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absTRacT

Cerium L3 absorption edge (L3-edge) X-ray absorption near edge structure (XANES) spectra were 
obtained from ∼7 × 5 µm areas on green titanite and brown titanite (both with total Ce ∼ 0.6 wt%) 
using the X-ray microprobe at the Pacific Northwest Consortium–X-ray Science Division (PNC-XSD) 
Insertion Device (ID) line of the Advanced Photon Source (APS). Using a wavelength-dispersive X-ray 
(WDX) fluorescence detector with a bent LiF (220) crystal monochromator (E/∆E ∼ 1000), we have 
overcome the challenge of having to measure trace amounts of Ce in a Ti-rich sample of which the 
energy of the fluorescence X-rays from Ce L3-edge and Ti K-edge excitation cannot be resolved with 
solid-state detectors. We show that both Ce3+ and Ce4+ are present in our titanite samples by examining 
the Ce L3-edge XANES spectra.

Our results show that to correctly determine trace element substitution mechanisms in titanite (and 
other minerals), it is necessary to determine multivalent element concentrations, including Ce3+/Ce4+. 
We present a new approach for predicting and evaluating multivalent trace element substitution in 
titanite and other minerals.
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inTRoducTion

Titanite (CaTiSiO5, previously known as sphene) is a common 
mineral in mafic-felsic igneous and metamorphic rocks, and it is 
widely used for geochronologic and petrogenetic studies (Gromet 
and Silver 1983; Green and Pearson 1986; Wones 1989; Xir-
ouchakis and Lindsley 1998; Frost et al. 2000; Piccoli et al. 2000; 
Xirouchakis et al. 2001a, 2001b). A range of different major and 
trace elements are found in the titanite crystal lattice (Fig. 1) and, 
like other minerals, it is probable that titanite chemistry is related 
to the bulk composition of its host rock and intensive parameters 
during its crystallization. For instance, the Zr content of titanite 
has been related to pressure in experiments where titanite co-
exists with quartz and rutile (Hayden et al. 2008).

Titanite commonly forms under relatively high-oxygen fu-
gacity (fO2) conditions (Wones 1989; Frost et al. 2000). It also 
contains several major elements that occur in multiple valences 
and may therefore be used as oxy-barometers including the 
major elements: Fe, Mn, and Ti. Chemical variations of Fe2+/
Fe3+ and Mn3+/Mn4+ titanites have been considered with the 
tentative suggestion that the +3 valence state may dominate 
(e.g., Perseil and Smith 1995), whereas Ti consistently occurs in 
the +4 valence state in terrestrial samples, even when metamict 
(Farges 1997). In titanite, trace elements that occur in multiple 

valence states include Ce, Eu, Cr, and V. Because Ce4+ is a 
stronger oxidant than most commonly measured multivalent 
cations (e.g., Fe2+/Fe3+, Ti3+/Ti4+, Eu2+/Eu3+, V4+/V5+; Schreiber et 
al. 1987; Schreiber 1987), the Ce valence state in titanites may 
record the relatively high-fO2 conditions common in ore deposits 
and volcanic rocks.

The potential usefulness of measuring Ce3+/Ce4+ in titanite 
on a small spatial scale is constrained by analytical challenges. 
Since the Ti K absorption edge (K-edge; 4966 eV) is below the 
Ce L3 absorption edge (L3-edge; 5723 eV), Ti Kβ1,3 fluorescence 
line (4931 eV) will be present, and close in energy to the CeLα1,2 
fluorescence line (4840 eV) (Table 1). For low concentrations 
of cerium, the presence of a high-Ti fluorescence contribution 
necessitates the use of detectors with high (a few eV) resolu-
tion. Of course, in natural samples, other elements may also be 
present, contributing additional nearby fluorescence emission.

Here, we apply the capability of tunable X-rays at a third-
generation light source to determine Ce3+/Ce4+ in titanite 
specimens using a micrometer-scale focused beam and X-ray 
absorption near-edge structure (XANES) spectroscopy. A wide 
range of multivalent elements have been analyzed in geologic 
materials using various XANES techniques [e.g., Fe2+/Fe3+ (Bajt 
et al. 1994); Au0/Au+ (Cabri et al. 2000); Cr2+/Cr3+ (Berry and 
O’Neill 2004); V2+/V3+/V4+/V5+ (Sutton et al. 2005)]. The study 
by Cabri et al. (2000) examined ppm-level gold valence (Au L3-
edge = 11 919 eV, Lα = 9711 eV) in the presence of concentrated * E-mail: penny.king@anu.edu.au 


