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LETTER
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ABSTRACT
The redox conditions prevailing during the formation of vanadiferous titanomagnetites from three
layered intrusions (Bushveld; Koillismaa; Skaergaard) have been estimated from the valence state of
vanadium using synchrotron X-ray absorption near edge structure spectroscopy (XANES). Using a
high energy-resolution X-ray emission spectrometer, we show that vanadium occurs mostly as V3+,
with minor V4+. The most concentrated samples (up to 2.4 wt% V2O3) contain approximately 10% of
vanadium as V4+. Both V3+ and V4+ occur in the octahedral site of the spinel structure. Considering
the low magnetite/melt V4+ partition coefÞcients, this suggests that vanadium ores crystallized under
speciÞc oxidizing conditions.
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INTRODUCTION
Vanadium oxidation state ranges from trivalent to pentavalent
in terrestrial magmatic systems. This feature makes vanadium
a valuable geochemical indicator, providing information on the
oxygen fugacity (fO2) prevailing during the formation of igneous
rocks (Irving 1978; Canil 2002; Papike et al. 2004, 2005; Karner
et al. 2006). It is also a strategic metal, being used in high-performance steels. It does not form speciÞc ore minerals, but is
extracted from V-rich titanomagnetite (Fe3–xTixO4) cumulates in
the upper part of layered basic intrusions. The largest vanadium
ore deposit in the world is the main magnetite layer of the Bushveld Complex (South Africa). In this giant layered intrusion (450
× 370 × 7 km3), vanadium is encountered in meter-thick discrete
layers of massive titanomagnetite. However, the formation of
these layers is poorly understood, and has been variably attributed to pressure ßuctuations (Cawthorn and McCarthy 1980),
episodic increases in fO2 (Reynolds 1985), or periodic mixing of
compositionally different liquids (Harney and Von Gruenewaldt
1995). On the other hand, geochemical modeling based upon
experimental data suggests that for fractional crystallization of
basaltic melts, V-rich magnetites will only appear in a narrow
range of fO2 conditions, close to the Ni-NiO buffer (Toplis and
Corgne 2002).
One potential window into the processes leading to the formation of V-bearing magnetites is the oxidation state of vanadium.
However, at the present time the valence state of V in magnetites
from layered intrusions is largely unknown. We present here
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the Þrst data on the crystal-chemistry of vanadium in natural
titanomagnetites using XANES spectroscopy. Focusing on the
pre-edge features, which depend on the valence state and site
symmetry of transition elements (Calas and Petiau 1983a; Wong
et al. 1984; Giuli et al. 2004; Sutton et al. 2005; Karner et al.
2006), we show the coexistence of tri- and tetravalent vanadium
in the titanomagnetite samples. The most concentrated samples,
used as ore minerals, contain the highest V4+ proportion, an indication of their formation under speciÞc oxidizing conditions.

METHODS
The chemical composition of the samples (Table 1), including oxygen concentration, was determined by electron microprobe analysis using a CAMECA
SX50 instrument operated at 15 kV and 40 nA, with counting times varying from
10 to 30 s depending on the element. For each sample, about ten measurements
were performed on the area selected for spectroscopic measurements (~1 mm2).
Concentrations are reported in at%, such that no assumption concerning the redox
state of transition elements is necessary.
High energy-resolution XANES spectra were collected at beam line ID26 of
the ESRF (European Synchrotron Radiation Facility) (Gauthier et al. 1999). The
energy of the incident radiation beam was selected using a pair of He-cooled Si
crystals with a (2 2 0) orientation. Using the fundamental undulator peak, the total
incident ßux on the sample was 1013 photons/second in a spot size of 0.3 × 1.2 mm2.
Spectra ranging from 5460 to 5550 eV incident energy were recorded in quick scan
mode. Additional scans were performed between 5460 and 6200 eV to normalize the
XANES spectra to the K-edge jump. The incident ßux was monitored by detecting
the X-ray scattering from a thin Kapton foil in the incident beam path. Self-absorption effects can be neglected due to the low V concentration in the samples. High
energy-resolution emission detection was achieved by employing a spherically bent
Ge crystal (R = 850 mm, 89 mm diameter) with a (3 3 1) orientation in Rowland
geometry. The energy bandwidth of the emission spectrometer was ~0.8 eV. An
avalanche photo diode (APD) was used as a fast detector for emission detection
to avoid non-linear effects. XANES spectra with sharper spectral features can be
obtained by recording the Kα1 emission line intensity while scanning the incident

