.04—0.06 Ti pfu), as were the mixed-valent
hibonites (0.62,0.60) and (0.73,0.33).

The Ti*" end-member hibonite (0.44,0) has TiO; contents ranging from 2.7 to 7.2 wt%,
with crystal compositions trending along the 1Ti:1Mg line (Fig. 1a), resulting in a large
uncertainty associated with the Ti content (+0.12 Ti pfu) and calculated Ti**/ZTi value.
Indeed, although the average calculated Ti**/ZTi is zero, the uncertainty on Ti*/=Ti is +0.14,
which is much larger than the value of + 0.05 found for the Ti-rich Ti** end-member (0.98,0).
The uncertainties reflect the compositional spread in (0.44,0) and the experimental error
associated with EDS SEM for both samples (Table 1).

The mixed-valent sample (0.46,0.10), which was prepared as a natural analogue to
hibonite in the Murchison CAI 10-43 (Ireland, 1988) is blue in color and has a Ti**/ZTi value
of 0.10£0.12. The hibonite crystals have TiO, contents ranging from 2.3 to 7.6 wt%, with
scatter along the 1Ti:1Mg line. Due to the large uncertainty associated with the calculated
Ti**/£Ti value and similarity of the composition to that of the Ti*" end-member (0.44,0),
XANES spectra were not recorded for this sample.

The synthetic hibonite compositions are all similar to those of the starting mixtures.

Indeed, the Ti content of (0.62,0.60) suggests a product purity of 99%, assuming ideal
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stoichiometry of the starting composition, and Al,O3; was the only impurity detected by NPD
in the Ti’ “_bearing samples (0.20,1), (0.33,1) and (0.73,0.33). The presence of trace Al,O3 in
the blue regions of the Ti3+—bearing hibonites was confirmed by SEM. Trace amounts of an
unidentified Ti-oxide were found within the greyish regions of these three samples, and may
potentially be responsible for this discoloration. The greyish discoloration would be
consistent with the presence of Ti in a reduced form, perhaps as TiO (MSDS). Where
possible, the samples were mounted such that the pure-blue regions (up to 13 mm in
diameter) were exposed on the polished surface of the epoxy resin mounts. XANES spectra
could therefore be collected from regions free of Ti-oxide impurities.

Ti-free spinel (MgAl,O4) was identified in the two Ti** end-member hibonites (0.44,0)
and (0.98,0), but would not affect Ti K-edge XANES spectra. Peroyskite (CaTiO3) was found
in (0.98,0) by NPD and EDS, and trace amounts of CaTiO; were found by EDS in (0.44,0).
As perovskite occurs in discrete regions <10 um in size (Fig. 2), perovskite-rich regions
could be avoided by the 2x2 pum sized X-ray beam. It is-possible that perovskite could be
sampled sub-surface as the absorption length for the incident X-ray beam in hibonite is
calculated to be 10 - 13 um (after Henke et al., 1993). However, if perovskite (~59 wt%
TiO,) was sampled, its characteristic line-shape would be evident in the hibonite spectra

(Doyle, 2012).

3.2. XANES spectroscopy

Ti-bearing reference materials — Ti K-edge XANES spectra were collected from four
reference materials. The spectra are shown in Fig. 3, with features in the pre-edge (ai, az, a3),
absorption edge (b1, b, b3), crest (¢) and post-crest (d;, d2, d3) marked. Up to three peaks are
identified in the post-crest region, and the lineshapes are similar to those reported previously
for TiO,, Ti,03 (Waychunas, 1987), Ti-olivine and Ti-spinel (Berry et al., 2007). The energy
of the Ti,O3 absorption edge is lower than that of the Ti4+—bearing Ti-olivine, Ti-spinel and
TiO,, consistent with the findings of Waychunas (1987).

A single, intense pre-edge peak was observed in the spectra collected from four-fold

coordinated Ti** (*'Ti**

) in olivine ([4]Ti—01) and spinel ([4]Ti—sp), whereas three less-intense
pre-edge peaks were observed for six-fold coordinated Ti** in rutile (°’TiO,). The sensitivity
of the Ti** pre-edge peak to coordination environment allows energy and intensity fields to be
defined (Farges et al., 1996). The pre-edge peak energy and intensity of [4]Ti—sp and "°'TiO,
fit well within the four- and six-fold coordination fields respectively. The pre-edge peak
intensity of “ITi-ol matches that of Berry et al. (2007) and plots slightly above the field

described in Farges et al. (1996). The a, pre-edge peak intensity of °IT1,05 lies within the
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intensity range of ['Ti**, but the energy of the [“'Ti’* pre-edge is 0.6 eV lower than that of
[ITi**. The linear background applied to the spectrum collected from Ti,Oj3 influenced the
intensity of the pre-edge peak, but the energy of the inflection point of the first derivative for
the spectrum is constant for different backgrounds.

Synthetic hibonite — As shown in Figure 4, four peaks (di-ds4) are observed in the post-
crest region of the average spectra collected from the Ti** end-member hibonites (0.44,0) and
(0.98,0). The d, peak is less evident in the mixed-valent hibonite spectra and absent in the
Ti’* end-member hibonite spectra.

There are three distinct peaks in the pre-edge region of the Ti** end-member hibonite
spectra, although a small additional peak was required for the best spectral fitting
(Supplementary Fig. 3). The a3 peak in spectra collected from (0.98,0)-is more intense than
the a; peak in spectra collected from (0.44,0). Three distinct peaks are also evident in the
Ti’*-bearing hibonite spectra, and the lineshapes of the spectra collected from two Ti** end-
member hibonites (0.20 and 0.33 Ti’* pfu) are similar (Supplementary Fig. 2). Spectra
collected from minerals such as ilmenite, anatase and rutile, with Ti in distorted octahedral
coordination, are reported to have three peaks in the pre-edge region (Waychunas, 1987;
Farges et al., 1996), so the presence of three peaks in the pre-edge region of both Ti** and
Ti** end-member hibonite spectra might suggest that the Ti is predominantly in octahedral
coordination. This is consistent with the mechanism for Ti substitution in hibonite (Doyle et
al.,2014) in which the overwhelming majority of Ti occupies the octahedral M4 site.

Ti** also occupies the' M2 trigonal bipyramidal site ([S]Ti4+[M2]), but as the proportion of
this species is only ~14% in the Ti** end member hibonites (calculated from Doyle et al.,
2014), any potential additional peaks in the pre-edge region may be difficult to observe,
especially if they overlap with peaks associated with Ti** in octahedral coordination.
However, the a, peak is more intense in the spectra collected from the Ti4+—bearing hibonites
than in spectra collected from the Ti’* end-member hibonites. The enhanced intensity of this
peak may be attributed to Ti** occupying the M2 trigonal bipyramidal site * ]Ti4+[M2]). The a,
peak of the Ti** end-member hibonite with 0.44 Ti* pfu is equal in intensity (within
uncertainty) to that for the 0.98 Ti** end-member hibonite. For the Ti**-bearing hibonites,
however, the intensity of the a, pre-edge peak is non-linearly correlated in a negative manner
with Ti**/ZTi (Fig. 4) and positively with Ti pfu (Fig. 5a).

The shape of the absorption edge changes as a function of Ti**/Ti. The spectral
intensities were all normalized such that the EXAFS region averaged one. The crest

intensities are greater than one, and in our samples a normalized intensity of 0.8 avoids
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intersection with the b;s shoulders, which do not appear to change systematically as a
function of Ti**/£Ti. The energy at which the absorption edge intensity equals 0.8 (Eqg) was
selected to quantify how the absorption edge varies with Ti**/ETi. The Eog values are given
in Table 2.

The energy of the m; minimum (Emi) between the pre-edge and the absorption edge
changes as a function of Ti**/ZTi (Table 2). The position of E; is most easily determined for
samples with >1 wt% TiO, (Doyle, 2012) from the first derivative of the spectrum
(Supplementary Fig. 4). In hibonites with <1 wt% TiO,, the signal to noise ratio is low
(Doyle, 2012), but E;;; may be obtained by fitting a second order polynomial through a subset
of the data.

Orientation study —Terrestrial hibonite includes several additional trace elements (e.g.
Bermanec et al., 1996) that are not present in hibonites found in CAls; and consequently it is
not a good analogue for meteoritic hibonite. Nevertheless, terrestrial hibonite crystals from
Madagascar (the type area) are large and platy: a crystal ~1.5 X 2 mm in size was mounted in
an epoxy resin disk with the c-axis normal to the polished surface. The stage was rotated in
the plane of the polished surface and spectra were collected at angles of 0°, 30° and 45°. As
the polarized X-ray beam was orientated at 45° to the polished surface, it would enter the
structure between the a- and c- axes. However, no orientation dependence was observed in
these spectra (Supplementary Fig.5).

The purity of the synthetic samples (Fig. 2) means that spectra of hibonite, without
contributions from other phases; were recorded. Therefore, between 6 and 10 spectra were
recorded from random points on the synthetic hibonite samples such that each spectrum
would correspond toa hibonite crystal (or possibly several crystals) in a different orientation.

In 10 spectra from the (0.44,0) Ti** end-member hibonite the d; peak intensity and the
intensity of the m; minimum in the post-crest region both vary (Supplementary Fig. 5). In
contrast, equivalent features in the post-crest region of the Ti’* hibonite (0.20,1) do not vary
significantly. The results suggest that this multi-spot orientation study is sufficiently sensitive
to detect orientation effects in Ti K-edge XANES spectra of synthetic hibonites. The pre-edge
features of both the Ti’* and Ti**-bearing hibonites exhibit little dependence on orientation
(Supplementary Fig. 5). Indeed, the energies of the a, peak and m; minimum vary by <0.1 eV
in the replicate spectra collected from each sample (Table 2), and the intensity of the a, peak

varies by £0.01 (<6.4% of the average intensity).
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4. Discussion

4.1. Synthesis of hibonite

Influence of fO; — The largest yield of Ti-free hibonite was obtained under reducing
conditions. To maximize the yield of Ti-bearing hibonites prepared under oxidizing
conditions a second sinter was always required. The yield of Ti-bearing hibonites produced in
a single sinter under reducing conditions was always higher than that prepared: under
oxidizing conditions, and this remained the case even when the Ti-bearing hibonites prepared
under oxidizing conditions were sintered for a second time. Dominguez et al. (2001) noted
that hibonite is more stable under reducing conditions and our results suggest that the
crystallization and reaction kinetics for the preparation of Ti-free and Ti**-bearing (including
mixed valent) hibonite from oxide mixtures may be enhanced under reducing conditions.

The presence of Al,O3; and CaAl4O7 in the Ti-free hibonite samples is consistent with the
reaction for the formation of hibonite from oxides given by Dominguez et al. (2001):

CaCO; + Al,O; — CaO + ALO;+ CO,, (Calcination reaction ~848 °C) Equation 1
then: CaO + 6Al1,0; = CaAl,O, + 5A1,0; = CaAl,0; + 4A1,0; = CaAl,0,9 Equation 2

Pure hibonite is notoriously difficult to synthesize (Hofmeister et al., 2004; Callender
and Barron, 2000). Al,Os is a common impurity in syntheses, regardless of the method
employed (Holtstam, 1996; Callender and Barron, 2000; Vazquez et al., 2003). Whereas
powdering and resintering material may be expected to increase sample purity, refractory
phases such as Al,O3 can persist even after many resinters. Indeed Al,O5; impurities remained
even after four sinters. Similarly, despite nine sinters at 1500-1625 °C and a product that
appeared to be pure by XRD analysis, Geiger et al. (1988) still found traces of Al,Oj3 in their
samples using SEM analysis. The stability of the simple oxide phases (e.g. Al,Os) in the
starting compositions likely contributes to the abundance of impurity phases (Hofmeister et
al.,2004).

Crystal morphology — Hibonite has a hexagonal crystal form, and this can be observed
clearly in the platy Ti3+—bearing samples (e.g. Fig. 2b). In contrast, the Ti** end-member
hibonite crystals are predominantly tabular in form. The mixed-valent hibonite crystals are
intermediate, having an elongated hexagonal form compared to the crystals of the Ti** end-
member hibonites (Doyle et al., 2012).

Incorporation of Ti** (and not Ti’*) on the M2 site, along with Mg** on the M3 site, may
alter the form of Ti**-bearing hibonite crystals, accounting for the elongate crystals observed

in the Ti'* end-members and the mixed-valent hibonite charges. Similarly, in a synthetic
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system in which Fe?* is incorporated into the hibonite structure by coupled substitution with

Ti4+, the hibonite crystals are reported to be tabular in form (Holtstam, 1996).

4.2. Structural control of Ti K-edge XANES spectra

Before investigating spectral variations due to the oxidation state of Ti, the spectra of
synthetic hibonite were interpreted in terms of the crystal structure. Such a study is enabled
by the rigorous characterization of the synthetic hibonites by NPD (Doyle et al., 2014)and is
particularly important for Ti-bearing hibonite as site geometry influences Ti K-edge XANES
spectra (Waychunas, 1987) and the Ti-bearing sites in hibonite distort with increasing Ti
content (Doyle et al., 2014).

Post-crest region — Ti K-edge XANES spectra of silicates and oxides characteristically
have up to three peaks in the post-crest region (Waychunas, 1987). Similarly, three peaks are
present in the post-crest region of the spectrum of the Ti’* end-member hibonite sample
(0.20,1). In contrast, spectra collected from Ti** end-member hibonites have four peaks (Fig.
4). Ti** occupies two site geometries in hibonite: the M2 trigonal bipyramidal site and the M4
octahedral site, which are connected by O3 (Doyle et al., 2014; Fig. 6). The combined effect
of these substitutions, may account for the four peaks in the Ti4+—bearing hibonite spectra.

Further evidence for the structural control of spectral features in the post-crest region of
the spectra can be observed in the near-linear correlation of the d, peak intensity with Mg
content (Fig. 7a), which is a proxy for Ti** pfu. In addition, the intensity of the m, minimum
decreases as the proportion of Ti'*‘on the M2 site increases (Fig. 7b).

Pre-edge region = The pre-edge peaks gain intensity by mixing of the Ti 3d and O 2p
orbitals, which is-enhanced at low symmetry (distorted) Ti sites (Brown et al., 1988), so
changes in site geometry should be reflected in the shape of the pre-edge. For example, the
pre-edge feature in spectra recorded from Ti in a symmetrical octahedral site is almost non-
existent (Waychunas, 1987), and that of Ti** in tetrahedral coordination is comparable in
intensity to the absorption edge (Farges et al., 1996).

Accordingly, with Ti'** occupying the M2 trigonal bipyramidal site * ]Ti4+[M2]) as well as
the M4 octahedral site ([6]Ti4+[M4]), the pre-edge peaks of the Ti4+—bearing hibonites should be
more intense than those of the Ti** end-member samples ([6]Ti3+[M4]). This is the case (Fig. 4),
suggesting the a, peak height may be related to the ©° ]Ti4+[M2]/[6]Tit°t[M4] ratio.

If the central pre-edge peak (a,) intensity is dominated by site geometry, then as the
[S]Ti4+[M2]/[6]Tit°t[M4] ratio increases, so too should the a, pre-edge peak intensity. The a,

intensities for the Ti** end-member hibonites in this study are within uncertainty, consistent
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with the finding that Ti** partitions between the M2 and M4 sites with a constant ratio for
these samples (Doyle et al., 2014).

Ti** and Ti** in octahedral coordination also contribute to the pre-edge shape, and Ti in
octahedral coordination is reported to have three peaks (Waychunas, 1987; Farges et al.,
1996). Three peaks are evident in the spectra of the Ti** end-member hibonite (Fig. 4), in
which Ti** only occupies the M4 octahedral site (Doyle er al., 2014). The a, and a3 pre-edge
peaks are more intense in the Ti** end-member hibonites than the Ti**-rich hibonites (Fig. 4).
Furthermore, the a; peak intensity of (0.98,0) is 19% more intense than that of (0.44,0). These
characteristics may be explained by distortion of the M4 site, which is coordinated by three
O3 and three OS5 (Fig. 6).

Bond-length ratios can be used as a measure of the distortion of a site, and an undistorted
M4 site would have a M4-03/M4-05 ratio of 1. The M4-O3/M4-05 ratios of the Ti** end-
member hibonites (0.20,1) and (0.33,1) are 1.045 and 1.049, respectively (calculated from
Doyle et al., 2014). These values and the low pre-edge peak intensities are consistent with the
Ti3+—bearing M4 sites being relatively undistorted: - The amount of distortion is roughly the
same for these samples, and the spectra of (0.20,1) and (0.33,1) are similar (Supplementary
Fig. 2).

In contrast, the Ti**-hibonites (0.44,0) and (0.98,0) have M4-03/M4-05 ratios of 1.058
and 1.103 respectively (calculated from Doyle et al., 2014), such that the M4 site of (0.98,0)
is almost twice as distorted as that of (0.44,0). As the distortions of the M2 and M4 sites vary
as a function of Ti pfu (Doyle et al., 2014), and the XANES spectra reflect Ti at both sites, it
is useful to consider a ratio of the pre-edge peak intensities. For example, the a)/a; intensity
ratio is inversely correlated with M4-03/M4-0O5 (Fig. 8). This relationship, as well as the a,
pre-edge peak intensity, indicates that the pre-edge peak intensities of hibonite are controlled
by the coordination environment, site occupancy and distortion of the M2 and M4 Ti-bearing
sites.

The pre-edge peaks for 1T are expected to occur at lower energy than those of (ot
(Waychunas, 1987). The pre-edge peaks of BITi** should also occur at lower energy than
those of ['Ti** (Farges er al., 1996), yet across the series the a, peak shifts by <0.09 eV in a
non-systematic manner (Table 2). The lack of pre-edge shift with changing Ti**/ZTi within
the energy resolution of this experiment may be due to the masking effect of Ti** substituting
in both the five-fold coordinated M2 site and the six-fold coordinated M4 site.

This study therefore shows that the pre-edge parameters a; and a3 of hibonite are

controlled by both Ti coordination environment and distortion of the Ti-bearing sites. This is
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consistent with the correlation between site distortion and the a, pre-edge peak intensity
reported for silicate minerals (Waychunas, 1987).

Orientation study — Hibonite is an anisotropic mineral, so the absorption of a polarized X-
ray beam may result in spectral variations due to the orientation of a crystal. Although
orientation effects are observed in the post-crest region of spectra collected from Ti4+—bearing
hibonites, the pre-edge region does not seem to be affected by orientation. This may be due to
the substitution of >80% of Ti on the M4 octahedral site. The face-sharing nature of the M4
site (Fig. 6) and the 180° rotation of the RS and R’S’ blocks (Bermanec et al., 1996; Doyle ef
al., 2014) may also minimize orientation effects. Indeed, the deviation in pre-edge peak
intensity observed for multiple spectra collected from a single Ti-bearing hibonite sample is
less than the 10% that was reported for V K-edge XANES spectra collected from a single
sample of the isotropic mineral spinel (Righter et al., 2006).

In the post-crest region, orientation effects were observed in the spectra of the synthetic
Ti**-bearing hibonites, but not in those of the Ti’* end=member hibonites. Ti** occupies the
M2 trigonal bipyramidal site, which has a long axis parallel to the c-axis (Fig. 6), irrespective
of the stacking of the S and R blocks, and this may result in a greater orientation effect than
for Ti’* (or Ti*") on the M4 octahedral site: Alternatively, given that the structure of the post-
crest region is influenced by next-nearest neighbor interactions (Brown et al., 1988) and that
orientation effects appear absent in the pre-edge region, substitution of Ti** on adjoining M2
and M4 sites may cause the orientation effects observed in the post-crest region.

If, as proposed above, Ti*" on'the M2 site is the cause of the orientation effects in the post-
crest region, then one may expect orientation effects to be observed in the spectra collected
from terrestrial hibonite BM 1966,28c. However, the spectra of BM 1966,28c show little
variation in the post-crest region, and the characteristic d, peak of the Ti**-bearing hibonite
spectrais weak (Supplementary Fig. 5). This may reflect increased complexity and site
distortions associated with the incorporation of significant quantities of other substituting
cations, such as Fe, Th and rare earth elements (REE) (Supplementary Table 2). For example,
Fe preferentially occupies the M2 site in hibonite (Bermanec et al., 1996; Holtstam, 1996;
discussion in Doyle et al., 2014), and both Th and the REE substitute onto the 12-fold
coordinated Ca-bearing site (Bermanec et al., 1996), which is located adjacent to M2
(Supplementary Fig. 1).

The absence of orientation effects in the pre-edge region of randomly orientated crystals of
synthetic hibonite is encouraging. Future studies may wish to investigate orientation effects

in Ti3+,Ti4+—bearing hibonite using either large single crystals of synthetic hibonite or
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meteoritic hibonite crystals having >2.5 wt% TiO,, such as the biminerallic CAI fragment
NWA 2446/5SL. (PLO7041) that contains Ti-poor augite and hibonite (0.22 Ti pfu), as
described by Rout and Bischoff (2008) and Doyle (2012).

4.3. Ti valence state calibration curve

The site occupancy of Ti in hibonite is different for Ti’* and Ti** (Doyle et al., 2014),
and the geometries of the site(s) occupied by Ti determine the pre-edge peak shape
(Waychunas, 1987; Farges et al., 1996). The spectral lineshapes would therefore be expected
to vary as a function of Ti**/ZTi. Indeed, as the value of Ti**/Ti in hibonite increases, the
intensities of the pre-edge peaks decrease, and both the m; minimum and absorption edge
shift to lower energy (Fig. 9).

Pre-edge peak intensities have previously been used to determine T*/2Ti in meteoritic
pyroxene (Simon et al., 2007). The a, peak intensities of hibonite are, however, not suitable
for developing a Ti valence calibration as Ti** in hibonite occupies two sites of different
geometry and the pre-edge peak shape is influenced by site geometry, Ti-content and the
resulting site distortion (Section 4.2). Secondly, as a maximum of 0.25 Ti**/ZTi is reported
for meteoritic hibonite (Simon et al., 1997), a robust Ti*" end-member parameter is required
for any hibonite Ti valence state calibration curve, but the uncertainty of the a, peak intensity
for Ti**/ZTi = 0 (Fig. 9a) would inhibit the accuracy of results obtained using this feature.

Spectral parameters that are related to Ti**/XTi, irrespective of site occupancy, distortion
and Ti content, would be ideal for a Ti valence calibration curve. The pre-edge feature and
absorption edge occur at lower energies in Ti’*- than Ti4+—bearing materials (Waychunas,
1987), so greater consideration was given to the variation of these features as a function of
Ti**/ZTi.

The energy of the absorption edge at an intensity of 0.8 (Egg) for Ti,Os is ~5 eV lower
than that of TiO, (Table 2) and, as expected, the Eyg energy for hibonite shifts to
progressively lower energies with increasing Ti**/£Ti. The shift occurs in a non-linear
manner (Fig. 9b).

The energy of the m; minimum (Enm;) also shifts to lower energy with increasing Ti**/ZTi
(Fig. 9¢). A linear mixing model of the (0.20,1) Ti** and (0.44.,0) Ti** end-member hibonite
spectra reproduces the shift of the E,;; minimum to lower energy between these two end-
members (Supplementary Fig. 6).

Peak fits of the pre-edge region (Supplementary Fig. 3) indicate that the m; minimum is
an overlap point between the high energy tail of the pre-edge multiplet and the low energy

tail of the main absorption edge. As the fraction of Ti’* increases, the intensity of the a3 pre-
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edge component decreases, the b; component increases, and the main absorption edge shifts
to lower energy, resulting in the m; minimum region narrowing (Fig. 4) and the m; minimum
shifting to lower energy. The increase in the b; component with increasing Ti**/ZTi
(Supplementary Fig. 3b) suggests that E;, may be more strongly influenced by b; than by the
pre-edge peaks. As a result, En should be controlled by the oxidation state of Ti, rather than
the site geometry. This is supported by the E; of the two Ti** end-member hibonites being
equal within uncertainty (Fig. 5b), despite having TiO, contents of 5.2 and 11.4 wt% TiOs.

The correlation between Ti>/XTi and Emi is shown in Figure 10 and the data is fit by a
quadratic function. The curved form of the calibration may be due to the excitation of Ti** on
both the M2 and M4 sites. Indeed, the contribution of SITi** to the spectra will decrease as
the [S]Ti4+[M2]/[6]Tit°t[M4] ratio decreases with increasing substitution of Ti’" on the M4 site in
Ti’*-bearing hibonites.

The correlation of the E,, parameter with Ti**/ZTi may be applicable to other mineral
systems. For example, in Ti K-edge XANES spectra collected from synthetic clinopyroxenes
grown at 1226-1234 °C and fO, ranging from IW to IW-5.7 (Paque et al., 2013), the Eyy
parameter appears to shift to lower energy for samples prepared under increasingly more
reducing conditions. Ti’* content is negatively correlated with fO, (Paque et al., 2013: Table

1), so Eyy decreases with increasing Ti** content, as expected from the present study.

4.4. Application to meteoritic hibonites

The non-linear nature. of the Ti valence calibration and the overlap in uncertainties for
E.n1 values with Ti**/=Ti >0.6, indicate that the calibration curve for the oxidation state of Ti
is most sensitive for hibonites with Ti**/ZTi <0.3 (perhaps Ti’*/ZTi <0.5). This may be
sufficient for the investigation of meteoritic hibonite as Ti**/ZTi up to 0.25 has been reported
for the CM2 Murchison carbonaceous chondrite (Simon et al., 1997). The E,; values for
hibonite in CAI NWA 1476/124 from the R3 NWA 1476 chondrite predict Ti*/2Ti up to
0:22 using this calibration (Doyle, 2012).

Crystal chemical controls may limit the Ti (and Ti’*/XTi) content of natural hibonite as,
although up to 1.9 TP’ pfu was reported in synthetic single crystals of Ca(Al,Ti)12019 grown
as an impurity phase during an iron smelting process (Wittmann et al., 1958), there has been
no report of natural or synthetic hibonite with >1 Ti** pfu (Doyle, 2012). Indeed, the
maximum reported Ti contents of meteoritic and terrestrial hibonite are similar, being 0.85
and 0.86 Ti pfu, respectively (Simon et al., 1997; Rakotondrazafy et al., 1996), while
hibonites with up to ~1 Ti** pfu have been prepared (Doyle et al., 2014; Giannini et al.,

2014). Synthesis of hibonite with more than 1 Ti** has been attempted: when the bulk
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composition of the starting material was 1.25 Ti** pfu (Section 3.1), the proportion of Ti-
bearing impurities in the product increased. Similarly, using a nominal composition of 2 Ti
pfu prepared under oxidizing IW+7.7) and reducing (IW-2.8) conditions, Giannini et al.
(2014) reported single-crystal hibonite with 0.94 Ti** and 1.18 Ti'* pfu, respectively. The
latter sample is blue in color and, based on stoichiometry, contains 0.97 Ti** and 0.21 Ti**
pfu.

If the Ti** content of hibonite is limited by crystal chemistry, then it may also restrict the
upper Ti’*/2Ti ratio in natural hibonite, as suggested by Beckett ef al. (1988). Ti*/ZTi can be
fixed by the stoichiometry of the starting mixture to give hibonite with TP /2 Ti ranging from
0 to 1 (Doyle et al., 2014; Table 1), such that Ti*" is stabilized under very reducing conditions
(IW-6.5) due to the presence of Mg2+. The role of Mg must therefore be considered, with the
possibility that Ti**/~Ti may be controlled by Mg due to the coupled substitution mechanism
of Mg®* and Ti**. Therefore, although a mechanism for quantifying Ti**/~Ti in hibonite is
proposed herein, correlating fO, with Ti**/ZTi in hibonite is fraught with complexity. For
example, in addition to Ti’* being stable at different fO,s for a suite of hibonite compositions
(Ihinger and Stolper, 1986) and the complex crystal chemical control on Ti site occupancy,
Ti**/ZTi in hibonite may be influenced by the availability of Mg due to volatility; it may
increase due to resorption and distillation processes; and/or be overprinted during thermal
metamorphism, as discussed by Doyle (2012).

Therefore, of all the meteoritic hibonites, it is those from pristine condensates that are
most likely to contain Ti’*/XTi values that may be related to the fO, conditions of formation.
The quantification of Ti’* in'hibonites from such samples, for which synthetic analogues have
been prepared over a range of fO,s, would provide the best indication of the redox conditions
of CAI formation. A high energy resolution beamline, possibly with a Si(311)
monochromator and/or analyzer crystal detector would be most ideal for obtaining accurate
Ti’*/ZTi ratios of meteoritic hibonites using the E,;; parameter, for which the range in energy
is ~1 eV for Ti**/=Ti from 0 to 1. Moreover, as minor differences in the reference energies
would significantly alter the results, Ti K-edge XANES spectra of hibonite standards and the

“unknowns” should be collected during the same experimental session.

5. Conclusion
Synthetic hibonites with 2.4-11.4 wt% TiO, were prepared as standards for meteoritic
hibonite. The largest yield of both Ti-free and Ti-bearing hibonite at ~1300 and/or ~1400 °C

was obtained by a single sinter under reducing conditions.
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Ti K-edge XANES spectra were collected from synthetic hibonites with Ti**/ZTi ranging
from O to 1. The intensities of the spectral peaks and minima are controlled by the Ti and Mg
contents, the Ti coordination environment, site distortions and/or Ti oxidation state, whereas
the energies of spectral parameters such as Egg and En appear to be controlled by the
oxidation state of Ti.

Pre-edge peak intensities have previously been used to determine Ti**/XTi in meteoritic
minerals. However, the pre-edge peak intensity for hibonite is affected by Ti occupying two
different coordination environments and variable distortions of those Ti-bearing site(s).
Parameters such as the pre-edge peak intensity of Ti K-edge XANES spectra should therefore
be used with caution when constructing Ti’*/XTi valence state calibration curves.

The energy of the minimum between the pre-edge and absorption-edge (Emi) in Ti K-
edge XANES spectra may be used to quantify Ti**/ZTi in meteoritic hibonite where XTi is
sufficient to enable spectra with suitable signal-to-noise statistics to be recorded (e.g. >1 wt%
TiO,). The Emi parameter may be determined from the first derivative of a spectrum, and the
relationship between Ti**/£Ti and En can be modelled by a quadratic function. The Ti
valence calibration is most reliable for hibonites with Ti>*/ZTi <0.3, and beamlines with
sufficient energy resolution and reproducibility are needed. Furthermore, for accurate results,
Ti K-edge XANES spectra must be collected from the synthetic hibonite standards and the

meteoritic hibonites of interest during the same analytical session.
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Doyle et al. GCA Submission — Figure captions

Fig. 1 Cations per formula unit (pfu) in synthetic and meteoritic hibonite: (A) Ti as a function
of Mg; (B) Ti and Mg as a function of Al; and (C) Ti, Si, Mg and Fe as a function of Al, Cr
and V. The dashed lines indicate the expected stoichiometric relationship between the cations
(y = 12 — x). The meteoritic data are from Fuchs et al. (1973), Allen et al. (1978), Armstrong
et al. (1982), Davis et al. (1982), Burns and Burns (1984), Ireland (1988), Weber and
Bischoff (1994), Simon et al. (1997), Bischoff and Srinivasan (2003), Krot et al.(2004), Krot
et al. (2006), Ushikubo et al. (2007), Rout et al. (2009) and Doyle (2012).

Fig. 2 Backscatter electron images of (A, B) the Ti-poor and (C,D) the Ti-rich, Ti** and Ti™*

end-member hibonites.

Fig. 3 Ti K-edge XANES spectra for reference materials: Ti-olivine (MTi-ol), Ti-spinel (17i-
sp), [6]Ti02 and [6]TizO3. (A) The main peaks are marked for the pre-edge region (a, or a;, a,
az), the absorption edge (b, by, bs), crest (c)-and post-crest region (d;, dz, d3); (B) the pre-

edge region with the main peaks marked (a, or ai, a,, a3). Spectra are offset for clarity.

Fig. 4 (A) Ti K-edge XANES spectra and (B) pre-edge region for the synthetic hibonite suite:
the Ti** end-member hibonites (0.98,0) and (0.44,0), the mixed-valent hibonites (0.62,0.60)
and (0.73,0.33), and the Ti** end-member hibonite (0.20,1). The main peaks (a-d) and

minima (m) are marked and the spectra are offset for clarity.

Fig. 5 (A) a; pre-edge peak intensity and (B) energy of the m; minimum as a function of Ti
per formula unit (pfu). Uncertainties (1 standard deviation) based on 6-10 spectra and 26-42

EDS SEM analyses.

Fig. 6 A portion of the hibonite structure showing the M2 trigonal bipyramidal site and two
adjacent M4 octahedral sites. The M2 cation is axially displaced from the equatorial plane
and connected to two M4 cations by O3. The hibonite structure is shown in more detail in

Supplementary Fig. 1.

Fig. 7 Spectral parameters from the post-crest region: (A) intensity of the d, peak as a

function of Mg pfu (a proxy for Ti** pfu); and (B) intensity of the post-crest m; minimum as
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a function of the proportion of Ti on the M2 trigonal bipyramidal site. Structural data from
Doyle et al. (2014). The d, intensity for (0.20,1) is the intensity at the d, energy of the other

samples. Uncertainties in spectral parameters are the standard deviation of 6-10 spectra.

Fig. 8 The a»/a3 intensity ratio as a function of the bond-length ratio M4-O3/M4-05, which is

a measure of the distortion of the M4 octahedral site.
Fig. 9 (A) Intensity of the a, peak, (B) energy of the absorption edge at intensity 0.8 (Eog)
and (C) energy of the m; minimum (E,,;) as a function of Ti3+/ZTi in synthetic hibonite,

Ti,03 and TiO,. The arrows point to off-scale positions of spectral values.

Fig. 10 Ti’*/ZTi of synthetic hibonite as a function of E, (Table 2) fitted with a quadratic

function.
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Doyle et al. Table 1

955 Table 1 Synthetic hibonite compositions: oxide weight%, cation proportions and Ti**/=Ti
wt% oxide Number of cations normalized to 19 O Ti*/=Ti
Sample ot . . #
CaO  Al,0; TiO, MgO Total Ca Al Ti Mg Total Cations | calculated
(0.20,1) 8.8+0.4 88.2+0.6 2410.5 <ld 99.4 +0.7 | 1.07+0.04 11.69 +0.07 0.20+0.04 <lid 12.95 +0.02 1 37
(0.62,0.60) |8.7+0.3 82.8+0.5 7.3#0.5 1.5+0.1 100.2+0.7 | 1.05+0.04 10.99 £+0.06 0.6210.04 0.24 +0.02 12.89 +0.02 | 0.60+0.04 | 27
(0.73,0.33) |8.8+0.3 79.9+1.0 8.610.7 2.9+0.2 100.2+0.9 | 1.07 +0.03 10.66 *0.09 0.73+0.06 0.49 +0.03 12.94 +0.02 | 0.3310.05| 42
(0.98,0) 8.3+0.4 74.8+0.7 11.4+0.7 5.4+0.2 100.0+0.9 | 1.01 0.04 10.07 +0.09 0.98+0.06 0.91 +0.04 12.98 +0.03 0 28
(0.44,0) 8.5+0.3 83.0+1.9 52+1.4 25+0.6 99.2+0.6 | 1.04 +0.03 11.10 +0.22 0.44+0.12 0.43 +0.11 13.01 +0.02 0 26
(0.33,1) 8.8+0.3 86.7+0.6 4.0+0.4 <ld 99.5+0.8 | 1.07+0.04 11.51 +0.05 0.33+0.04 <lid 12.91 0.02 1 30
(0.46,0.10) | 8.6 £0.3 82.8+1.9 5410.6 2.4+0.5 99.2+0.7 |1.05+0.03 11.08 +0.23 0.46+0.13 0.40 +0.09 13.00 +0.02 | 0.10+0.12| 31
Notes: The sample nomenclature is in the form (Ti pfu, Ti°*/ZTi). One standard deviation. # = Number of
EDS SEM analyses. “lld” = lower limit of detection.
960
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Doyle et al. Table 2

Table 2 Ti K-edge XANES spectral parameters for synthetic hibonite and Ti-oxides

Sample az () az (E, eV) Emi (E, eV) Eos (E, eV) #

(0.20,1) 0.112 +0.007 4970.20 +0.05 4972.30 +0.08 498222 +0.04 10
(0.62,0.60) 0.115 +0.002  4970.21 +0.08 4972.40 +0.08 4982.36 *0.03 6
(0.73,0.33) 0.130 +0.004 4970.16 +0.05 4972.60 +0.07 498290 =*0.06 10

(0.44,0) 0.171 0.010 4970.20 £0.00 4973.20 +0.12  4984.18 +0.03 10
(0.98,0) 0.152 0.010 4970.24 £0.05 4973.20 +0.04 4984.16 +0.07 10
TizOs 0.169 4970.90 4971.70 4979.11 1
TiO, 0.177 4971.49 4976.20 4984.44 1
965 Note: Parameter values from an average of # spectra. One standard deviation.
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