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Stoichiometry of synthetic ulvöspinel single crystals
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INTRODUCTION

Minerals belonging to the magnetite (FeFe2O4)-ulvöspinel 
(Fe2TiO4) series are commonly known as titanomagnetites (Fe3–X 

TiXO4). They have a spinel structure and represent important 
minerals in nature because they are essential carriers of the 
magnetic signals in rocks, such as ocean-floor basalts. The 
magnetic, electrical, and thermodynamic properties of these 
minerals depend on the concentration and distribution of Fe and 
Ti among sites of different symmetry in the structure.

In the Fe-Ti-O system, subsolidus exsolution processes 
occur. The Fe-Ti spinels are solid solutions that exhibit a mis-
cibility gap: spinodal decomposition takes place at a consolute 
temperature of about 600 °C (Price 1981). Transformation of ti-
tanomagnetite to titanomaghemite occurs below 600 °C, involv-
ing oxidation of Fe2+ and production of cation vacancies, while 
at temperatures above 600 °C the oxidation (oxyexsolution) of 
primary titanomagnetite produces formation of titanohematite 
lamellae (Haggerty 1991). Reconstruction of pre-exsolution tita-
nomagnetite compositions permits the calculation of temperature 
and the oxygen fugacity (Frost and Lindsley 1991; Herd et al. 
2001). Therefore, an understanding of titanomagnetite crystal 
chemistry is essential for development and application of models 
for geothermometry and oxygen barometry.

Literature on titanomagnetite is extensive, and many papers 
report non-stoichiometric spinels for which the unit formulas 
deviate from 3 cations per 4 O atoms by the formation of cation 
vacancies. This is, in particular, common in studies on spinels 
in the ulvöspinel field (e.g., Wechsler et al. 1984; Senderov 
et al. 1993; Wanamaker and Moskowitz 1994; Lattard 1995). 
Some of these papers show the presence of cation vacancies in 
titanomagnetite samples synthesized by sintering of powders 

at relatively high temperatures (ca. 1000–1300 °C), using elec-
tron microprobe oxygen (EMPO) analysis. However, the work 
of Herd et al. (2001) discusses the uncertainty associated with 
EMPO measurements in spinel, and they conclude that the error 
in O measurements is large enough to raise doubts about the no-
tion of a general non-stoichiometry in Ti-rich spinels. In addition, 
the uncertainties in absolute weight percent O measurements 
result in large uncertainties for the estimations of atomic Fe2+/Fe3+ 
ratios, because the O atomic number is much lower than that of 
Fe (Kamperman et al. 1996). The Fe2+/Fe3+ ratio is an important 
parameter that has significant effects on atomic proportions and 
estimates of oxygen fugacity during the formation of spinels 
and their host rocks (Wood 1991). Therefore, it is reasonable 
to explore further whether ulvöspinel may be stoichiometric or 
non-stoichiometric at the crystallization temperatures of com-
mon magmatic rocks.

One of the major problems in the literature on titanomagnetite 
is the incomplete chemical characterization of the samples. In 
fact, the presence of transition metals with variable valence-states 
(e.g., Fe2+ and Fe3+) often needs to be studied by a combination 
of complementary methods. These include electron microprobe 
analysis (EMPA) to measure the elemental composition and 
methods such as Mössbauer spectroscopy (MS), to determine 
the valence state distribution of Fe. Thus, to explore whether 
titanomagnetites may be stoichiometric at magmatic formation 
temperatures, a detailed chemical study on synthetic magnetite-
ulvöspinel solid-solution crystals has been undertaken.

EXPERIMENTAL METHODS

Synthesis
Spinel single crystals (up to 4 mm in size) of eight different compositions 

along the FeFe2O4-Fe2TiO4 solid-solution join were synthesized by use of a flux-* E-mail: ferdinando.bosi@uniroma1.it
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Spinel single crystals (up to 4 mm in size) of eight compositions along the FeFe2O4-Fe2TiO4 solid-
solution join, with more than 75 mol% ulvöspinel, were synthesized by use of a flux-growth method. 
The crystals were characterized by electron microprobe and Mössbauer spectroscopy. Results demon-
strated that these ulvöspinels are statistically stoichiometric. The atomic proportions of Ti4+ and Fe2+ 
progressively increase from 0.75 to 0.94 and from 1.75 to 1.94 apfu, respectively. Concomitantly the 
Fe3+ content decreases from 0.49 to 0.13 apfu. Consequently, the cation substitutions are restricted to 
the ideal classic substitution 2Fe3+ ↔ Fe2+ + Ti4+.

An average equilibrium temperature from coexisting spinel-ilmenite pairs of about 950 °C was 
estimated using the QUILF95 and Ghiorso-Sack models.

In contrast to previous studies based on non-stoichiometric samples sintered at higher temperatures, 
the present stoichiometric ulvöspinel samples were grown from a melt under moderate temperatures. 
This fact indicates that the formation of vacancies is related to high-equilibration temperatures or 
growth mechanisms, whereas natural ulvöspinel may very well be stoichiometric under normal 
magmatic conditions.
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