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aBstract

Spinel single crystals of 19 compositions along the magnetite-ulvöspinel join were synthesized 
by use of a flux-growth method. To obtain quantitative site populations, the crystals were analyzed 
by single-crystal X-ray diffraction, electron-microprobe techniques, and Mössbauer spectroscopy. All 
results were processed by using an optimization model.

The unit-cell parameter, oxygen fractional coordinate, and tetrahedral bond length increase with 
increasing ulvöspinel component, whereas the octahedral bond length decreases marginally. These 
changes result in sigmoidal crystal-chemical relationships consistent with cation substitutions in fully 
occupied sites. As a first approximation, the Akimoto model T(Fe3+

1–XFeX
2+)M(Fe2+Fe3+

1–XTiX)O4 describes 
the cation substitutions. Deviations from this model can be explained by an electron exchange reac-
tion TFe2+ + MFe3+ = TFe3+ + MFe2+, which causes MFe2+ ≠ 1 and TFe2+/Ti ≠ 1. The resultant S-shaped 
trends may be related to a directional change in the electron exchange reaction at Ti ≈ 0.7 apfu. In 
general, variations in structural parameters over the whole compositional range can be split into two 
contributions: (1) a linear variation due to the TFe3+ + MFe3+ = TFe2+ + MTi4+ chemical substitution and 
(2) non-linear variations caused by the internal electron exchange reaction.

In accordance with bond-valence theory, strained bonds ascribable to steric effects characterize the 
structure of magnetite-ulvöspinel crystals. To relax the bonds and thereby minimize the internal strain 
under retained spinel space group symmetry, the electron exchange reaction occurs.
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introdUction

Multiple oxides with spinel-type structure are common acces-
sory minerals in a wide range of geological environments, from 
the upper mantle to the crust. Due to their magnetic properties, 
they are of interest in geophysical and technological research. 
Oxide spinels have the general formula of AB2O4, where the A 
and B refer to cations of either 2+ and 3+ valence (A2+B3+

2 O4, so-
called 2-3 spinels) or of 4+ and 2+ valence (A4+B2+

2 O4, so-called 
4-2 spinels). The structure is generally described as a slightly 
distorted cubic close packed (CCP) array of anions, in which the 
A and B cations are distributed in one-eighth of all tetrahedral 
(T) and half of all octahedral (M) sites. This cation occupancy 
leads to two different ordered cation distribution schemes. The 
normal spinel, where the A cation occupies the T site and the two 
B cations occupy the M sites; and the inverse spinel, where one 
of the B cations occupies the T site and the remaining A and B 
cations occupy the M sites.

The unit cell is face-centered cubic (space group Fd3m) and it 
contains 32 anions. The cations are fixed at special positions 8a 
(T) and 16d (M), as well as the anions (32e). However, the latter 
have a variable fractional coordinate (u,u,u). The u-parameter 
is related to the distortion of the CCP array: for the ideal close-
packed structure, u = 0.25. A distortion of the CCP arises when 
u ≠ 0.25. The structure of spinel can be described by using the 
unit-cell parameter a and oxygen fractional coordinate u (e.g., 
Lavina et al. 2002).

Ideal magnetite (Fe3O4) and ulvöspinel (Fe2TiO4) have a 
cubic inverse spinel structure, with the structural formulae 
T(Fe3+)M(Fe2+Fe3+)O4 and T(Fe2+)M(Fe2+Ti4+)O4, respectively. They 
represent important minerals in nature because they are essential 
carriers of the remanent magnetism in rocks. Complete solid 
solution between magnetite and ulvöspinel exists at temperatures 
above 600 °C (Price 1981). The intermediate compositions, 
known as titanomagnetite (Fe2+

1+XFe3+
2–2XTiXO4), are formed by the 

replacement of two Fe3+ cations by Fe2+ and Ti4+. The ordering 
of these cations over T and M sites is still uncertain. Although 
some studies have indicated that Ti4+ might exist in the tetra-
hedral sites (e.g., Stout and Bayliss 1980; Sedler et al. 1994), 
other studies have suggested that Ti4+ is always limited to the 
octahedral sites (e.g., Fujino 1974; Wechsler et al. 1984). Basi-
cally three models, based largely upon magnetic considerations, 
have been proposed to describe the ordering of Fe2+, Fe3+, and 
Ti4+ in titanomagnetite:

Akimoto (1954) 
T(Fe3+

1-XFe2+
X)M(Fe2+Fe3+

1-XTiX)O4 for 0 ≤ X ≤ 1.0 (1)

Néel (1955) and Chevallier et al. (1955) 
T(Fe3+)M(Fe2+

1+XFe3+
1–2XTiX)O4 for 0 ≤ X ≤ 0.5, and

T(Fe3+
2–2XFe2+

2X–1)M(Fe2+
2-XTiX)O4 for 0.5 ≤ X ≤ 1.0 (2)

O’Reilly and Banerjee (1965) 
T(Fe3+)M(Fe2+

1+XFe3+
1–2XTiX)O4 for 0 ≤ X ≤ 0.2, 

T(Fe3+
1.2–XFe2+

X–0.2)M(Fe2+
1.2Fe3+

0.8-XTiX)O4 for 0.2 ≤ X ≤ 0.8,
and T(Fe3+

2–2XFe2+
2X–1)M(Fe2+

2–XTiX)O4 for 0.8 ≤ X ≤ 1. (3)* E-mail: ferdinando.bosi@uniroma1.it


