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Abstract
Ordering of Fe and Fe cations between octahedral and tetrahedral sites in synthetic members
of the magnetite-ulvöspinel (Fe3O4-Fe2TiO4) solid-solution series was determined using Fe L2,3-edge
X-ray magnetic circular dichroism (XMCD) coupled with electron microprobe and chemical analysis,
Ti L2,3-edge and Fe K-edge X-ray absorption spectroscopy (XAS), and unit-cell parameters. Microprobe
analyses, cell edges, and chemical FeO determinations showed that bulk compositions were stoichiometric magnetite-ulvöspinel solid solutions. XMCD showed that the surface was sensitive to redox
conditions, and samples required re-equilibration with solid-solid buffers. Detailed site-occupancy
analysis gave Fe2+/Fe3+ XMCD-intensity ratios close to stoichiometric values.
L2,3-edge XAS confirmed that Ti4+ was restricted to octahedral sites. XMCD showed that significant
2+
Fe only entered the tetrahedral sites when Ti content was >0.40 atoms per formula unit (apfu), whereas
Fe2+ in octahedral sites increased from 1 apfu in magnetite to a maximum of ~1.4 apfu when Ti content
was 0.45 apfu. As Ti content increased, a steady increase in Fe2+ in tetrahedral sites was observable in
the XMCD spectra, concurrent with a slow decrease in Fe2+ in octahedral sites. Calculated magnetic
moments decreased rapidly from magnetite (4.06 µB) to USP45 (1.5 µB), then more slowly toward
ulvöspinel (0 µB). Two synthesized samples were maghemitized by re-equilibrating with an oxidizing
buffer. XMCD showed that Fe2+ oxidation, with concomitant vacancy formation, was restricted to
octahedral sites. Through the direct measurement of Fe oxidation states, XMCD results can be used
to rationalize the magnetic properties of titanomagnetites, along with oxidized titanomaghemitized
analogs, in Earth’s crustal rocks.
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Introduction
The most important magnetic rock-forming minerals are
oxides of Fe and Ti, and their compositions can be represented
in the FeO-TiO2-Fe2O3 ternary diagram in Figure 1 (after
Buddington and Lindsley 1964). Three major solid-solution
series have been identified in this system: magnetite-ulvöspinel
(Fe3O4-Fe2TiO4) (the titanomagnetite series), hematite-ilmenite
(α-Fe2O3-FeTiO3) (the titanohematite series), and pseudobrookite-“ferropseudobrookite” (Fe2TiO5-FeTi2O5). The present
study deals with the first series, which plays a major role in
controlling rock magnetism and the paleomagnetic properties of
the Earth’s crust (Banerjee 1991; O’Reilly 1984). The principal
magnetic minerals that crystallize from basaltic magmas forming new oceanic crust are titanomagnetites, of ideal formula
Fe3–x TixO4, where x ≈ 0.6 (O’Reilly 1984) (Fig. 1). During sub* Present address: Pacific Northwest National Laboratory, P.O.
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solidus cooling of titanomagnetites under dry conditions, exsolution of titanohematite lamellae leaves a host phase richer in the
magnetite component. At temperatures below ~870 K, primary
titanomagnetites interact with aqueous fluids and undergo oxidation and maghemetization, ultimately leading to the formation
of ilmeno-hematites as the most stable magnetic phases at low
temperatures and pressures. Under analogous conditions, endmember magnetite initially oxidizes to form cubic maghemite
(γ-Fe2O3) with hematite as the potential final product.
The technological importance of magnetic spinel structures
and their geophysical significance have led to extensive investigations into their complex chemistry, structure, site occupancies, and relationships between atomic structure and physical
properties. Particular attention has been paid to the influence of
maghemitization on the magnetic properties of titanomagnetites
in oceanic basalts during hydrothermal alteration near spreading
ridges (Bleil and Petersen 1983; Zhou et al. 2001). The determination of the distribution of multivalent transition elements
(most importantly Fe2+ and Fe3+) between tetrahedral and octa-

