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ABstrACt

The V K-edge spectrum of a V-bearing grossular garnet (tsavorite) single crystal has been measured 
by high-energy resolution fluorescence detected X-ray absorption spectroscopy (HERFD-XAS). First-
principles calculations based on the density functional theory (DFT) reproduce the experimental spectra 
well, including the angular dependence of the pre-edge. The latter arises from pure electric quadrupole 
transitions since vanadium is incorporated in a centrosymmetric site, which inhibits the electric dipole 
transitions. An interpretation of the spectral features is given using a monoelectronic description of 
the transitions involved in the X-ray absorption process. The assignment of experimental pre-edge 
peaks in terms of 1s-3d transitions makes it possible to determine the magnitude of the 3d-splitting, 
which is similar to the 10 Dq crystal-field value determined from optical absorption spectroscopy. 
DFT calculations also indicate a full structural relaxation around V3+ substituting Al3+ in the garnet 
structure. The angular dependence only causes weak variations of the pre-edge intensity, which sup-
ports the use of V-bearing grossular garnet as a reference compound for octahedral V3+. 
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introduCtion

Transition elements are major constituents of the Earth and 
play an important role in geophysics and Earth sciences. Their 
existence under different oxidation states makes them valuable 
geochemical probes. For instance, vanadium oxidation state 
ranges from +III to +V in terrestrial magmatic systems, which 
influences dramatically the partitioning of this element between 
minerals and melts (e.g., Toplis and Corgne 2002; Canil 2002; 
Papike et al. 2005; Karner et al. 2006). Vanadium speciation 
(i.e., oxidation state and local structure) in minerals and glasses 
has been mostly investigated by V K-edge X-ray absorption 
near-edge structure (XANES) (Berry et al. 2003, 2004; Giuli 
et al. 2004; Sutton et al. 2005; Balan et al. 2006). Indeed, the 
pioneering studies of Wong et al. (1984) have shown a great 
sensitivity of the XANES features to vanadium speciation in 
oxides and silicates. Due to the localized character of the associ-
ated electronic transitions at the origin of the pre-edge structure 
(Calas and Petiau 1983), this important XANES component has 
received special attention, as it provides quantitative informa-
tion on the speciation of transition elements. In glasses, it has 
then been possible to quantify vanadium speciation through an 
accurate determination of the energy position and relative in-

tensity of pre-edge components (Sutton et al. 2005). This relies 
on an accurate calibration with reference minerals in which the 
vanadium oxidation state is known. These crystalline references 
are among the few minerals in which the V K-edge XANES 
spectra are known. In magmatic minerals, vanadium is predicted 
to be preferentially incorporated as V3+, replacing Al3+ or Fe3+ 
in octahedral sites (Canil 2002). However, little direct informa-
tion is available on the crystal chemistry of this oxidation state 
in vanadium-bearing minerals and the incorporation of V3+ in 
rock-forming minerals. 

We present new information on vanadium speciation in a 
V-bearing grossular garnet [Ca3Al2(SiO4)3:V3+, sometimes re-
ferred to as tsavorite]. As vanadium occurs in minor amounts, 
this mineral is an ideal V3+-diluted reference compound (Balan 
et al. 2006). In the present work, V K-edge XANES spectra of 
a V-bearing grossular single crystal have been obtained using 
high-energy resolution fluorescence-detected X-ray absorption 
spectroscopy (HERFD-XAS) (De Groot et al. 2009; Glatzel et 
al. 2009a, 2009b), to prevent parasitic secondary X-ray emission 
from Ti impurities, naturally present in the investigated sample. 
The XANES spectra are modeled using the density functional 
theory in the local density approximation (DFT-LDA). We show 
that the pre-edge features arise only from electric quadrupole 
transitions and vary with the orientation of this cubic single 
crystal with respect to the polarization ε̂ and to the direction k of 
the incident X-ray beam, as for any crystal symmetry (Brouder 
1990). This angular dependence must be taken into account for 
the investigation of textured powders (Pettifer et al. 1990) and 
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