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Abstract
The phase relations of Al-bearing magnetite were investigated between 6–22 GPa and 1000–1550 °C 

using a multi-anvil apparatus. This study demonstrates that the spinel-structured phase persists up to 
~9–10 GPa at 1100–1400 °C irrespective of the amount of hercynite (FeAl2O4) component present (20, 
40, or 60 mol%). At ~10 GPa, the assemblage Fe2(Al,Fe)2O5 + (Al,Fe)2O3 forms and remains stable 
up to 16–20 GPa and 1200–1550 °C. Fe2(Al,Fe)2O5 adopts the CaFe3O5-type structure with the Cmcm 
space group. At 18–22 GPa and T >1300 °C the assemblage Fe3(Fe,Al)4O9 + (Al,Fe)2O3 becomes stable. 
Fe3(Fe,Al)4O9 is isostructural with Fe7O9, having the monoclinic structure of the C2/m space group. At T 
<1300 °C, Fe3(Fe,Al)4O9 + (Al,Fe)2O3 gives way to the assemblage of a hp-Fe(Fe,Al)2O4 + (Al,Fe)2O3. 
This hp-Fe(Fe,Al)2O4 phase is unquenchable; a defect-bearing spinel-structured phase was recovered 
instead, and it contained numerous lamellae parallel to {100} or {113} planes and notably less Al than 
the initial starting composition. While low-pressure spinel can have a complete solid solution between 
Fe3+-Al, the post-spinel phases have only very limited Al solubility, with a maximum of ~0.1 cpfu Al in 
hp-Fe(Fe,Al)2O4, ~0.3 cpfu in Fe2(Fe,Al)2O5, and ~0.4 cpfu in Fe3(Fe,Al)4O9, respectively. As a result, 
the phase relations of Fe(Fe0.8Al0.2)2O4 can also be applied to bulk compositions richer in Al with the 
only difference being that larger amounts of an (Al,Fe)2O3 phase are present.

Coexisting rhombohedral-structured phases demonstrate that the binary miscibility gap established 
at low pressure between hematite and corundum is still valid up to 20 GPa. Since iron oxides (e.g., 
magnetite) with variable Al contents are found in extraterrestrial rocks or as inclusions in diamond, 
constraints on their high-P-T-fO2 stability might help unravel their formation conditions.
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Introduction
Along with iron, aluminum is another notable constituent of 

many oxides, hydroxides, as well as silicate phases. For example, 
spinel group minerals are well known as important carriers for Al, 
along with Fe. Such minerals occur widely in the Earth’s mantle 
and crust and are also found as accessory phases in extraterrestrial 
rocks (e.g., Busche et al. 1971, 1972; Keil 2012; Krot 2019). In 
addition to end-member compositions spinel (MgAl2O4), herc-
ynite (FeAl2O4), chromite (FeCr2O4), and magnetite (Fe2+Fe2

3+O4), 
spinel-structured phases are known for their ability to form vari-
ous solid solutions [e.g., MgFe2O4-Fe3O4 (Katayama and Iseda 
2002); FeAl2O4-Fe3O4 (Turnock and Eugster 1962)]. Of all the 
possible major constituents, iron, as a multi-valent element, is 
sensitive to the prevailing redox conditions and thus can give 
insights into the local oxidation state within the Earth’s inte-
rior. Although magnetite contains a significant amount of Fe3+ 
(Fe3+/Fetot = 2/3), the incorporation of other trivalent cations, 
such as Al or Cr can lower the Fe3+ content and thus stabilize 

this phase over a larger range in oxidation states.
Previous experimental studies on the phase relations of 

spinel-structured oxides have demonstrated that their stabil-
ity is often restricted to pressures corresponding to the upper 
mantle (e.g., Schollenbruch et al. 2010; Woodland et al. 2012; 
Uenver-Thiele et al. 2017a, 2017b; Ishii et al. 2014, 2015). At 
certain high-pressure (high-P) and high-temperature (high-T) 
conditions, the spinel-structured phase can: (1) break down into 
its constituent oxides [e.g., FeAl2O4 (Schollenbruch et al. 2010); 
MgAl2O4 (Akaogi et al. 1999)]; (2) transform into a high-P 
polymorph (hp-O4) (e.g., Irifune et al. 1991, 2002; Funamori et 
al. 1998; Fei et al. 1999; Haavik et al. 2000; Levy et al. 2004; 
Chen et al. 2003a; Enomoto et al. 2009; Yong et al. 2012); or (3) 
produce an assemblage involving post-spinel phases with differ-
ent stoichiometries [e.g., Fe4O5 (Lavina et al. 2011; Woodland et 
al. 2012); Fe5O6 (Lavina and Meng 2015; Woodland et al. 2015, 
2023); Fe7O9 (Sinmyo et al. 2016); Mg2Al2O5 (Enomoto et al. 
2009); Mg2Fe2O5 (Boffa Ballaran et al. 2015); (Mg,Fe)2Fe2O5 and 
(Fe,Mg)2Fe4O9 (Uenver-Thiele et al. 2017a, 2017b, 2018); Fe9O11 
(Ishii et al. 2018)]. In this respect, knowing the phase relations 
for the chemically different post-spinel phases/assemblages can 
help constrain the formation conditions and evolution of certain 
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