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ABstrAct

In situ synchrotron X-ray powder diffraction measurements using a Paris-Edinburgh pressure cell 
were performed to investigate the nature of the high-pressure breakdown reaction of magnetite (Fe3O4). 
Refinement of diffraction patterns reveals that magnetite breaks down via a disproportionation reaction 
to Fe4O5 and hematite (Fe2O3) rather than undergoing an isochemical phase transition. This result, 
combined with literature data indicates (1) that this reaction occurs at ∼9.5–11 GPa and 973–1673 
K, and (2) these two phases should recombine at yet higher pressures to produce an h-Fe3O4 phase.
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introduction

Magnetite (FeFe2O4) is a mixed-valent phase that belongs to 
the spinel group of minerals. It is cubic (space group Fd3m) and 
possesses one tetrahedral and two octahedral sites per AB2O4 for-
mula unit. Its phase relations are fundamental to the chemically 
simple Fe-O system, which forms the basis for understanding 
many more complex chemical systems relevant to the geologi-
cal and material sciences. Considering that many other spinel-
structured phases are known to undergo a phase transition at 
high pressures, the high-pressure stability of magnetite has also 
received much attention over the years (e.g., Mao et al. 1974; 
Huang and Bassett 1986; Pasternak et al. 1994; Fei et al. 1999; 
Lazor et al. 2004). At room-temperature magnetite undergoes 
an unquenchable transition at ∼21 GPa to a phase often denoted 
as h-Fe3O4. The crystal structure of the h-Fe3O4 polymorph has 
been the subject of discussion for over 30 years. Mao et al. (1974) 
suggested it was monoclinic. In situ measurements at 823 K 
and 23.96 GPa in a diamond-anvil cell led Fei et al. (1999) to 
propose an orthorhombic CaMn2O4-type structure. More recent 
studies concluded that the related CaTi2O4-type structure was 
more consistent with the available diffraction data (Haavik et 
al. 2000; Dubrovinsky et al. 2003). In their in situ investigation 
at high pressures and temperatures, Schollenbruch et al. (2011) 
were able to determine that the phase boundary of magnetite–h-
Fe3O4 transition was nearly isobaric (lying near 10 GPa) over a 
temperature range of 700–1400 °C. Unfortunately, the quality of 
their energy dispersive X-ray diffraction patterns did not permit 
the structure of h-Fe3O4 to be unambiguously determined. How-
ever, it was apparent that the new reflections that appeared in their 
diffraction patterns were inconsistent with both the CaMn2O4 and 
the CaTi2O4-type structures. This suggested an additional poly-
morph is stable at high pressures and temperatures, which they 

referred to as the “mystery phase.” This phase had very similar 
d-spacings as those identified in an earlier study by Koch et al. 
(2004) on the Fe3O4-Fe2SiO4-Mg2SiO4 system.

We have undertaken a new in situ study at high pressure and 
temperature using angle dispersive X-ray powder diffraction in 
the hope of obtaining sufficient quality diffraction patterns to 
finally solve the crystal structure of h-Fe3O4 at the phase bound-
ary with magnetite. For reasons that will become apparent, this 
was not a trivial exercise. However, with the recent report of 
a new Fe-oxide phase with Fe4O5 stoichiometry (Lavina et al. 
2011), we are now able to unambiguously confirm that magnetite 
breaks down to a mixture of Fe4O5 and hematite at ∼9.5–11 GPa 
and 973–1673 K, rather than transforming directly to a single 
isochemical polymorph.

experimentAL methods
The magnetite starting material was the same as that used in the study of Schol-

lenbruch et al. (2011), which was synthesized by reducing Fe2O3 at one atmosphere 
under conditions (1573 K and log ƒO2

 = –5.5) that should yield a stoichiometric 
composition (Dieckmann 1982). Stoichiometry was confirmed by the obtained 
unit-cell parameter of ao = 8.3966(6) Å (Fleet 1984).

The experiments were performed using the on-line Paris-Edinburgh pressure 
cell on beamline ID27 at the European Synchrotron Radiation Facility (ESRF) in 
Grenoble, France. Recently installed sintered diamond anvils now permit pressures 
up to ∼17 GPa to be reached at temperatures exceeding ∼1300 K (Morard et al. 
2007). An advantage of the Paris-Edinburgh cell over using a diamond-anvil cell 
is that clean diffraction patterns of the sample can be obtained with virtually no 
foreign reflections from either the anvils or the pressure medium. In addition, a new 
set of soller slits was recently installed before our experiments that significantly 
reduced beam divergence and improved the quality of the diffraction patterns by 
filtering out contributions from the materials in the pressure cell surrounding the 
sample (Morard et al. 2011).

Details of the experimental setup are reported in (Mezouar et al. 1999) and 
only briefly described here. The conical-shaped pressure cell was made of boron 
epoxy with an axial hole for the sample and a cylindrical graphite furnace. Mag-
netite powder was enclosed in a BN capsule. A 10:1 mixture of NaCl and Au was 
packed into a small hole bored into the side of the BN capsule. Diffraction patterns 
of this mixture permitted the pressure and temperature to be monitored during the * E-mail: woodland@em.uni-frankfurt.de 


