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Abstract. The occurrence of Cr-bearing oxide phases as inclusions in diamonds and in extraterrestrial materials
has the potential to serve as an indicator of formation conditions. However, such an application requires detailed
knowledge of phase stabilities and the influence that Cr may have on its stability. To this end, the incorporation of
Cr in high-pressure post-spinel Fe–Mg oxide phases was experimentally investigated at pressures of 14–22 GPa
and temperatures between 1100 and 1600 °C using a multi-anvil press. We find that neither the Fe3Cr2O6 nor the
Mg3Cr2O6 endmember composition is stable over the expected range of pressure and temperature where Fe5O6
itself is known to be stable. Further experiments along the Fe2+

3 Fe3+
2 O6–Fe2+

3 Cr2O6 binary indicate only small
amounts of Cr substitution are possible:∼ 0.12 cations Cr per formula unit or∼ 6 mol % Fe2+

3 Cr2O6 component.
In contrast, complete solid solution is apparent across both the Fe2+

2 (Cr,Fe3+)2O5 and the Mg2(Cr,Fe3+)2O5 bi-
naries, and there are indications of complete solution in the entire (Mg,Fe2+)2(Cr,Fe3+)2O5 quaternary system.
The O5-structured phase usually coexists with (Fe,Mg)O. At 16–20 GPa, a post-spinel phase with O4 stoichiome-
try was occasionally encountered, having either a modified Ca-ferrite- (mCF-FeCr2O4) or a Ca-titanate-type (CT-
MgCr2O4) structure. In one high-temperature experiment at 1600 °C, an unquenchable Mg-rich phase with a re-
constructed Mg4Fe3+

2 O7 stoichiometry occurred together with Mg2(Cr,Fe3+)2O5. In one experiment at 1100 °C
and 16 GPa with a bulk composition of Mg2(Cr0.6,Fe3+

0.4)2O5, an assemblage of O5 phase + eskolaite–hematite
solid solution + periclase was obtained together with minor amounts of the CT-type phase and a β-(Cr,Fe)OOH
phase. The occurrence of these two minor phases in this low-temperature experiment is an indicator of variable
reaction kinetics amongst the starting materials, which caused chemical heterogeneities to develop at the onset
of the experiment.

The structural systematics of Fe2+
2 (Cr,Fe3+)2O5 and (Fe2+,Mg)2(Cr,Fe3+)2O5 solid solutions were investi-

gated. It is notable that the Fe3+ and Cr endmembers have somewhat different crystal structures, belonging to
space groups Cmcm (no. 63) and Pbam (no. 55), respectively. The phase transition occurs around the midpoint
of the Fe3+–Cr joins. In spite of complexities in the behavior of the unit-cell parameters, the variation in molar
volume with composition deviates only slightly from linearity.

Wüstite and periclase coexisting in our experiments reveal the incorporation of up to 9 wt % and 25 wt %
Cr2O3, respectively. This is consistent with the minor Cr contents reported for some ferropericlase inclusions in
natural diamond. The limited solubility of other cations in Fe5O6 limits the likelihood of it being an accessory
phase in the Earth’s deep upper mantle and transition zone, except in Fe-rich environments. In contrast, the O5
phase appears to be more flexible in accommodating a range of divalent and trivalent cations, suggesting that
this phase is more likely to be stabilized, potentially where redox reactions related to diamond formation occur.
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1 Introduction

Since the report by Chen et al. (2003a, b) of two high-
pressure polymorphs of chromite (FeCr2O4) in the Suizhou
shocked meteorite, the phase stabilities of so-called post-
spinel phases have taken on a new dimension of impor-
tance. This interest has intensified due to the discovery
of Fe oxides with a variety of stoichiometries and crys-
tal structures in experiments. The synthesis of Fe2+

2 Fe3+
2 O5

at high pressures (Cmcm space group, Lavina et al., 2011)
was followed by the identification of Fe2+

3 Fe3+
2 O6 (Cmcm

space group, Woodland et al., 2015; Lavina and Meng,
2015) and the monoclinic-structured phases Fe2+

3 Fe3+
4 O9

and Fe2+
5 Fe3+

4 O11 (Sinmyo et al., 2016; Ishii et al., 2018).
Along with a high-pressure Fe2+Fe3+

2 O4 polymorph with a
CaTi2O4 structure (CT-type phase, Cmcm) reported earlier
by Dubrovinsky et al. (2003), a whole family of post-spinel
oxide phases appears to be stable under the pressure and tem-
perature conditions corresponding to the Earth’s transition
zone and upper portion of the lower mantle. Thus, there is
the potential for a range of Fe3+-bearing oxides to become
trapped as inclusions in diamond that could serve as indica-
tors of the diamond formation process, as long as their sta-
bilities have been quantified. Likewise, their occurrence in
extraterrestrial materials would also allow constraints to be
placed on the conditions these materials have undergone, as
Chen et al. (2003a, b) aptly demonstrated.

The relevance of such phases to the Earth rests in part
on their ability to form solid solutions with other elements
in a fashion similar to the spinel or garnet group minerals.
For example, magnesiochromite and Cr-rich pyrope are of-
ten reported as inclusions in diamonds from certain localities
(e.g., Stachel et al., 2003; Stachel and Harris, 2008; Nimis
et al., 2019), indicating the potential for Cr to help stabi-
lize major or accessory phases in the deep mantle. The in-
corporation of Mg has been shown to be possible in many of
the phase stoichiometries mentioned above, even if the full
extent of cation substitution still remains to be clarified in
most cases (Sinmyo et al., 2016; Ishii et al., 2018; Wood-
land et al., 2013, 2023). Although complete solid solution
along the Fe2+

2 Fe3+
2 O5–Mg2Fe3+

2 O5 binary was reported by
Uenver-Thiele et al. (2018), Woodland et al. (2023) found
only limited solubility of Mg in Fe2+

3 Fe3+
2 O6. It should be

mentioned that while Mg substitution for Fe2+ will increase
the Fe3+ /

∑
Fe, substitution of Cr for Fe3+ has the opposite

effect and acts to lower the Fe3+ /
∑

Fe, providing a mecha-
nism for increasing the range of redox stability of the differ-
ent oxide phases.

In Cr-bearing compositions, the high-pressure experimen-
tal studies of Ishii et al. (2014, 2015) on the post-spinel-phase
relations of FeCr2O4 (Ishii et al., 2014) and MgCr2O4 (Ishii
et al., 2015) have demonstrated the stability of phases with an
O5 stoichiometry (modified ludwigite-type structure, Pbam)
and a phase of O4 stoichiometry with a CT-type structure

in both endmember systems. For the FeCr2O4 composition,
Ishii et al. (2014) reported an additional high-pressure phase
with O4 stoichiometry and a structure different from but re-
lated to the CaFe2O4-type structure (CF), which they referred
to as a “modified CaFe2O4-type” phase (mCF phase, Pnma).
This was found to be stable at lower temperatures than where
the CT-structured phase was detected.

The high-pressure phase relations of several bulk compo-
sitions lying along the MgCr2O4–MgSiO3 and MgCr2O4–
Mg2SiO4 binaries were investigated experimentally by Ma-
trasova et al. (2018) and Sirotkina et al. (2018), respec-
tively. Run products from both of these studies also contained
Mg2Cr2O5 and the CT-type phase coexisting with a variety
of mantle-relevant silicate phases, including wadsleyite, ring-
woodite, majoritic garnet and bridgmanite, depending on the
pressure and bulk composition employed. In addition, a new
phase with a composition Mg(Mg,Si)(Si,Cr)O4 containing
∼ 50 mol % Mg2SiO4 component was also identified in some
experiments at pressures between 12 and 18 GPa (Sirotkina
et al., 2018; Bindi et al., 2015).

Although the Fe2Cr2O5 and Mg2Cr2O5 endmembers are
known to be stable between 13 and 16–18 GPa (Ishii et al.,
2014, 2015), there are no experimental data currently avail-
able for compositions richer in Fe2+ or Mg where phases
such as Fe2+

3 Cr2O6, Fe2+
3 Cr4O9 and Fe2+

5 Cr4O11 or their Mg
analogues could be stable. Aside from five experiments re-
ported by Woodland et al. (2013) revealing substantial solid
solution between Fe2+

2 Fe3+
2 O5 and Fe2Cr2O5, there is also

no information on the stability of Cr–Fe3+ solid solutions
for any other post-spinel oxide phase. Thus, it is currently
unclear if the presence of Cr can act to stabilize one or
more of the post-spinel oxides mentioned above as an acces-
sory phase in the mantle assemblage. To address this gap in
knowledge, we have investigated phase relations in the Cr–
Fe2+–Fe3+–Mg–O system. We initially focus on the stability
of Fe3Cr2O6 and related compositions containing both Fe2+

and Fe3+ along with Cr. Then, we investigate the potential
stability of Mg3Cr2O6 and the phase relations in Mg-bearing
bulk compositions containing both Cr and Fe3+.

2 Experimental and analytical methods

Starting materials for experiments with Fe2+
3 Cr2O6 and

Fe2+
3 (Cr,Fe3+)2O6 bulk compositions were stoichiometric

mixtures of pre-synthesized chromite (FeCr2O4) and Fe3O4
along with Fe0 powder (≤ 60 µm). The combination of mag-
netite and metal to produce the additional Fe2+ necessary for
the O6 stoichiometry avoids the ambiguities inherent in using
wüstite, which is always non-stoichiometric. The chromite
was synthesized at 1 bar from a mixture of Cr2O3 and Fe2O3
pressed into pellets and sintered at 1200 °C under reduc-
ing conditions of logfO2 =−11.4 in a vertical tube furnace
with a CO–CO2 gas mixing system. These conditions are ap-
propriate for obtaining single-phase stoichiometric chromite
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(Ishii et al., 2014). The pellets were quenched in water and
reground and resintered twice in order to assure homogene-
ity. X-ray powder diffraction patterns revealed a single phase
with a unit-cell parameter of ao = 8.3775(1) Å, which com-
pares well with that reported by Lenaz et al. (2004). Mag-
netite was similarly produced by reducing Fe2O3 at 1300 °C
and 1 bar in a 1 : 99 mixture of CO : CO2 (logfO2 =−5.5),
which corresponds to the condition where magnetite is stoi-
chiometric (Dieckmann, 1982). The resulting magnetite had
a unit-cell parameter of ao = 8.3958(1) Å.

For the investigation of Mg3Cr2O6 stability, a stoi-
chiometric mixture of pre-synthesized magnesiochromite
(MgCr2O4) along with MgO was used. The MgCr2O4 was
produced from a stoichiometric mixture of MgO and Cr2O3
pressed into a pellet. It was initially sintered for 12 d in air
at 1100 °C in a box furnace. Then in a final step follow-
ing the recommendations of Ishii et al. (2015) and O’Neill
and Dollase (1994), the material was reground and repressed
into a pellet and sintered for 5 h at 1300 °C in a pure CO2
gas stream in a vertical tube furnace and quenched in wa-
ter. The result had a very uniform green color. Evaluation of
the XRD pattern indicated a single spinel-structured phase
with a unit-cell parameter of ao = 8.3353(1) Å. Starting ma-
terials for studying the Mg2Cr2O5–Mg2Fe3+

2 O5 binary were
prepared by mixing various proportions of pre-synthesized
MgCr2O4 with Fe2O3 and MgO to produce the desired stoi-
chiometry.

For the Fe2+–Fe3+-bearing experiments, sample pow-
ders were loaded into Ag foil capsules and closed with a
hammer. For the Mg-bearing experiments, Pt foil capsules
were employed, and for samples containing an additional
Mg2Fe3+

2 O5 component, a small amount of PtO2 powder was
added to the capsule before closure in an attempt to maintain
the iron in the ferric state during the experiment.

Multi-anvil high-pressure experiments were performed at
both the Goethe-Universität Frankfurt and the Bayerisches
Geoinstitut, Bayreuth. In Frankfurt, the 800 t Walker-type
multi-anvil press was used following the experimental setup
and pressure (P ) calibration described by Brey et al. (2008).
Up to 14 GPa, tungsten carbide anvils with truncated edge
lengths of 8 mm were employed along with 14 mm Cr2O3-
doped MgO octahedra pressure cells. For experiments
performed at 18 GPa, the pressure was calibrated using
the wadsleyite-to-ringwoodite transformation in Mg2SiO4
(1200 °C, 18 GPa; Inoue et al., 2006). Here, the tungsten car-
bide anvils and MgO octahedra had edge lengths of 4 mm
and 10 mm, respectively. At the Bayerisches Geoinstitut two
multi-anvil presses were employed up to 23 GPa: the HY-
MAG MA-6/8 1000 t split-sphere-type press and the Zwick
5000 t press. Cross-calibration between these presses is doc-
umented in Keppler and Frost (2005). The pressure cell
in Frankfurt employs a Re-foil furnace, whereas a LaCrO3
heater is employed in Bayreuth. W5 /Re95–W26 /Re74 ther-
mocouples with the electromotive force uncorrected for pres-
sure were used to monitor the temperature (T ). After ini-

tial compression, the experiment was heated at a rate of
∼ 50 °C min−1. The experiments were terminated by turn-
ing off the power and were followed by slow decompression.
Uncertainties in pressure and temperature are ± 0.5 GPa and
± 30–50 °C, respectively (Keppler and Frost, 2005; Brey et
al., 2008).

Fragments of the run products from each experiment were
mounted in epoxy, ground down and polished in prepa-
ration for subsequent investigation by electron microprobe
(EPMA). Most of the remaining material was reserved for
analysis by X-ray powder diffraction. Microprobe analysis
employed a five-spectrometer JEOL JXA-8900 SuperProbe
or a JEOL JXA-8530F plus HyperProbe in Frankfurt us-
ing pure MgO Fe2O3 and Cr2O3 as primary standards. The
EPMA was operated in wavelength-dispersive mode with an
acceleration voltage of 15 kV and a probe current of 20 nA,
with various spot sizes from 1–3 µm. The integration time for
Fe and Mg was 40 s on the peak, while an integration time of
20 and 40 s on the background was set for Fe and Mg, respec-
tively. For Cr, counting times of 30 s on the peak and 15 s
on the background were chosen. A CITZAF algorithm was
employed for matrix correction (Armstrong, 1995). Phase
homogeneity was verified by performing multiple analyses
on single grains and from observing a uniform Z contrast
(grey scale) of grains in backscattered electron (BSE) im-
ages, which were also used to document sample texture.

Powder X-ray diffraction patterns were obtained at the In-
stitut für Anorganische und Analytische Chemie, Goethe-
Universität Frankfurt, using a STOE STADI P diffractometer
operating at 45 kV and 35 mA and using monochromatic Mo
Kα (λ= 0.70926 Å) radiation, equipped with a linear PSD
or a Mythen detector. Powdered samples were mounted in
0.5 mm diameter glass capillary tubes together with a small
amount of silicon that served as an internal standard. The Si
powder was cross-calibrated with the NIST LaB6 standard
(NIST 660). Diffraction patterns were collected in transmis-
sion mode between 1–100° 2θ . Preliminary phase identifi-
cation was routinely carried out using CrystalDiffract soft-
ware from CrystalMaker Software Ltd. (UK). All patterns
were then analyzed with the General Structure Analysis Sys-
tem (GSAS; Larson and van Dreele, 1994) software package
with the EXPGUI interface of Toby (2001) for phase identi-
fication and to determine unit-cell parameters referenced to
the Si internal standard.

Sample material from one experiment was also investi-
gated using synchrotron radiation at the Extreme Conditions
Beamline P02.2 at PETRA III, Hamburg, Germany, using a
PerkinElmer XRD 1621 flat panel detector and a wavelength
λ= 0.2907 Å focused with a KB mirror to a focal spot of
∼ 2×2 µm2. The sample-to-detector distance, coordinates of
the beam center, tilt angle and tilt plane rotation angle of the
detector images were calibrated using a CeO2 standard. Ap-
proximately 30 pieces of the sample material, ranging in size
from 10 to 40 µm, were analyzed. Initial diffraction data were
collected in wide-scan mode from−20 to+20° on the omega
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axis. For the 12 fragments that exhibited the best diffraction
patterns, XRD data were collected in step-scan mode from
−33 to +33° on the omega axis, in 0.5° steps. Every frag-
ment selected for the data collection was an aggregate of
single-crystalline domains and was therefore analyzed using
a multi-grain approach. The DAFi software program (Aslan-
dukov et al., 2022) was used to identify groups of reflections
attributable to the same crystals, and the identified orienta-
tion matrices were then used in the CrysAlisPro software
(CrysAlisPro, 2019) to integrate the single-crystal XRD data
for each crystalline domain in order to obtain accurate unit-
cell parameters.

3 Results and discussion

We first present results from experiments with Mg-free com-
positions, and data are reported in Tables 1 and 2, with the
latter containing the compositions and unit cells for the re-
covered high-pressure oxide phases. This is followed by the
results from experiments with Mg-bearing starting composi-
tions presented in an analogous way in Tables 3 and 4.

3.1 The Cr–Fe2+–Fe3+–O subsystem

Stability of Fe3Cr2O6. A series of experiments between 14
and 20 GPa and 1200–1500 °C was undertaken to ascertain
whether the Fe3Cr2O6 endmember has a stability field or
not. This range was chosen based on the conditions (i) in
which chromite (FeCr2O4) breaks down according to Ishii et
al. (2014) and (ii) where Fe5O6 is known to be stable (Wood-
land et al., 2023). As it turns out, the Fe3Cr2O6 endmember
phase was not found in any of our experiments (Table 1). At
the lowest pressure of 14 GPa (and 1200 °C), chromite co-
exists with wüstite. Otherwise, Fe2Cr2O5 with the modified
ludwigite-type structure occurs in the experimental products
together with wüstite (Fig. 1a). This assemblage also implies
that no other high-pressure phases with stoichiometries be-
tween Fe2Cr2O5 and wüstite are stable over the broad range
of P –T conditions of our experiments (i.e., Fe2+

3 Cr2O6,
Fe2+

5 Cr4O11).
Phase relations. The assemblage Fe2Cr2O5+ wüstite is

stable over a wide range of P and T . However, in two ex-
periments, one each at 18 and 20 GPa, small amounts of ad-
ditional FeCr2O4 with a modified Ca-ferrite-type structure
(mCF) were detected by XRD (Table 1). It is notable that this
phase appeared in experiments run at relatively low temper-
atures, so while reaction clearly occurred, it may be that the
entire sample may not be completely equilibrated. However,
the occurrence is consistent with the P –T stability of this
phase reported by Ishii et al. (2014). On the other hand, the
CT-type polymorph of FeCr2O4 found by Ishii et al. (2014)
at higher temperatures (T ≥ 1400 °C) was not detected in our
experiments. The persistence of Fe2+

2 Cr2O5 at high pres-
sure compared to the experiments of Ishii et al. (2014) can
be attributed to our bulk compositions being richer in Fe.

Ishii et al. (2014) investigated the FeCr2O4 composition and
had Cr2O3 coexisting with Fe2+

2 Cr2O5, whereas wüstite was
present in our experiments using an Fe3Cr2O6 bulk compo-
sition. Thus, it is likely that the P–T stability of Fe2Cr2O5 is
somewhat different when it coexists with wüstite compared
with Cr2O3, in a manner similar to that observed for Fe4O5
depending on whether it coexists with Fe2O3 or not (Myhill
et al., 2016).

Although the presence of three phases in two samples
of the Fe2+–Cr endmember composition would appear to
violate the phase rule for phase equilibrium, textures of
the two samples containing the mCF-type phase reveal that
Fe2Cr2O5 always occurs in between this phase and wüstite
(Fig. 1b). Thus, two local equilibria were established during
the experiment with Fe2Cr2O5 in equilibrium with wüstite
and Fe2Cr2O5 also being locally in equilibrium with the
mCF-type phase. Such small-scale heterogeneities may have
been induced by the different starting materials, chromite,
magnetite and Fe0 reacting at different rates at the begin-
ning of the experiment. For example, magnetite has been
observed to break down quite rapidly in in situ experiments
(e.g., Schollenbruch et al., 2011; Woodland et al., 2012). If
this occurs more rapidly than for chromite, isolated Cr-rich
domains might develop that could subsequently transform
into the mCF-type phase (but see below) and then take a long
time to homogenize. As mentioned previously, the mCF-type
phase only occurs in experiments performed at ≤ 1300 °C
(Table 1).

A further explanation for the additional mCF-type phase
can be related to a small amount of oxidation that apparently
occurred during the experiments, producing a small amount
of Fe3+. In fact, microprobe analysis reveals that the O5
phase always has a small deficit in Cr content, which corre-
sponds to the presence of 10–20 mol % Fe2+

2 Fe3+
2 O5 compo-

nent (Table 2). This is even the case for sample H5743, where
a small excess of metallic Fe was added to the starting mix in
an attempt to suppress oxidation during the experiment (Ta-
ble 1). Thus, the presence of Fe3+ shifts the bulk composition
off of the intended Fe2+O–CrO1.5 join and slightly into the
Fe2+O–CrO1.5–Fe3+O1.5 ternary system. It is notable that
Fe3+ preferentially partitions into the O5 phase compared to
the coexisting mCF phase (Table 2). The presence of Fe3+

may also explain why the O5 phase is still stable in our two
experiments at 20 GPa and 1400 and 1500 °C (Table 1) in
contrast to the CT-type polymorph of FeCr2O4 found by Ishii
et al. (2014) in these conditions.

It must be mentioned here that in their comparison of re-
sults from quench and in situ experiments with the FeCr2O4
endmember composition, Ishii et al. (2014) demonstrated
that the mCF phase actually had the Ca-ferrite (CF) structure
(Pnma, Decker and Kasper, 1957) at high pressures and tem-
peratures and that it had converted to the mCF-type structure
in their quench experiments during decompression. This is
most likely the case in our quench experiments as well, so we
consider that the high P –T phase relations described above
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Figure 1. Backscattered electron images of run products from selected experiments: (a) texture of sample H5743 indicating Fe2Cr2O5
(medium grey) coexisting with wüstite (bright) and (b) sample M851 illustrating the presence of three phases, Fe2(Cr,Fe)2O5 (medium grey),
wüstite (bright) and mCF-Fe(Cr,Fe)2O4 (dark); note that the mCF-type phase is never in direct contact with wüstite. Also note that some of
the mCF-type phase has reacted during the quench. The tiny very bright grains are apparently unreacted Fe metal from the starting material.
(c) The Mg-bearing sample H5697 comprising O5 and periclase with traces of CT-type MgCr2O4; (d) texture of the Mg-bearing sample
Z2386u illustrating the coexistence of the O5 phase with the modified ludwigite structure and an unquenchable phase that has exsolved into
periclase (medium grey) and spinel (bright). Large-diameter (3 µm) analysis spots indicated in the image yield a bulk composition consistent
with (Mg3.93,Fe2+

0.07)(Cr1.11,Fe3+
0.89)O7 stoichiometry.

actually relate to an O4 phase with the CF-type structure.
From microprobe imaging, we find no evidence of changes
in composition having occurred through the CF-type to mCF-
type structural adjustment during decompression. In fact, this
is unlikely, since decompression of an experiment is at room
temperature, where solid-state diffusion is very slow. How-
ever, the relative instability of the O4 phase is also appar-
ent by partial breakdown textures apparent in BSE images
(Fig. 1b) that formed during the quench rather than during
decompression. In this context, solid solution with Fe3+ is
also not expected to help to stabilize the crystal structure
since hp-Fe3O4 has never been observed under ambient con-
ditions, reverting to magnetite during decompression (e.g.,
Fei et al., 1999; Dubrovinsky et al., 2003; Uenver-Thiele et
al., 2024).

Having demonstrated that the Fe2+
3 Cr2O6 endmember

composition does not appear to be stable, we undertook a
further series of experiments with bulk compositions along
the Fe2+

3 Fe3+
2 O6–Fe2+

3 Cr2O6 binary join to ascertain the ex-
tent of Cr substitution possible in Fe5O6 (Tables 1, 2). For
most of the compositional range, O5+wüstite is the stable
assemblage. Only at a low Fe2+

3 Cr2O6 content of 5 mol% in

the starting material did an O6-structured phase appear in the
run products, indicating that only very limited amounts of Cr
can be incorporated into the Fe5O6 (∼ 0.12 cations Cr per
formula unit, c.p.f.u.). In contrast, we observe complete Cr–
Fe3+ solid solution in the O5 phase. What makes this even
more remarkable is that the two endmembers of this binary
series, Fe2+

2 Fe3+
2 O5 and Fe2Cr2O5, have somewhat different

crystal structures (Cmcm, no. 63, and Pbam, no. 55, respec-
tively; see below).

3.2 The Cr–Mg–Fe2+–Fe3+–O system: the addition of
Mg

Analogous to the Fe subsystem, we initially investigated the
stability of the Mg3Cr2O6 endmember composition over a
pressure range of 14–20 GPa at temperatures between 1200
and 1500 °C (Table 3). The originally anticipated O6 phase
was not observed under these conditions. Instead, the as-
semblage Mg2Cr2O5+MgO was always stable. At 20 GPa,
traces of MgCr2O4 with the CT-type structure also appeared
(Fig. 1c), consistent with the work of Ishii et al. (2015). Not
only does the assemblage Mg2Cr2O5+MgO in our experi-
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Table 2. Composition and refined unit-cell parameters of phases in run products from experiments in the Cr2O3–FeO±Fe2O3 system.

Experiment Phase nCr nFe2+ nFe3+ Unit-cell parameters

c.p.f.u. c.p.f.u. c.p.f.u. a [Å] b [Å] c [Å] V [Å3] Mol vol [cm3mol−1]

Fe2(Cr,Fe)2O5

Z2262 O5L 1.641(6) 2 0.359(6) 9.6893(3) 12.5189(3) 2.9056(1) 352.445(10) 53.061(2)
M851 O5L 1.78(8) 2 0.21(8) 9.6899(5) 12.4927(6) 2.9078(1) 352.00(2) 52.993(3)
M849 O5L 1.63(2) 2 0.37(2) 9.6874(5) 12.5015(6) 2.9071(1) 352.07(2) 53.004(3)
H5696 O5L 1.74(6) 2 0.26(6) 9.6871(10) 12.4951(11) 2.9072(2) 351.89(3) 52.977(5)
H5743 O5L 1.691(6) 2 0.309(6) 9.6870(3) 12.5169(3) 2.9077(1) 352.566(9) 53.079(2)
H5699 O5L 1.68(3) 2 0.32(3) 9.6872(3) 12.5105(3) 2.9070(1) 352.298(10) 53.038(2)
M865 O5C 1.283(14) 2 0.716(14) 9.7088(3) 12.5308(3) 2.9035(1) 353.241(10) 53.180(2)
Z2262_60–40 O5C 0.933(6) 2 1.067(5) 2.9068(1) 9.7359(3) 12.5274(4) 354.533(13) 53.375(2)
Z2263_60–40 O5C 0.95(2) 2 1.05(2) 2.9041(1) 9.7440(2) 12.5375(2) 354.778(8) 53.412(1)
M853 O5C 0.43(3) 2 1.57(3) 2.8991(1) 9.7665(2) 12.5554(3) 355.491(10) 53.519(2)
M859 O5C 0.41(2) 2 1.59(2) 2.8995(1) 9.7673(2) 12.5588(3) 355.671(10) 53.546(2)
Z2263_80–20 O5C 0.42(2) 2 1.58(2) 2.8996(1) 9.7653(2) 12.5560(2) 355.526(9) 53.524(2)
M861 O5C 0.093(11) 2 1.907/11) 2.8932(1) 9.7936(4) 12.5694(4) 356.155(14) 53.619(2)
H5742 O5C 0.060(2) 2 1.940(2) 2.8950(1) 9.7895(4) 12.5632(4) 356.051(13) 53.603(2)

Fe3(Fe,Cr)2O6

M861 0.087(1) 3 1.913(1) 2.8826(7) 9.922(3) 15.359(3) 439.27(10) 66.132(15)
M854 0.11(5) 3 1.89(5) 2.8879(1) 9.9294(2) 15.3560(3) 440.339(12) 66.293(2)
H5742 0.12(1) 3 1.88(1) 2.8869(3) 9.9243(10) 15.3491(13) 439.76(4) 66.206(6)

Fe(Cr,Fe)2O4

M851 mCF 1.94(1) 1 0.06(1) 9.066(2) 2.9575(6) 10.642(3) 285.32(8) 42.955(15)
H5696 mCF 1.99(4) 1 0.01(4) 9.067(7) 2.9595(17) 10.657(8) 285.96(25) 43.05(4)

1O5L, phase with a modified ludwigite (Pbam) structure; O5C, phase with a Ca-ferrite (Cmcm) structure; mCF, modified Ca-ferrite structure.

mental run products indicate the instability of Mg3Cr2O6, but
it also means that no additional phases with Mg-rich compo-
sitions lying between Mg2Cr2O5 and periclase can be stable
either. As with the Fe2+ endmember, we find that Mg2Cr2O5
remains stable at higher pressures than those reported by Ishii
et al. (2015) in their study of MgCr2O4 phase relations (e.g.,
at 20 GPa, Table 3). Again, this demonstrates that the P –T
stability field of Mg2Cr2O5 is influenced by whether it coex-
ists with eskolaite (Cr2O3) or periclase.

Since the Mg3Fe3+
2 O6 endmember is already known not

to be stable (Woodland et al., 2023), it was instead decided
to perform four experiments to investigate relations along the
Mg2Cr2O5–Mg2Fe3+

2 O5 binary to check if solid solution is
complete (Table 3). These experiments were performed at
14–16 GPa and a range of temperatures from 1100 to 1600 °C
(Table 3). In all cases, the run products were dominated by
the O5 phase, with three samples also containing coexisting
periclase (Table 3). No O6-structured phase was detected.
The range in composition of the O5 phase seems to indicate
that Cr–Fe3+ substitution is complete across the Mg2Cr2O5–
Mg2Fe3+

2 O5 join. We note that in spite of adding a small
amount of PtO2 to the samples to help to maintain a high oxi-
dation state, a little reduction appears to have occurred during
these experiments, as revealed by the presence of Fe2+ when

calculating phase stoichiometries from microprobe analyses
(Tables 3, 4).

In the highest-temperature experiment (Z2386u), in-
stead of the O5 phase coexisting with periclase, another
phase appeared that has an exsolved texture, indicating
that it did not survive quenching from high P and T

(Fig. 1d). Such textures have also been observed in the
Cr-free MgFe2O4 system (Uenver-Thiele et al., 2017a).
Microprobe analyses using a defocused electron beam of
3 µm diameter (Fig. 1d) yielded results consistent with
a (Mg3.93,Fe2+

0.07)(Cr1.11,Fe3+
0.89)O7 stoichiometry. An un-

quenchable Mg-rich phase with Mg4Fe3+
2 O7 stoichiometry

has already been proposed by Uenver-Thiele et al. (2017a)
and Woodland et al. (2023). If our interpretation is correct,
the results of experiment Z2386u would indicate that Cr
can be readily incorporated into this phase; unfortunately
the presence of Cr did not help to stabilize the phase to
the point where it could survive quenching. Comparison of
the reconstructed O7 composition with the coexisting O5
phase (Table 4) does indicate that Cr is somewhat favored
by the O5 phase (XCr = 0.55 in O7 phase vs. XCr = 0.63 in
the O5 phase, where XCr = nCr / (nCr+ nFe3+)), consistent
with the presence of Fe3+ serving to stabilize the O7 phase
at the high temperature of this experiment.
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Figure 2. Analysis of the run products from experiment Z2281u. (a) Powder XRD pattern; (b) inset of powder XRD pattern between 10
and 21° 2θ . (c) BSE image of run products containing eskolaite–hematite solid solution (bright), periclase (dark), the O5 phase (medium
grey) and a crystal of the CT-type phase (slightly lighter grey). (d) BSE image illustrating the occurrence of β-CrOOH along with O5,
eskolaite–hematite (bright), the CT-type phase (slightly brighter than O5) and periclase (dark).

The run products of the lowest-temperature experiment at
1100 °C and 16 GPa (Z2281) contain a total of five phases
that were detected first by XRD and then by a microprobe
(Table 3, Fig. 2a, b, c, d). The dominant phases are the O5
phase coexisting with an eskolaite–hematite solid solution
and periclase in subequal quantities, as given by a refine-
ment with GSAS. The occurrence of these three phases can
be understood by comparing the phase diagrams presented
by Ishii et al. (2015) and Uenver-Thiele et al. (2017a) for
the MgCr2O4 and MgFe2O4 endmember compositions, re-
spectively. The P –T conditions of our experiment already
lie close to the boundary separating the stability fields of
Cr2O3+MgO and Mg2Cr2O5+Cr2O3, and the addition of
Fe3+ should expand the two-oxide stability field to higher
P and T so that the occurrence of these three phases is
not surprising for a bulk composition near the middle of
the Mg2Cr2O5–Mg2Fe3+

2 O5 join (Table 3). However, addi-
tional low-intensity peaks were detected in the XRD pattern
(Fig. 2a, b). A number of peaks are consistent with the CT-
type polymorph of MgCr2O4, and others seem to fit the β-
CrOOH phase with the space group Pmn21. Although the
latter phase seems unlikely due to the fact that no H2O was
added to the experiment, an analogous occurrence of phase
B in a nominally non-hydrous experiment was recently re-
ported by Uenver-Thiele et al. (2018) and attributed to ad-

sorbed water on the extremely fine-grained PtO2 powder that
was added to maintain a high oxidation state. This is likely
the same case here. Presumably this hydrous phase formed
by reaction between newly formed eskolaite (from the appar-
ently rapid breakdown of MgCr2O4 in the starting material)
and the trace volatile phase locally present in the sample.

To verify the presence of these two minor phases, sam-
ple material was further investigated using synchrotron radi-
ation and applying the multi-grain single-crystal XRD ap-
proach. The unit cells obtained from indexing the diffrac-
tion patterns indicated the presence of the following phases:
(Mg,Cr,Fe)4O5, (Cr,Fe)2O3, β-(Cr,Fe)OOH and CT-type
(Mg,Fe)(Cr,Fe)2O4. No single-crystal grains belonging to
periclase were found. This is probably due to its small unit-
cell volume, which generally creates problems while using
the DAFi algorithm. While the d spacings corresponding to
periclase can be found in powder XRD patterns, it should be
noted that many of the reflections overlap with those from
(Mg,Cr,Fe)4O5 and/or β-(Cr,Fe)OOH.

Further EPMA analysis also revealed grains with stoi-
chiometric compositions consistent with the CT phase and
β-(Cr,Fe)OOH, with the latter yielding oxide totals of
∼ 85 wt % (Table 4; Fig. 2d). Identification of this phase in
BSE images is difficult since it essentially has the same grey
scale as the O5 phase (Fig. 2d). The appearance of the CT-
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Figure 3. Crystal structures of (a) the O5 phase with the modified ludwigite structure (Pbam; Ishii et al., 2015) here set to the equivalent
space group Pmcb in order to afford direct comparison with (b) the O5 phase with the Cmcm structure (Boffa Ballaran et al., 2015). The
structure of the related O6 phase with the Cmcm structure is depicted in (c), from Lavina and Meng (2015). In all structures, the prismatic
sites are depicted in green, while the crystallographically distinct octahedral sites are portrayed in different shades of brown.

type phase (Fig. 2c, d) is interesting since the stability field
of this phase in the MgCr2O4 endmember lies at significantly
higher pressure, and the post-spinel MgFe2O4 phase has a
different crystal structure (Ishii et al., 2015; Uenver-Thiele
et al., 2017b). The occurrence of both of these minor phases
in this low-T experiment is an indicator of variable reaction
kinetics amongst the starting materials, which caused chem-
ical heterogeneities to develop locally and subsequently es-
tablished local equilibria within the sample (not to mention
trace contamination of adsorbed H2O).

In terms of composition, the O5 phase is richer in Cr
(XCr = 0.75(4)), and the eskolaite–hematite solid solution is
somewhat poorer in Cr (XCr = 0.52(5)) than the bulk start-
ing material (XCr = 0.6) (see Table 4), indicating that Cr
partitions preferentially into the O5 phase compared to the
rhombohedral-structured phase. In contrast, the rare CT-type
phase has an XCr = 0.58(5), essentially equal to the initial
bulk composition. Stoichiometric calculations reveal a small
amount of Fe2+ to be present in these phases, indicating mi-
nor reduction during the experiment. The β-CrOOH phase
contains the most Cr (XCr = 0.82(4)), which agrees with the
results of the single-crystal refinement.

3.3 Structural systematics of Fe2+
2

(Cr,Fe3+)2O5 and
(Fe2+,Mg)2(Cr,Fe3+)2O5 solid solutions

Since the O5 phase appeared in nearly all our experimen-
tal run products, we can combine our results with litera-
ture data to assess the structural changes related to Cr–Fe3+

substitution in Fe2+- and Mg-bearing compositions of this
phase. The compositional range of the O5 phase obtained
in our different experiments indicates that solid solution is
complete across the respective binaries and presumably also
for more complex (Fe2+,Mg)2(Cr,Fe3+)2O5 compositions.
From the start, it is important to note that the Fe3+ and

Cr endmember compositions have somewhat different crys-
tal structures, with Fe3+ and Cr endmembers belonging to
space groups Cmcm (no. 63) and Pbam (no. 55), respec-
tively (Lavina et al., 2011; Boffa Ballaran et al., 2015; Ishii
et al., 2014, 2015). In the Fe2+-bearing system, it is appar-
ent that the transition between the Cmcm and Pbam structure
types must occur at ∼ 50% Fe4O5 – 50 % Fe2Cr2O5 (Ta-
ble 2; Cmcm to XCr = 0.47; Pbam from XCr = 0.64). Both
structures have similar unit-cell parameters of approximately
2.9, 9.7 and 12.5 Å, although the chosen crystallographic di-
rections are different (e.g., see Table 2). Therefore, in order
to compare the two crystal structures we have transformed
the Pbam space group into the Pmcb setting so that the
unit-cell parameters are as follows: a (Cmcm), a (Pmcb)= c
(Pbam), b (Cmcm), b (Pmcb)= a (Pbam) and c (Cmcm), and
c (Pmcb)= b (Pbam). The two structure types are composed
of the same types of polyhedral (Fig. 3a, b). In the Cmcm
structure, layers of edge-sharing octahedra alternate with lay-
ers of bi-capped triangular prisms, which are stacked in the c
direction (Fig. 3b; Boffa Ballaran et al., 2015). In the Pmcb
structure, the edge-sharing octahedra have a zig-zag configu-
ration with triangular prisms in between that also stack along
the c axis (Fig. 3a, b axis in the Pbam space group) as first
described by Enomoto et al. (2009).

The variation in the unit-cell parameters with composition
is illustrated in Fig. 4a, b and c. The intermediate-length b
parameter (a parameter in Pbam) exhibits the largest change,
decreasing by∼ 0.14 Å with increasing Cr content across the
join (Fig. 4b). The variation is close to linear with compo-
sition. This direction is along the edge-sharing layers of the
octahedra, where Cr and Fe3+ are expected to reside (Fig. 3a,
b; Ishii et al., 2014; Boffa Ballaran et al., 2015) so that sub-
stitution of the smaller Cr cation for Fe3+ (Cr= 0.615 Å vs.
Fe3+

= 0.645 Å, Shannon et al., 1976) into these sites would
be expected to lead to shortening. However, the linear be-
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Table 4. Composition and refined unit-cell parameters of phases in run products from experiments in the Cr2O3–MgO±Fe2O3±FeO
system.

Experiment Phase nCr nMg nFe2+ nFe3+ Unit-cell parameters

c.p.f.u. c.p.f.u. c.p.f.u. c.p.f.u. a [Å] b [Å] c [Å] V [Å3] Mol vol [cm3]

Mg2(Fe,Cr)2O5

M848 O5L1 2 2 9.6085(5) 12.4361(5) 2.8495(1) 340.49(2) 51.261(2)
M852 O5L 2 2 9.6068(4) 12.4253(4) 2.8506(1) 340.272(13) 51.228(2)
M850 O5L 2 2 9.6074(2) 12.4361(2) 2.8498(1) 340.493(7) 51.261(1)
H5697Mg O5L 2 2 9.6067(3) 12.4345(3) 2.8495(1) 340.389(9) 51.246(2)
H5698Mg O5L 2 2 9.6085(2) 12.4344(2) 2.8499(1) 340.49(6) 51.261(1)
M8552 O5L 1.671(5) 1.897(4) 0.102(4) 0.329(6) 9.6299(3) 12.4594(4) 2.8582(1) 342.932(13) 51.628(2)
Z2281u2 O5L 1.50(9) 1.76(7) 0.24(7) 0.50(9) 9.6474(5) 12.4786(6) 2.8646(1) 344.86(2) 51.919(2)
Z2386u2 O5L 1.26(2) 1.916(3) 0.084(3) 0.74(2) 9.6498(2) 12.4851(3) 2.86411(1) 345.059(10) 51.949(2)
M8632 O5C 0.42(8) 1.858(5) 0.142(5) 1.58(8) 2.8807(1) 9.6966(3) 12.516(3) 349.606(10) 52.633(2)

Mg(Fe,Cr)2O4

H5697Mg CT 2 1 2.850(3) 9.505(11) 9.672(8) 261.97(28) 39.44(4)
Z2281u CT 1.15(11) 0.83(2) 0.17(2) 0.85(11) 2.866(2) 9.546(7) 9.749(6) 266.8(2) 40.17(3)

(Fe,Cr)2O3

Z2281u 1.05(11) 0.03(2) 0.92(11) 5.0036(1) 5.0036(1) 13.6238(4) 295.390(9) 29.647(1)

(Cr,Fe)OOH

Z2281u 0.82(4) 0.03(2) 0.14(1) 2.9744(7) 4.333(2) 4.8846(12) 62.95(4) 18.95(2)

1 O5L, phase with a modified ludwigite (Pbam) structure; O5C, phase with a Ca-ferrite (Cmcm) structure; CT, O4 phase with a Ca-titanate structure. 2 Experiment with a small amount of PtO2
added.

havior is remarkable considering the rearrangement in the
crystal structure that occurs in the middle of the binary join.
The longer c parameter (b parameter in Pbam) also decreases
with increasing Cr substitution but to a much lesser extent
than observed for the b parameter (∼ 0.08 Å, Fig. 4c). This
parameter varies roughly linearly but not with respect to the
two endmembers, and there is increased scatter in Cr-rich
compositions with the Pbam structure type. The scatter may
be due to the fact that many hkl reflections directly related
to the long cell edge (b in Pbam) have either very low in-
tensities (i.e., 020 in Pbam) or overlap with the Si standard
(040 in Pbam) or other reflections from the O5 phase itself
(060 and 080 in Pbam), making refinement of this parameter
less well constrained. On the other hand, results for the six
samples with XCr= 0.89–0.82 suggest a correlation between
the b parameter and the temperature of the experiment (Ta-
bles 1, 2). This would imply that some cation disorder was
at least partially preserved upon quenching the experiment
from high temperature. Considering that the prismatic sites
are expected to remain essentially occupied by Fe2+ across
the join (Ishii et al., 2014; Boffa Ballaran et al., 2015), it
may be expected that Fe3+ and Cr will exhibit particular site
preferences between the adjacent octahedral sites. In fact, the
combination of accommodating the smaller Cr cation and the
subsequent disorder that results is probably the cause for the
buckling of the layers in the Cmcm structure type, leading
to the transition to the Pbam structure type with its zig-zag

configuration and two additional crystallographically distinct
octahedral sites (compare Fig. 3a and b).

The behavior of the shortest parameter (a parameter in
Cmcm, c parameter in Pbam) in the solid solutions is a fur-
ther indication of complicated interactions due to cation sub-
stitution. This cell parameter exhibits a small increase in its
length with addition of Cr. A linear relationship exists for
the Cmcm polysome, but then the value of this parameter
levels off in Cr-richer compositions where the Pbam struc-
ture type is stable (Fig. 4a). An increase in cell length, even
small (∼ 0.01 Å), is unexpected for substitution of a smaller
cation. It is even more surprising considering that this crys-
tallographic direction is mostly controlled by the height of
the prismatic site. In fact, such behavior is not observed in
Mg-bearing compositions (see below). This suggests that the
systematics observed in Fig. 4a are related to electron hop-
ping between Fe2+ and Fe3+ involving the prismatic site,
yielding an average charge of Fe2.5+, which should have a
smaller ionic radius than Fe2+. The addition of Cr reduces
the number of nearest neighbors that can participate in elec-
tron hopping so that the formal charge of the Fe occupying
the prismatic site becomes 2+ once a particular composi-
tional threshold is reached. This threshold appears to coin-
cide with the phase transition from Cmcm to Pbam in the
middle of the join also as the amount of formal Fe3+ avail-
able for charge transfer has decreased significantly. Note that
the short c parameter reported by Ishii et al. (2014) for the
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Figure 4. Variation in unit-cell parameters (a), (b) and (c) and molar volume (d) across the Fe4O5–Fe2Cr2O5 join. Note that the two
endmembers have somewhat different structures so that the Cr-rich Pbam structure type has been transformed into the Pmcb space group in
order to be directly comparable with the Cmcm structure type of the Fe3+-bearing endmember (see text for details).

Fe3+-free Fe2+
2 Cr2O5 endmember is smaller than our Fe3+-

bearing compositions (Fig. 4a).
In spite of the complexity exhibited by the unit-cell pa-

rameters and the change in crystal structure, the variation
in molar volume with composition is rather well behaved
across the join (Fig. 4d). Some scatter in the data may be
attributable to somewhat different cation distributions (par-
tially) quenched from differing experimental conditions as
alluded to previously (Table 2). A weighted fit with a sym-
metric solution model yields a small interaction parame-
ter of Wv = 0.32(10) cm3 mol−1 (n= 22), along with end-
member molar volumes of 53.73(1) cm3 mol−1 for Fe4O5
and 52.79(1) cm3 mol−1 for Fe2Cr2O5. However, this model
likely does not capture subtle structural changes since the
nearly ideal behavior cannot be due to merely simple defla-
tion of the structure as the smaller Cr cation progressively

substitutes for Fe3+. There must be a complex interplay be-
tween the different structural units as cation occupancies
change and electron hopping between Fe2+ and Fe3+ be-
comes more difficult with Cr substitution, as discussed with
regard to the unit-cell parameters.

The structure–composition systematics in Mg-bearing
compositions can be assessed similarly but with the caveats
that the dataset is smaller and that a small and variable
amount of Fe2+ is additionally present due to minor reduc-
tion that occurred during the experiment (see above). The
unit-cell parameters and molar volume that we obtain for the
Mg2Cr2O5 endmember are systematically smaller than those
reported by Ishii et al. (2015) (Fig. 5a–d). In Fig. 5a, b and c,
the unit-cell parameters of the solid solutions are plotted to
account for the change in crystal structure across the join, as
was done previously for the Fe2+ system (see above). Note
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Figure 5. Variation in unit-cell parameters (a), (b) and (c) and molar volume (d) across the Mg2Fe2O5–Mg2Cr2O5 join. Note that the two
endmembers have somewhat different structures so that the Cr-rich Pbam structure type has been transformed into the Pmcb space group in
order to be directly comparable with the Cmcm structure type (see text for details). Values given are the additional cations Fe2+ per formula
unit that formed by reduction during the experiment.

that the short cell parameter systematically decreases with
increasing Cr content (Fig. 5a). In spite of the structural tran-
sition, which must occur near the middle of the join (Table 3),
the unit-cell parameters and molar volumes appear to behave
close to linearly across the join. It is noteworthy that the sam-
ple with the smallest amount of additional Fe2+ (0.08 cations
Fe2+ p.f.u. in Z2386u, Table 4) lies either on or very close
to the tie line connecting the two endmember compositions
(Fig. 5a–d). However, our one solid solution with the Cmcm
structure type always plots below this tie line even though
it contains an additional 0.142(5) c.p.f.u. Fe2+ (Fig. 5a–d).
Considering that the ionic radius of Fe2+ is larger than that
of Mg (Shannon, 1976), the unit-cell parameters of this sam-
ple would be expected to be somewhat larger than for Fe2+-
free compositions and not smaller. This is indeed the case
for the other three samples in our dataset that have the Pbam
structure (Fig. 5a–c). As with the Fe2(Cr,Fe3+)2O5 solid so-

lutions, complex structural effects related to changing cation
distributions are clearly present. Unfortunately, our limited
number of sample compositions does not currently permit a
more thorough assessment of the Mg-bearing system, espe-
cially in the presence of additional Fe2+ whose site occu-
pancy is currently unknown and is likely to be complex.

3.4 Associated oxide phases

3.4.1 Wüstite in the Fe2+–Cr–Fe3+–O system

Wüstite occurs together with the O5 phase in virtually all
experimental run products, which is consistent with mass
balance (Table 1). Microprobe analysis indicates incorpora-
tion of up to 9 wt % Cr2O3 in wüstite (0.11 c.p.f.u. on a one-
oxygen basis, Table 1). Logically, the starting bulk composi-
tion of a sample directly influences the Cr content of wüstite;
temperature seems to have only a minor effect. Comparing
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Figure 6. Variation in the unit-cell parameter as a function of composition of (a) Cr-bearing wüstite and (b) Cr-bearing periclase coexisting
in the run products of our experiments. The values given for the two samples are the additional Fe contents in cations on a one-oxygen basis.

the six samples with the same Fe3Cr2O6 bulk composition
reveals that the incorporation of Cr leads to a small decrease
in the unit-cell parameter (Fig. 6a, Table 1). Based on the
composition of the coexisting O5 phase, these samples are
expected to contain a minimum of Fe3+. On the other hand,
wüstite in Fe3+-rich bulk compositions tends to have low Cr
contents but at the same time exhibit much smaller unit-cell
parameters (Fig. 6a). This indicates that the substitution of
Fe3+ into wüstite has a much larger effect on the molar vol-
ume than Cr3+ does, even though the substitution mechanism
for these two trivalent cations should, in principle, be similar.

3.4.2 Periclase

Analysis of the run products of our Mg-bearing experiments
reveals a significant Cr content in coexisting periclase. From
EPMA, up to 25 wt % Cr2O3 (i.e.,∼ 0.16 c.p.f.u. Cr on a one-
oxygen basis) can be incorporated into periclase at high tem-
peratures (i.e., 1400 °C at 14 GPa), with less present at lower
temperatures and higher pressures (Table 3). The unit-cell
parameter of the coexisting periclase exhibits a distinct vari-
ation as a function of Cr content. Compared to pure MgO
(Hazen, 1976), the addition of up to 0.13 c.p.f.u Cr in our Fe-
free bulk compositions leads to a shortening of the unit-cell
parameter by ∼ 0.013 Å, which equates to a lowering of the
molar volume by ∼ 0.104 cm3 mol−1 (Fig. 6b, Table 3).

3.4.3 High-P polymorphs of (Fe,Mg)Cr2O4

Run products from several experiments conducted at 18 and
20 GPa contained traces of high-P polymorphs with MCr2O4
stoichiometry (where M =Mg or Fe2+), as detected in the
powder XRD patterns (Tables 1, 3). The obtained unit-cell
parameters and molar volume for FeCr2O4 with the mCF-
type structure (Table 2) agree well with those reported by

Ishii et al. (2014). In Mg-bearing compositions, our struc-
tural data for the MgCr2O4 endmember with the CT struc-
ture type (Table 4) are consistent with Ishii et al. (2015) but
deviate somewhat from those given by Bindi et al. (2014).
Analysis of the CT-structured phase in sample Z2281u indi-
cates that substitution of nearly half of the Cr for Fe3+ leads
to an increase in molar volume of ∼ 0.73 cm3 or slightly less
than 2 % (Table 4).

4 Implications

Although Fe5O6 has been demonstrated to be stable over
a large range of pressure and temperature (Hikosaka et al.,
2019; Woodland et al., 2023), its potential occurrence as an
accessory phase in the Earth’s deep mantle is limited due to
its inability to form significant solid solution with other ma-
jor and minor elements. For example, only minor amounts
of Mg can be incorporated into the Fe5O6 structure (Wood-
land et al., 2023). In terms of trivalent cations, this current
study indicates that Cr is for all practical purposes excluded
from the Fe5O6 structure. Likewise, the experimental study
by Schollenbruch et al. (2011) on the phase relations of her-
cynite (FeAl2O4) revealed a large P –T stability field for the
assemblage wüstite + corundum, which would also seem to
rule out significant solution of Al in Fe5O6. Thus, the poten-
tial mechanism for varying the Fe3+ /

∑
Fe of Fe5O6 through

trivalent cation substitution does not appear to be significant.
However, the rare occurrence of nearly pure Fe oxides as in-
clusions in diamond (e.g., Stachel et al., 1998; Jacob et al.,
2016) indicates there are certain Fe-rich environments in the
deep mantle where Fe5O6 could occur and could even be as-
sociated with diamond formation.

The crystal chemical behavior of Fe5O6 contrasts with that
of Fe4O5, where more extensive solid solution and other end-
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member compositions with O5 stoichiometry have been ex-
perimentally documented in this and other studies (see be-
low). An explanation must lie with the structural difference
between the two phases, namely that Fe5O6 contains double
layers of edge-sharing FeO-like octahedra stacked between
Ca-ferrite-structured layers instead of a single layer of oc-
tahedra as in Fe4O5 (compare Fig. 3c and b; Evrard et al.,
1980). Along with additional octahedral sites, the Ca-ferrite
layer in both phases also comprises a larger 6-fold coordi-
nated site in the form of a bi-capped triangular prism (Fig. 3b,
c; Evrard et al., 1980). The incorporation of Mg into Fe5O6
is limited to the ∼ 27 mol % Mg3Fe2O6 component, and in-
spection of the unit-cell parameters reported by Woodland
et al. (2023) for this small compositional range reveals the
same systematics as described above for Fe4O5–Fe2Cr2O5
solid solutions: the direction of the intermediate length (b in
the Cmcm structure type) decreases the most, and the short-
est parameter (a in Cmcm) exhibits a small increase in length
(compare data from Woodland et al., 2023, with data pre-
sented in Table 2). It is notable that the magnitudes of the
change in unit-cell parameters of Mg-bearing Fe5O6 with
up to just ∼ 27 mol % Mg3Fe2O6 are already half of those
observed across the entire Fe4O5–Fe2Cr2O5 join. Thus, it is
perhaps unsurprising that the O6 phase becomes destabilized
at even relatively low Mg contents. As for Cr substituting for
Fe3+ into the O6 structure, the geometry of the double layers
of octahedra is not as flexible as a single layer in accommo-
dating a smaller cation with particular site preferences and
yet remain compatible with the intervening prismatic sites
occupied by Fe2+. As it is, Cr incorporation into Fe4O5 leads
to a phase transition halfway across the join in order to re-
lieve lattice strain. The required puckering of the double oc-
tahedral layers of the O6 phase may not be possible; hence,
next to no Cr can be incorporated into Fe5O6, and no com-
positions along the Mg3Fe2O6–Mg3Cr2O6 join are stable.

The high-P post-spinel phase with O5 stoichiometry ex-
hibits a much greater ability to accommodate different di-
valent and trivalent cations. Complete solid solution in the
Fe2+

2 Fe3+
2 O5–Mg2Fe3+

2 O5 system was observed by Uenver-
Thiele et al. (2018). Our current study indicates com-
plete solid solution for the Fe2+

2 Fe3+
2 O5–Fe2+

2 Cr2O5 and
Mg2Fe3+

2 O5–Mg2Cr2O5 binaries that likely extends to more
complex (Mg,Fe2+)2(Fe3+,Cr)2O5 compositions. As previ-
ously mentioned, a phase transition from the CaFe3O5 struc-
ture type (Cmcm) to the modified ludwigite structure type
(Pbam) occurs to accommodate the increasing Cr substitu-
tion across the join. The formation of O5-structured phases
containing Al is more nuanced. Enomoto et al. (2009) syn-
thesized the Mg2Al2O5 endmember also with the modified
ludwigite-type structure. On the other hand, the Fe analog
Fe2Al2O5 is not stable according to the work of Schollen-
bruch et al. (2010), and the incorporation of Al into Fe4O5
is limited to a maximum of 0.3 c.p.f.u (Uenver-Thiele et al.,
2024). This restricts the possible range of O5 solid solutions

involving Al. However, in any case the dominant sink for Al
in a pyrolitic mantle at high pressures will be garnet. It is the
occurrence of Fe3+ that can be expected to stabilize Mg–Fe
oxides as accessory phases, and the apparent structural flexi-
bility of the O5 phase makes it the most likely of the family
of post-spinel phases to occur in a variety of environments
at depths ranging from the deep upper mantle through the
transition zone and into the upper parts of the lower man-
tle. At even higher pressures, a phase with O4 stoichiometry
becomes stable and may take on a variety of crystal struc-
tures (e.g., CT, CF and mCF types or others; Uenver-Thiele
et al., 2017b; Ishii et al., 2014, 2015, 2020; Dubrovinsky et
al., 2003) depending on the exact composition and particular
P –T conditions.

The observation that both periclase and wüstite can incor-
porate non-negligible amounts of Cr at high pressures and
temperatures suggests that Cr-bearing oxides could exsolve
from ferropericlase during uplift from the transition zone or
deeper. This is consistent with the minor Cr contents reported
for some ferropericlase inclusions in diamond that are con-
sidered to have a deep origin, as well as the composition
of fine-grained exsolved magnesioferrite grains found within
some of the ferropericlase inclusions (e.g., Palot et al., 2016;
Wirth et al., 2014; Stachel et al., 2000). Our study was not
exhaustive in this regard, and a more systematic study of
Cr incorporation into ferropericlase is warranted, as it may
help provide constraints on the redox conditions attending
diamond formation.
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