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Abstract
To calculate the thermodynamic properties of recently discovered high-pressure mixed valence iron oxides in the system 
Fe–Mg–O, information on the equation of state of precursor inverse spinel phases along the magnetite–magnesioferrite join 
is needed. The existing equation of state data, particularly for magnesioferrite, are in poor agreement and no data exist for 
intermediate compositions. In this study, the compressibility of nearly pure magnesioferrite as well as of an intermediate 
Mg

0.5
Fe2+

0.5
Fe3+

2
O

4
 sample have been investigated for the first time up to approximately 19 and 13 GPa, respectively, using 

single-crystal X-ray diffraction in a diamond anvil cell. Samples were produced in high-pressure synthesis experiments to 
promote a high level of cation ordering, with the obtained inversion parameters larger than 0.83. The room pressure unit cell 
volumes, V0, and bulk moduli, KT0, could be adequately constrained using a second-order Birch–Murnaghan equation of 
state, which yields V0 = 588.97 (8) Å3 and KT0 = 178.4 (5) GPa for magnesioferrite and V0 = 590.21 (5) Å3 and KT0 = 188.0 
(6) GPa for the intermediate composition. As magnetite has KT0 = 180 (1) GPa (Gatta et al. in Phys Chem Min 34:627–635, 
2007. https://​doi.​org/​10.​1007/​s00269-​007-​0177-3), this means the variation in KT0 across the magnetite–magnesioferrite 
solid solution is significantly non-linear, in contrast to several other Fe–Mg spinels. The larger incompressibility of the 
intermediate composition compared to the two end-members may be a peculiarity of the magnetite–magnesioferrite solid 
solution caused by an interruption of Fe2+–Fe3+ electron hopping by Mg cations substituting in the octahedral site.
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Introduction

AB2O4 minerals with the spinel-type structure include 
aluminates, ferrites and chromites that are found in meta-
morphic and igneous rocks of the Earth’s crust and man-
tle. Besides their petrological importance as an indicator 
of the degree of partial melting (Dick and Bullen 1984), 
spinels are used extensively in geothermometry and oxy-
barometry, which has motivated significant studies on their 
thermodynamic properties and cation ordering (e.g. Jamie-
son and Roeder 1984; O’Neill and Wall 1987). The spinel 
structure consists of a cubic (Fd3 m) close-packed oxygen 

array with cations in tetrahedral (T) and octahedral (M) 
coordination (Hill et al. 1979). Their crystal chemistry can 
be described by the general formula IV(A1−x Bx)VI(Ax B2−x)
O4, where x defines the inversion parameter describing the 
fraction of B-type cations in the tetrahedral site and hence 
the degree of cation ordering. Two ordered configurations 
can be found in spinels, one with x = 0 (normal spinel) and 
one with x = 1 (inverse spinel), whereas complete disorder 
is achieved when x = 2/3. The ordering/disordering process 
between tetrahedral and octahedral sites in the spinel struc-
ture is non-convergent since it does not give rise to a change 
in symmetry.

As Cr–Al spinels are typically only stable within the top 
60 km (i.e. ~ 2 GPa) of the mantle (Robinson and Wood 
1998), their elastic properties are not critical in the ther-
modynamic description of their phase relations. The dis-
covery of numerous mixed valence iron oxides at pressures 
above approximately 6 GPa (Lavina et al. 2011; Lavina and 
Meng 2015), however, and the observation that these oxides 
form solid solutions with Mg (Uenver-Thiele et al. 2017a, 
b) have renewed interest in thermodynamic calculations to 
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understand the Fe–Mg–O phase diagram (Myhill et al. 2016; 
Uenver-Thiele et al. 2018). To determine the thermodynamic 
parameters for such high-pressure oxides, the properties of 
the lower pressure precursor phases become important, 
which in the case of Fe–Mg–O oxides include the inverse 
spinels along the binary join magnetite–magnesioferrite. 
Furthermore, it has been recognized that ferropericlase 
inclusions in sublithospheric diamonds can contain exsolu-
tion of Fe3O4 magnetite—MgFe2O4 magnesioferrite spinels 
(Harte et al. 1999; Wirth et al. 2014; Kaminsky et al. 2015; 
Palot et al. 2016; Anzolini et al. 2020). Wirth et al. (2014), 
for example, found spinel exsolutions that were enriched 
in Fe compared to the surrounding ferropericlase and had 
a stoichiometry, (Mg0.42Fe0.56Mn0.02) [Fe1.94Al0.03Cr0.03] 
O4, very close to the magnesioferrite-magnetite solid solu-
tion, having a 50:50 mfr–mgt composition. This exsolution 
likely occurred from the initial Fe3+-bearing ferropericlase 
as the pressure–temperature conditions within the diamond 
inclusions changed (Wirth et al. 2014; Anzolini et al. 2020). 
To produce thermodynamic models to understand the con-
ditions at which this exsolution may have occurred, and 
hence learn something about the diamond transport history, 
requires knowledge of the equation of state (EoS) parameters 
along the magnetite–magnesioferrite solid solution.

Previous X-ray diffraction studies on magnetite–magnesi-
oferrite spinels have been performed to investigate the state 
of cation ordering as a function of temperature and pressure 
(O’Neill et al. 1992; Antao et al. 2005a, b). However, as 
pressures approach the limit of magnetite–magnesioferrite 
stability, the elastic properties will have a much larger effect 
on their volumes than those resulting from cation ordering 
alone, particularly as the spinels become more ordered at 
higher pressures (Antao et al. 2005a; Turkin and Drebush-
chak 2005). Several studies have investigated the compress-
ibility of the end-members Fe3O4 and MgFe2O4 (Mao et al. 
1974; Wilburn and Bassett 1977; Finger et al. 1986; Naka-
giri et al. 1986; Olsen et al. 1994; Gerward and Olsen 1995; 
Haavik et al. 2000; Andrault and Bolfan-Casanova 2001; 
Levy et al. 2004; Reichmann and Jacobsen 2004; Lazor et al. 
2004; Rozenberg et al. 2007; Gatta et al. 2007; Greenberg 
et al. 2009). The results, however, provide a wide range of 
bulk modulus, KT0, with values 155 < KT0 < 222 GPa for 
magnetite and 170.5 < KT0 < 233 GPa for magnesioferrite 
(see references in Table 1). Most of these previous studies 
were performed on powdered samples. In some cases, the 
phases themselves were poorly characterized, involved dif-
ferent states of cation ordering or contained further compo-
nents. A few of the magnetite studies, however, have used 
single-crystal diffraction (Finger et al. 1986; Nakagiri et al. 
1986; Reichmann and Jacobsen 2004; Gatta et al. 2007 in 
Table 1). The results of these studies are in better agreement, 
suggesting that this technique may be more accurate than 
powder X-ray diffraction, likely because the broadening of 

reflections due to non-hydrostatic stresses can be monitored 
very carefully. The large discrepancies among the differ-
ent studies result in uncertainties when calculating thermo-
dynamic properties from the breakdown reactions of these 
phases. Moreover, no data on samples with mixed composi-
tions along the magnetite–magnesioferrite solid solution are 
present in the literature (Table 1).

The aim of this study is to constrain the compressibility 
of magnesioferrite as well as to investigate the compression 
behaviour of the magnetite–magnesioferrite solid solution. 
To this end, two single crystals with the approximate stoi-
chiometries MgFe2O4 and Mg

0.5
Fe2+

0.5
Fe3+

2
O

4
 were investi-

gated employing single-crystal X-ray diffraction at ambient 
conditions and in diamond anvil cells at higher pressures. To 
obtain samples that were close to being fully ordered inverse 
spinels, single crystals were produced in high-pressure and 
high-temperature synthesis experiments, and recovered and 
characterized before the compression experiments.

Experimental methods

Sample synthesis and characterization

MgFe2O4 single crystals were produced in a Kawai-type, 
1200 tonne Sumitomo multi-anvil press at the Bayerisches 
Geoinstitut using pre-synthesized magnesioferrite powder. 
Details concerning the synthesis of the starting material can 
be found in Uenver-Thiele et al. (2017b). The high-pressure 
experiment was performed using a Cr2O3-doped MgO octa-
hedral pressure assembly with an 18 mm edge length and 
WC cubes with 11 mm truncations. The starting material 
was loaded in a welded Pt capsule together with a thin layer 
of PtO2 to maintain oxidizing conditions during the experi-
ment. This ensured the presence of only Fe3+ in the synthe-
sized crystals and minimized Fe loss to the capsule. The 
experiment was performed at 5 GPa and 1300 °C for 8 h. 
Heating was achieved with a graphite furnace and the tem-
perature was monitored by a W3/Re97-W23/Re75 thermocou-
ple with no pressure correction applied to the electromotive 
force. The run product (experiment S7645) consisted of 
black single crystals with cubic shapes having dimensions 
varying between 20 and 150 μm. A JEOL JXA-8200 elec-
tron microprobe (EMP) equipped with five wavelength-
dispersive spectrometers at the Bayerisches Geoinstitut was 
used to determine the composition of the synthesized sam-
ple. Four polished grains were mounted in epoxy for the 
measurement. Forsterite, andradite and Fe2O3 were used as 
standards for Mg, Fe and O respectively, and a ZAF algo-
rithm was used for matrix correction. Measurements were 
performed in wavelength-dispersive mode with a 15 kV 
accelerating voltage and 15 nA beam current. The analyses 
yielded a final stoichiometry of Mg

0.96(1)
Fe2+

0.04(1)
Fe3+

2
O

4
 , i.e. 
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close to the end-member MgFe2O4 composition and is 
referred to as mfr hereafter.

Single crystals of Mg
0.5
Fe2+

0.5
Fe3+

2
O

4
 were produced using 

an 800 tonne Walker-type multi-anvil at the University of 
Frankfurt (Walker et al. 1990). The experimental setup and 
sample characterization are reported in Uenver-Thiele et al. 
(2017a). The synthesis was performed at 9 GPa and 1000 °C 
for 7 h. The recovered sample (M650) contained several 
black crystals with sizes between 30 and 150 μm. Quantita-
tive chemical analyses yielded a stoichiometry of 
Mg

0.50(2)
Fe2+

0.50(1)
Fe3+

2
O

4
 (Uenver-Thiele et al. 2017a). This 

sample is hereafter referred to as Fe50.

Synchrotron Mössbauer source (SMS) spectroscopy

SMS spectra on the Fe50 sample were collected at the 
Nuclear Resonance beamline ID18 (Rüffer and Chumakov 

1996) of the European Synchrotron Radiation Facility 
(ESRF) in Grenoble, using the Synchrotron Mössbauer 
Source described by Potapkin et al. (2012). In this system, 
the source of radiation and optical elements are optimized to 
provide an intense, highly monochromatic, collimated and 
stable X-ray beam of small cross section at the Mössbauer 
transition energy of 14.4 keV. In contrast to a radioactive 
source, the beam emitted by the SMS is fully resonant and 
fully polarized, has high brilliance and can be focused to a 
10 µm × 10 µm spot. Before and after collection of the SMS 
spectrum of sample Fe50, the linewidth was controlled via 
acquisition of a spectrum of K2Mg57Fe(CN)6, which con-
sists of a single line. The velocity scale was ± 12 mm/s and 
calibrated using 25 µm thick natural-enriched α-iron foil. 
The spectrum was collected for 2 h and fitted using pseudo-
Voigt line shapes and a first-order polynomial baseline with 
the MossA 1.01f software package (Prescher et al. 2012). 
The Mössbauer spectrum (Fig. 1) is dominated by three 

Table 1   EoS parameters for sample mfr and Fe50 in the present study are reported together with the literature data for the magnetite–magnesi-
oferrite solid solution

Pressure medium, pressure calibrant and analytical methods are indicated when available
MEW, methanol:ethanol:water = 16:3:1; ME, methanol:ethanol = 4:1; PXRD, powder X-ray diffraction; SXRD, single-crystal XRD; SPXRD, 
synchrotron powder XRD; MA, multianvil experiments
a Assumed values; standard deviations in the last digits are in parentheses

This study Sample V0 (Å3) KT0 (GPa) K'T Pmax (GPa) P medium P calibrant Method

Mfr (BM2) Mg0.96(1)Fe2.04(1)O4 588.97 (8) 178.4 (5) 4 18.87 He Ruby SXRD
Mfr (BM3) Mg0.96(1)Fe2.04(1)O4 589.02 (9) 176 (2) 4.2 (2) 18.87 He Ruby SXRD
Fe50 (BM2) Mg0.50(1)Fe2.50(1)O4 590.21 (5) 188.0 (6) 4 12.76 Ne Ruby SXRD
Fe50 (BM3) Mg0.50(1)Fe2.50(1)O4 590.20 (5) 189 (3) 3.7 (5) 12.76 Ne Ruby SXRD

References Sample V0 KT0 K'T Pmax P medium P calibrant Method

Mao et al. (1974) (BM2) Fe3O4 591.96 183 (10) 4 3.2 NaCl NaCl PXRD
Wilburn and Bassett (1977) (BM2) Fe3O4 – 155 (12) 4 6.5 ME Ruby PXRD
Finger et al. (1986) Fe3O4 – 186 (5) 4a 4.5 ME Ruby SXRD

Fe3O4 – 183 (5) 5.6a 4.5 ME Ruby SXRD
Nakagiri et al. (1986) Fe3O4 591.54 (6) 181 (2) 5.5 (15) 4.5 ME Ruby SXRD
Olsen et al. (1994) Fe3O4 – 200 (20) – 5.5 MA NaCl SPXRD
Gerward and Olsen (1995) Fe3O4 – 215 (25) 7.5 (40) 25 – – SPXRD
Haavik et al. (2000) (BM2) Fe3O4 591.96 217 (2) 4 30 N2 – SPXRD
Haavik et al. (2000) (BM3) Fe3O4 591.96 222 (8) 4.1 (9) 30 N2 – SPXRD
Lazor et al. (2004) Fe3O4 591.96 198.4 6.8 36 NaCl NaCl SPXRD
Reichmann and Jacobsen (2004) Fe3O4 592.19 (3) 180 (1) 5.2 (4) 8.3 MEW Quartz SXRD
Gatta et al. (2007) (BM2) Fe3O4 591.4 (1) 180 (1) 4 11 MEW Ruby SXRD
Gatta et al. (2007) (BM3) Fe3O4 591.4 (1) 182 (4) 3.6 (8) 11 MEW Ruby SXRD
Rozenberg et al. (2007) Fe3O4 591.62 (7) 180.6 (1.1) 4.33 (13) 20 He Sm2+ PXRD
Gerward and Olsen (1995) MgFe2O4 – 233 (40) 4.1 (2) 37 – SPXRD
Andrault and Bolfan-Casanova (2001) 

(BM2)
MgFe2O4 589.9 195 (17) 4 46 – Gold SPXRD

Levy et al. (2004) MgFe2O4 591.4 (1) 181.5 (13) 6.32 (14) 34 N2 Ruby SPXRD
Greenberg et al. (2009) (BM2) MgFe2O4 591.0 (2) 170.5 (8) 4 30 He Ruby SPXRD
Greenberg et al. (2009) (BM3) MgFe2O4 590.7 (2) 179 (2) 3.3 (2) 30 He Ruby SPXRD
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sextets with the following hyperfine parameters: (1) centre 
shift (CS) = 0.30 (2) mm/s (relative to α-Fe) and hyperfine 
magnetic field (BHF) = 48.4 (1) T, which is characteristic 
of Fe3+ ions at the tetrahedral sites; (2) CS = 0.61 (4) mm/s 
and BHF = 45.9 (4) T, which can be assigned to an interme-
diate valence Fe2.5+ at the octahedral sites; and (3) centre 
shift (CS) = 0.35 (5) mm/s and BHF = 50.1 (3) characteristic 
of octahedrally coordinated ferric iron (e.g. as typical for 
α-Fe2O3). A fourth component, observed in the SMS spec-
trum, is due to Fe contained in the beryllium (Be) lenses and 
is fit with known hyperfine parameters. The distribution of 
the iron species between the tetrahedral (T) and octahedral 
(M) site is TFe3+  = 33%; MFe3+ = 21% and MFe2.5+  = 46% 
with the MFe2.5+ component consisting of half MFe3+ and 
half MFe2+. No TFe2+ component could be fitted to the Möss-
bauer spectrum, suggesting that, if present, it is less than 5%, 
which is of the order of the uncertainties on the peak areas 
in the fitting procedure. Using the Mg and Fe concentrations 
from the microprobe analyses, together with the different 
iron components from the Mössbauer spectrum, the Fe50 
chemical formula can be written as: T[Mg0.17(10)Fe3+

0.83(10)]
M[Mg0.34(10)Fe3+

1.09(10)Fe2+
0.57(10)]O4.

Single‑crystal X‑ray diffraction in air

Reflections from numerous single crystals from the Fe50 
sample were examined, but all showed evidence of twin-
ning to some extent. A Fe50 crystal (M650 × 7) with 

dimensions of 50 × 60 × 70 μm3 was finally chosen for 
which one of the twin components was sufficiently small. 
This allowed the integration of an adequate number of 
reflections belonging only to the larger twin to be used 
for the structural refinements. For the mfr sample, it was 
possible to select a single crystal (S7645 × 8) with dimen-
sions 70 × 70 × 80 μm3 that was devoid of twinning. Full 
intensity data collections for structural refinements at 
ambient conditions were performed in air for both sam-
ples, glued onto the tips of glass capillaries. Complete 
redundant intensity data were collected using an Oxford 
Xcalibur diffractometer equipped with a Sapphire 2 CCD 
area detector and a ceramic X-ray tube with MoKα radia-
tion (λ = 0.70784 Å) monochromated using a graphite 
crystal and operating at 50 kV and 40 mA. Several ω scans 
were performed with a width of 0.5° and a default time 
of 10–20 s in a 2θ range between 2 and 78°. The inten-
sity data were integrated with the Crysalis Pro software 
(Rigaku, Oxford diffraction) and Lorentz and polarization 
corrections as well as a numerical absorption correction 
based on the crystal shape were performed. Before inte-
grating the intensity data of the Fe50 crystal, the Crysalis 
Pro software was used to determine the mutual orientation 
of the two twin components, which indicated a 60° rotation 
around [111], as expected for the spinel-type structure. 
The orientation matrices of the two twin components were 
then used to integrate the reflection intensities belonging 
to either one of the twin components, whereas overlap-
ping reflections were neglected. This procedure resulted in 
2848 reflections observed for the first twin component and 
336 reflections observed for the second; therefore, only 
data from the first component were used for the structural 
analysis. The observed reflection conditions were con-
sistent with the Fd3 m space group; therefore, a structure 
solution and refinement based on F2 were performed with 
the SHELX97 program package (Sheldrick 2008) in the 
ShelXle (Hübschle et al. 2011) graphical user interface 
using this space group. Scattering factors for neutral spe-
cies (Ibers and Hamilton 1974) were employed for Mg, 
Fe and O, all sites were considered to be fully occupied 
and all atoms were refined anisotropically. Moreover, the 
occupancies of Mg and Fe were refined without chemical 
constraints both at the tetrahedral and octahedral sites. The 
magnesium and iron contents resulting from the refined 
occupancies are T[Mg0.02(3)Fe0.98(3)]M[Mg0.44(3)Fe1.56(3)]
O4 for the Fe50 sample and T[Mg0.11(3)Fe0.89(3)]M[M
g0.92(3)Fe1.08(3)]O4 for the mfr sample, in agreement with 
the chemical formula obtained from microprobe analyses. 
Details of the structural refinements are provided in the 
attached crystallographic information files (CIF). Unit-
cell parameters, inversion parameters and bond lengths are 
reported in Table 2 together with data from the literature.

Fig. 1   Synchrotron Mössbauer source (SMS) spectrum of sample 
Fe50 collected at ambient conditions. Solid circles: experimental 
data; solid grey line: full transmission integral fit of the magnetic sex-
tet shown in shaded coloured areas: Fe3+ at the tetrahedral site (dark 
blue); Fe3+ at the octahedral site (purple); Fe2.5+ at the octahedral site 
(light blue) and Fe contained in the Be window (yellow). The fitting 
residual is shown at the bottom of the figure
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Diamond anvil cell (DAC) preparation

For the high-pressure experiments, the mfr and the Fe50 
crystals were polished on one side to final dimensions of 
60 × 40 × 20 μm3 and 70 × 55 × 16 μm3, respectively. The 
crystals were loaded onto two separate DACs equipped with 
Boehler-Almax diamonds with a culet size of 400 μm (Boe-
hler and De Hantsetters 2004; Kantor et al. 2012). Samples 
were placed in the centre of a 250 μm hole that was drilled 
in pre-indented rhenium (Re) gaskets together with 10 μm 
diameter ruby spheres for pressure calibration. The two cells 
were loaded with different pressure transmitting media using 
the gas loading system installed at BGI (Kurnosov et al. 
2008) and the pressure was increased to different target pres-
sures. The cell with sample mfr was loaded with helium (He) 
at a starting pressure of 0.3 GPa and compressed in steps 
of ~ 1 GPa up to 18.87 (5) GPa. Above this pressure, broad-
ening (assessed at full width half maximum) of the sample 
reflections was observed (Fig. 2) and the experiment was 
concluded. The cell with sample Fe50 was loaded with neon 
(Ne) and unit-cell lattice parameters were obtained in a first 
run (Run 1) up to 2.28 (2) GPa. Above this pressure, the gas-
ket weakened and therefore a further loading with the same 

Table 2   Unit-cell parameter (a0), composition and temperature of synthesis of the individual crystals along with the bond length distances for 
both the tetrahedral (T–O) and octahedral (M–O) sites and the inversion parameters (x)

For comparison, literature data for the end-members magnesioferrite and magnetite are also shown.        
* Temperature of synthesis was assessed from the work of Smiltens (1952) referenced in the methodology-related paper by Harrison and Aragon 
(1978); **data from the synchrotron; ***data from an in-house diffractometer for the same sample as in **. The uncertainties are reported 
in parenthesis. The values in the x calculated column were obtained using the relationship between lattice parameter and inversion parameter 
reported by O’Neill et al. (1992)

Present study Sample T (°C) of synthesis a (Å) x x calculated T–O (Å) M–O (Å)

S7645 × 8 (mfr) Mg0.96(1)Fe2.04(1)O4 1300 (5 GPa) 8.3821 (2) 0.85–0.89 0.89 1.9060 (19) 2.0442 (10)
M650 × 7 (Fe50) Mg0.50(1)Fe2.50(1)O4 1000 (9 GPa) 8.3883 (3)  > 0.83 1.898 (2) 2.0506 (13)

References Sample T (°C) of synthesis a (Å) x x calculated T–O (Å) M–O (Å)

Antao et al. (2005b) Mg1.0003Fe1.9998O4** 900 8.39704 (5) 0.841 (4) 0.745 1.888 (3) 2.060 (1)
Same sample as above*** 8.39705 (5) 1.918 (4) 2.043 (2)

Levy et al. (2004) Mg1.02Fe1.99O4 1000 to 950 to 900 8.39389 (5) 0.802 (11) 0.775 n/a n/a
Greenberg et al. (2009) MgFe2O4 1200 8.3912 (7) n/a 0.801 n/a n/a
Antic et al. (2002) MgFe2O4 500 8.3886 (1) 0.82 (1) 0.826 1.861 (2) 2.071 (2)
Andreozzi et al. (2001) Mg0.956Fe2.044O4 1200–800 8.3841 (3) 0.87 1.9099 (15) 2.0428 (8)
Nakatsuka et al. (2004) Mg1.02Fe1.99O4 1200–700–300 8.3600 (4) 0.854 (6) 1.100 1.915 (1) 2.031 (1)
Bosi et al. (2009) Fe3O4 1200–900 8.3967 (3) 1.00 1.8872 (15) 2.0600 (8)
Fleet (1981) Fe3O4 Natural 8.3941 (7) n/a 1.888 (2) 2.0584 (9)
Finger et al. (1986) Fe3O4  ~ 1550 (*) 8.3778 (5) n/a 1.887 (4) 2.054 (2)
Gatta et al. (2007) Fe3O4 n/a 8.3950 (5) n/a 1.885 (1) 2.0607 (8)
Haavik et al. (2000) Fe3O4 1100 8.3965 (7) n/a 1.889 (1) 2.059 (1)
Nakagiri et al. (1986) Fe3O4 1050 8.3949 (3) n/a 1.8873 (29) 2.059 (16)
Reichmann and Jacobsen 

(2004)
(Fe2.996Al0.003Ti0.001)O4 Natural 8.39639 (14) n/a n/a n/a

Fig. 2   The (422) reflection of the mfr sample is shown both at 0.0001 
GPa (black solid line) and 21.46 GPa (light-grey solid line). Due to 
the onset of peak broadening at full width half maximum, as a result 
of non-hydrostatic conditions, the experiment was concluded and this 
pressure point was excluded from the fitting procedure
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crystal in Ne was performed. Unit-cell parameters were then 
collected up to a maximum pressure of 12.76 (4) GPa (Run 
2), after which reflection broadening occurred. After each 
pressure increase, the pressure inside the cell was left to sta-
bilize for at least 1 day to minimize pressure changes during 
measurements. A Raman microspectrometer equipped with 
an He–Ne laser (λ = 632.8 nm) with 20 mW laser power was 
used to measure the fluorescence bands of the ruby sphere 
inside the DAC before and after the X-ray diffraction meas-
urements. As a reference, a ruby chip at ambient conditions 
was also measured after each measurement. Pressures were 
determined using the ruby fluorescence calibration reported 
by Dewaele et al. (2008).

High‑pressure single‑crystal X‑ray diffraction

High-pressure single-crystal diffraction for sample Fe50 was 
performed using a Huber four-circle diffractometer equipped 
with a Eulerian cradle goniometer, a point detector and a 
collimated diffracted beam from a conventional glass X-ray 
tube operating at 50 kV and 40 mA and producing MoKα 
radiation. Sample mfr was measured using a Huber four-circle 
Eulerian cradle diffractometer equipped with a point detector 
and using a high-brilliance rotating anode X-ray source with 
MoKα radiation operated at 55 kV and 45 mA and focused 
using multilayer VaryMax™ optics (Trots et al. 2011). For 
both samples, up to 16 Bragg reflections were centred using 
the eight-position centring method (King and Finger 1979). 
The centring procedure and the least-square refinement of 
the unit-cell parameters were performed using the SINGLE 

software (Angel and Finger 2011). The resulting unit-cell edge 
and volumes measured at different pressures are reported in 
Table 3.

Results and discussion

Degree of order of the investigated samples

The cation distribution at the octahedral and tetrahedral sites 
obtained by means of single-crystal X-ray diffraction can be 
used to calculate the bond distances of these sites using the 
structure model proposed by Lavina et al. (2002) based on 295 
spinel single-crystal analyses from the literature. This model 
was tested to confirm whether all Fe present at the tetrahedral 
site in the mfr sample is trivalent. The T–O bond distance 
according to Lavina et al. (2002) can be obtained as:

where IVXi are the chemical species at the tetrahedral site, 
IVDi are the cation oxygen bond distances of each specific 
atom at the tetrahedral site and k1 is an empirical coefficient 
which accounts for the fact that the T–O distances are longer 
than expected when Fe3+ is present at that site. The cat-
ion–oxygen distances IVDMg , IVDFe2+ , and IVDFe3+ , as well as 
the k1 coefficient were taken from Lavina et al. (2002). From 
the tetrahedral site occupancies determined in the mfr struc-
tural refinement, i.e. IVXFe = 0.89 (3) and IVXMg = 0.11(3) , 
it is possible to calculate two different T–O bond distances, 
one assuming that all iron at the tetrahedral site is ferric, 

T−O =
∑

i

IVXi
IVDi + k

1

IVFe3+,

Table 3   Unit-cell parameters 
and unit-cell volumes (Å3) 
determined by means of  high-
pressure single-crystal X-ray 
diffraction for Fe50 sample 
(number M650 × 4) and the end-
member mfr sample (number 
S7645 × 7)

Standard deviations are in parentheses

M650 × 4 (Fe50) S7645 × 7 (mfr)

P (GPa) a (Å) V (Å3) P (GPa) a (Å) V (Å3)

Run 1 0.00010 8.3821 (2) 588.93 (4)
0.00010 8.3883 (3) 590.23 (7) 1.30 (6) 8.36293 (11) 584.89 (2)
0.50 (4) 8.3811 (2) 588.72 (5) 3.14 (5) 8.3357 (2) 579.21 (3)
1.58 (4) 8.3638 (2) 585.07 (5) 4.96 (5) 8.3094 (2) 573.74 (3)
2.28 (3) 8.3547 (3) 583.17 (6) 6.44 (5) 8.2885 (2) 569.41 (3)
Run 2 8.14 (5) 8.2648 (2) 564.55 (4)
0.00010 8.3883 (2) 590.23 (5) 9.15 (11) 8.2522 (2) 561.96 (5)
3.44 (12) 8.3424 (4) 580.59 (7) 12.21 (5) 8.2142 (2) 554.24 (5)
6.18 (9) 8.3028 (4) 572.37 (7) 14.03 (5) 8.1928 (2) 549.92 (4)
7.36 (5) 8.2881 (4) 569.34 (7) 15.87 (7) 8.1720 (3) 545.75 (5)
8.66 (5) 8.2712 (4) 565.86 (7) 17.25 (12) 8.1563 (4) 542.60 (7)
9.77 (5) 8.2565 (4) 562.84 (7) 18.87 (5) 8.1391 (4) 539.18 (7)
9.96 (9) 8.2548 (4) 562.50 (7)
10.83 (7) 8.2459 (5) 560.67 (9)
10.97 (9) 8.2425 (5) 559.99 (9)
11.90 (7) 8.2310 (10) 557.64 (11)
12.76 (5) 8.2208 (10) 555.58 (11)
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yielding a T–O = 1.894 Å and the other assuming that the 
0.04 Fe2+ atoms present in the mfr sample (see chemical 
formula based on EMP measurements) all occupy the T site, 
yielding a T–O = 1.898 Å. Both values are similar, albeit 
smaller than the refined T–O bond distance T–O = 1.9060 
(19) Å (Table 2). The small difference between the two cal-
culated T–O bond distances (well inside the model uncer-
tainties) does not allow differentiating between a full Fe3+ 
occupancy or the presence of minor amounts of Fe2+ at the 
tetrahedral site. Therefore, based on the Lavina et al. (2002) 
model, the mfr inversion parameter, x, could, in principle, 
vary between 0.85 and 0.89. However, the mfr inversion 
parameter can also be calculated using the previously deter-
mined linear relationship between the inversion parameter 
and the unit-cell lattice parameter a0, using the equation 
x = 81.34–9.598 a0 (Å) (O’Neill et al. 1992). From this 
relationship, we obtain an inversion parameter of x = 0.89 
(Table 2) in excellent agreement with that obtained from 
the structural refinements, assuming all Fe at the tetrahedral 
site is ferric iron. Therefore, the mfr sample synthesized in 
this study has a high degree of order. Moreover, the degree 
of order of the mfr sample is higher after annealing at 5 
GPa and 1300 °C than that of the magnesioferrite starting 
material (Uenver-Thiele et al. 2017a), which had x = 0.837 
(according to its unit-cell lattice parameters) and was synthe-
sized at 900 °C, at room pressure. This confirms that pres-
sure favours cation ordering in these spinels, in agreement 
with the results reported by Turkin and Drebushchak (2005) 
and Antao et al. (2005a). In fact, the determined inversion 
parameter is in good agreement with parameters determined 
at a similar pressure and temperature by Antao et al. (2005a) 
for mfr [i.e. 0.906 (8)].

For sample Fe50, the SMS spectrum (Fig. 1) showed 
the presence of 0.83 atoms per formula unit (apfu) of ferric 
iron at the tetrahedral site. This value is smaller than the 
refined Fe value of 0.98 (3) obtained from the structural 
refinement; however, no Fe2+ can be detected at the tetra-
hedral site in the SMS spectrum, which therefore requires 
0.17 apfu of Mg at the tetrahedral site to maintain a full 
site occupancy. Note also that the amount of Fe2+ at the 
octahedral site derived from the SMS spectrum is already 
0.57 (10) apfu, i.e. the entire Fe2+ content expected in the 
Fe50 sample, according to the chemical analysis. The dif-
ference between the cation distributions obtained from the 
SMS spectrum and from the single-crystal structure refine-
ments are likely due to the resolution of the two methods, 
which can be assessed from the uncertainties, which are 
much larger for the SMS data. The T–O = 1.899 Å bond 
distance for the Fe50 spinel calculated using the Lavina 
et  al. (2002) model from the SMS cation distribution 
[ IVXFe3+ = 0.83(10) and IVXMg = 0.17(10) ] is in agreement 
with the tetrahedral bond length obtained from the structural 
refinements (Table 2), whereas the T–O = 1.887 Å calculated 

from the cation distribution from the structural refinement 
[ IVXFe3+ = 0.98(3) and IVXMg = 0.02(3) ] is smaller than the 
observed value. Given that Lavina et al. (2002) report that 
their model appears to underestimate the T–O bond distance 
for ferrite spinels, even considering the empirical coefficient 
k1, we can expect that the inversion parameter of sample 
Fe50 is larger than 0.83, confirming also that Fe50 is an 
almost completely inverse spinel, having a similar cation 
substitution as the mfr sample.

Crystal chemistry of the MgFe2O4–Fe3O4 solid 
solution

The room pressure crystal chemistry of the samples in this 
study can be investigated through a comparison with lit-
erature data on magnetite–magnesioferrite samples and, 
in particular, with those used in previous compressibility 
studies (Table 2). Unit-cell parameters for magnesioferrite 
from compressibility studies are quite varied and range from 
a = 8.3841 (3) to 8.3970 (5) Å, with one outlier sample hav-
ing a = 8.3600 (4) Å (Nakatsuka et al. 2004). These samples 
(Table 2) have been synthesized at temperatures between 
500 and 1200 °C, with some being quenched in a stepwise 
manner, which has thus affected the final degree of order 
that is probably the main cause of the unit-cell variation. The 
predictions by O’Neill et al. (1992) for the expected unit-
cell parameters of fully ordered and disordered magnesiofer-
rite are indicated in Fig. 3a. The sample of Nakatsuka et al. 
(2004) (Table 2) has a very small unit-cell parameter, not 
consistent with the other reported values, and lies well below 
the predicted fully ordered end-member. This may be caused 
by a degree of non-stoichiometry through the substitution 
of a maghemite γ-Fe2O3 component, which is expected to 
decrease the unit-cell parameter further (O’Neill et al. 1992). 
The mfr sample investigated in this study is at the lower end 
of the main cluster of values from the literature (a = 8.3821 
(2) Å), and is, therefore, one of the most ordered samples 
examined to date, in line with the evidence presented in the 
previous section.

Reported magnetite end-member unit-cell parameters 
show a much smaller range in values, between 8.3941 (7) 
and 8.3967 (3) Å, consistent with all the samples being 
ordered inverse spinel. As opposed to mfr, magnetite cat-
ion disorder cannot, to our knowledge, be quenched as it 
results only from the movement of an electron. Only the 
study of Finger et al. (1986) reports a significantly smaller 
value (a = 8.3778 (5) Å), which is interpreted to be due to 
the presence of a γ-Fe2O3 maghemite component (Volenik 
et al. 1975), consistent with the high temperature synthesis 
from a liquid.

To investigate the behaviour of the magnetite–magnesi-
oferrite solid solution, the unit-cell parameters (Table 2) 
are plotted as a function of the molar Mg/(Mg + Fe2+) 
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fraction, XMg, in Fig. 3a. A line has been drawn between 
the value obtained for mfr in this study and an average 
value (a = 8.3962  Å) for magnetite. The Fe50 sample 
investigated in this study lies on the linear trend between 
these most ordered samples. It should be noted, however, 
that it may be possible to produce a more ordered mag-
nesioferrite sample, particularly at high pressures (Antao 
et al. 2005a), which would render a non-linear unit-cell 
relationship with Mg content, so there are no inferences 
from this line in terms of Vegard’s law.

The Mg/Fe2+ substitution in the close-packed structure of 
spinels influences the tetrahedral, T–O, and octahedral, M–O 
bond lengths (Fig. 3b, c). In the ordered magnetite–mag-
nesioferrite solid solution, Mg substitutes for Fe2+ at the 
octahedral site, whereas only Fe3+ occupies the tetrahedral 
site. With increasing Mg content, the M–O bond length 
decreases due to the smaller radius of Mg with respect to 
Fe2+. This decrease causes a small increase of the tetrahe-
dral bond distance, due to the close interconnectivity of the 
spinel structure. The magnetite samples reported in Table 2 
have similar bond distance values, as expected due to their 

Fig. 3   A Variation of the unit-cell parameter (a0) along the magnet-
ite–magnesioferrite solid solution as a function of XMg (i.e. molar 
Mg/(Mg+Fe2+ ). Predicted fully ordered (solid line) and fully disor-
dered (dashed line) magnesioferrite unit-cell parameters (O’Neill 
et al. 1992) are also reported. B Tetrahedral, T–O bond length vari-
ation across the solid solution. C Octahedral, M–O bond length vari-
ation across the solid solution. Empty symbols refer to literature data 
(Table 2): circles are magnetite samples (Bosi et al. 2009; Fleet 1981; 
Finger et al. 1986 (half filled circle); Gatta et al. 2007; Haavik et al. 

2000; Nakagiri et al. 1986) and for the magnesioferrite end-member, 
the different studies are reported in the legend. Filled symbols are the 
samples investigated in the present study: the triangle is the near end-
member mfr sample and the diamond the intermediate Mg0.5Fe2.5O4 
sample (Fe50). The dashed line in all the plots connects the magne-
sioferrite end-member in the present study with an average value for 
the cluster of magnetite end-member samples reported in the litera-
ture (see “Results and discussion”)
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high degree of order. A line through the average of these 
values and the bond distances of the mfr sample investigated 
in this study can be used to describe the linear behaviour of 
the most ordered magnetite–magnesioferrite solid solution. 
The M–O bond distance of the ordered Fe50 sample lies just 
slightly below this trend and the T–O bond length slightly 
above (Fig. 3b, c respectively). This very slight shortening 
of the M–O distance compared to the linear trend may be 
related to the raised incompressibility of this intermediate 
sample, as discussed later.

Cation disorder should decrease the M–O bond distances 
and increase the T–O bond distances even further, as Fe2+/
Mg enter the tetrahedral site and are replaced by Fe3+ at the 
octahedral site. This is clearly the case for the single-crystal 
Mg0.956Fe2.044O4 sample studied by Andreozzi et al. (2001), 
which is slightly more disordered (x = 0.87) than our mfr 
sample. Data for the other reported end-member magnesi-
oferrite samples (Table 2), however, do not appear to fol-
low this behaviour (Fig. 3b, c) and show in some cases an 
increase in M–O distance even though they report higher 
levels of disorder. These studies, however, have been per-
formed on polycrystalline samples and it is likely that the 
large correlations between refined parameters during the 
Rietveld refinements resulted in a poorly constrained oxygen 
positions due to its low scattering factor. This is well illus-
trated in the study by Antao et al. (2005b) where different 
values for the M–O and T–O bond distances are reported for 
the same sample analysed with two different X-ray sources 
(Table 2), despite that the same unit-cell lattice parameter is 
obtained from the two techniques.

Compressibility of the MgFe2O4–Fe3O4 solid solution

The decreasing trends of the unit-cell volumes with pres-
sure for the mfr and Fe50 samples are shown in Fig. 4. No 
evidence of a phase transition was observed in the pres-
sure range investigated. The end-member magnesioferrite 
is clearly more compressible than the Fe50 sample. The 
normalized stress, FE, versus Eulerian finite strain, fE, plot 
(Angel 2000) is illustrated in Fig. 5. Both data sets are well 
represented within uncertainties by horizontal straight lines 
indicating that a second-order truncation of the Birch–Mur-
naghan (BM) equation of state (EoS) (Birch 1947) is suf-
ficient to describe the experimental P–V data. In this case, 
only two EoS parameters are refined, the room pressure unit-
cell volume, V0, and the bulk modulus, KT0, whereas the 
first pressure derivative of the bulk modulus, K′, assumes 
the value of four. The quality of the P–V data, however, 
appears adequate to constrain the value of K′; therefore, a 
third-order truncation of the BM EoS was also used, with 
three refined EoS parameters, V0, KT0, and K′. The results 
from fitting a BM2 and a BM3 EoS to the P–V data of both 
samples are reported in Table 1. The K′ values of the BM3 

EoS are identical to 4 within their uncertainties. KT0 is found 
to decrease significantly by approximately 10 GPa between 
the Fe50 (188.0 ± 0.6 GPa BM2) and mfr (178.4 ± 0.5 GPa 
BM2) samples (Fig. 6).

Fig. 4   Variation of the unit-cell volume as a function of pressure 
for the magnesioferrite (mfr) end-member and the intermediate 
Mg0.5Fe2.5O4 (Fe50) crystals examined in this study. The solid lines 
show the fit of the third-order Birch–Murnaghan EoS (BM3)  to the 
P–V data. Dashed lines show the fit of the second-order Birch-Mur-
naghan EoS (BM2). The standard uncertainties are smaller than the 
symbols

Fig. 5   Normalized pressure FE versus the Eulerian strain fE calculated 
for the P–V data collected in this study. Eulerian strain is defined as 
[(V0/V)2/3–1]/2  and FE, and the normalized stress as [P/((3fE)*(1 + 2 
fE)5/2)] (Angel 2000). The solid lines are weighted linear regressions 
through the data points yielding intercept values of KT0 = 176 (2) GPa 
for the mfr near end-member magnesioferrite sample and KT0 = 189 
(3) GPa for the Fe50 intermediate composition
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Data reported in the literature (Table 1) for the end-
members magnetite and magnesioferrite vary considerably 
between the different studies (Fig. 6). For the magnesiofer-
rite studies, KT0 values range between 170.5 and 233 GPa 
and K′ between 3.3 and 6.32 (Fig. 6). The reasons for this 
large difference among the reported data sets are probably 
multiple, but likely include non-hydrostatic conditions and 
insufficient data coverage. A comparison between the inver-
sion parameter x for the samples used in each study and the 
obtained EoS terms shows no obvious correlation. The very 
large K′ in the study of Levy et al. (2004) probably results 
from non-hydrostatic conditions arising from the use of an 
N2 pressure medium, which has been shown to become non-
hydrostatic above approximately 6 GPa (Angel et al. 2007). 
The results of Greenberg et al. (2009) are very similar to 
those of this study up to approximately 20 GPa; however, 
their sample appears to become softer at higher pressures, 
leading to a low determined value of K′ of 3.3. This can be 
seen in the FE–fE plot reported by Greenberg et al. (2009) 
which shows a kink above 20 GPa. Although somewhat 
speculative, one possible explanation for this would be the 
approach or commencement of a phase transition to a post-
spinel phase, such as that observed by Andrault and Bolfan-
Casanova (2001). As magnesioferrite is anyway expected 
to break down at ~ 10 GPa and high temperatures (Uenver-
Thiele et al. 2017b), the measurements in the current study 
should cover a sufficient range (up to ~ 19 GPa) to obtain 
suitable elastic properties for thermodynamic calculations 
of its stability field.

Amongst various studies on magnetite compressibility, 
the study of Gatta et al. (2007) used a very similar meth-
odology to that employed here and the results are in good 
agreement with several other studies on magnetite (Nakagiri 
et al. 1986; Rozenberg et al. 2007; Reichmann and Jacobsen 
2004). As shown in Fig. 6, the KT0 value obtained for the 
mfr sample (178.4 (5) GPa) is only slightly lower than the 
value of 180 (1) GPa for magnetite (Gatta et al. 2007) while 
the values of K′ obtained by using a BM3 EoS are identical 
within the uncertainties. That the values of KT0 for the two 
end-members are similar, with just a very small increase in 
KT0 between the Mg and Fe2+ end-members, is consistent 
with studies on the normal spinels MgAl2O4 (193 ± 1 GPa) 
and FeAl2O4 (193.9 ± 1.7 GPa; Nestola et al. 2007, 2015) 
and MgCr2O4 (182.5 ± 1.4 GPa) and FeCr2O4 (184.8 ± 1.7 
GPa; Nestola et al. 2014). The sample with mixed com-
position (Fe50) is stiffer than both end-members (Fig. 7), 
indicating that a simple linear relationship of bulk moduli 
along the most ordered magnesioferrite–magnetite solid 
solution cannot describe the intermediate compositions. 
This behaviour is unusual, as other normal spinels such as 
Fe2SiO4–Mg2SiO4 (Higo et al. 2006) and MgAl2O4–FeAl2O4 
(Bruschini et al. 2018) show near monotonous changes in 
KT0 across significant sections of the solid solutions. A non-
linear behaviour has been observed for the bulk modulus 
along the MgAl2O4–MnAl2O4 join (Bruschini et al. 2015); 
however, the difference among the bulk moduli along the 
solid solution is less than 3 GPa (i.e. of the order of the 
uncertainties) and appears to be related to changes in the 

Fig. 6   KT0 versus K′ plot showing the refined data of the studied sam-
ples and literature data on the magnetite–magnesioferrite solid solu-
tion. Black data points are the refined values for the two samples in 
the present study. Literature data are for magnetite (blue) and magne-
sioferrite (green). Filled symbols indicate data acquired using single-
crystal X-ray diffraction. Empty symbols show data acquired with 
powder X-ray diffraction

Fig. 7   KT0 versus the Mg/(Mg + Fe2+) ratio along the magnetite–mag-
nesioferrite join. The dashed line joins the near-end-member mag-
nesioferrite (mfr) KT0 value obtained in this study with the value for 
magnetite of 180 (1) GPa reported by Gatta et al. (2007). All KT0 val-
ues are for second-order truncations of the Birch–Murnaghan equa-
tion of state
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inversion parameter (Bruschini et al. 2015). The difference 
between the KT0 of the Fe50 sample and its two end-mem-
bers is also greater than the differences between any of the 
studied Fe–Mg spinel end-members.

One consideration is that although the magnetite is a 
fully ordered inverse spinel, the mfr and Fe50 samples retain 
some level of cation disorder (x = 0.83–0.89). If the fully 
ordered mfr were stiffer, this might render a linear XMg–KT0 
relationship among the samples. Studies at least on the 
normal spinel MgAl2O4 appear to indicate that there is no 
resolvable effect of varying cation ordering on KT0 (Nes-
tola et al. 2007; Bruschini et al. 2018). This implies that the 
potential softening effect of putting Mg into the octahedral 
site is balanced by the hardening influence of Al entering 
the tetrahedral site. However, the magnesioferrite inverse 
spinel may behave differently. The increase in volume at 
room temperature on disordering, for example, is larger for 
magnesioferrite compared to MgAl2O4 spinel (O’Neill et al. 
1992; Nestola et al. 2007). Similarly, the softening effect 
of Mg entering the tetrahedral site may not be balanced 
by Fe3+ entering the octahedral site, as half of this site is 
already filled by Fe3+. Density functional theory calculations 
on MgAl2O4 spinel (Núñez-Valdez et al. 2018) do predict a 
higher bulk modulus for a theoretically fully ordered inverse 
spinel, compared to normal ordered spinel. This effect is not 
predicted to be much larger, however, and is probably not 
sufficient to raise the mfr KT0 significantly to render a linear 
relationship between Mg substitution and KT0.

The higher KT0 for the Fe50 sample implies that some 
type of Fe2+–Mg interaction causes the octahedral site to 
be stiffer than when it is dominated by either Mg–Mg or 
Fe2+–Fe2+ neighbours. One way that this might occur is 
through an interruption of the electron hopping between 
Fe2+ and Fe3+, which causes the average Fe2.5+ valence 
observed in Mössbauer spectra of magnetite. If the pres-
ence of local Mg reduces the extent of hopping, then the 
more localized Fe2+ 3d electron may increase the degree of 
covalency, and therefore the strength, of the Fe2+–O octahe-
dral bond. This could decrease the compressibility. Once the 
XMg = 0.5 composition has been reached, a further increase 
in Mg may then dilute this effect. If this is the case, then 
the non-linear elastic behaviour with composition is likely 
to be a peculiarity of the magnetite–magnesioferrite solid 
solution. 

The polyhedral moduli in this system can be calculated 
using the ionic potential model of Bruschini et al. (2015), 
taking into account the state of cation ordering determined 
in this study, and can be used to obtain the bulk moduli 
(Bruschini et al. 2015) across the solid solution. However, 
this approach gives rise to end-member bulk moduli that 
are greater than the experimentally determined values and 
predicts a linear dependence of the bulk modulus across 
the solid solution. This also implies that the effect of Fe2+ 

and Fe3+ cations on polyhedral compressibility of the spi-
nel structure does not simply depend on their respective 
charge and ionic radii, as found for other spinel structures 
(Bruschini et al. 2015), but also on the specific types of 
metal–oxygen bonding.

A final aspect is to consider whether the change in incom-
pressibility across the solid solution would result in a sig-
nificant excess molar volume at high pressure, which could 
potentially contribute to the degree of non-ideality of the 
solid solution. At 10 GPa, however, i.e. near the limit of 
high-pressure magnetite–magnesioferrite stability, the pre-
dicted excess molar volume is at most 0.07 cm3/mol, which 
would not have a significant influence on the thermodynam-
ics of mixing.

Conclusions

In this study, the crystal chemistry and room temperature 
compressibility of near end-member MgFe2O4 magnesiofer-
rite and an intermediate Mg0.5Fe2.5O4 inverse spinel com-
position have been examined by means of single-crystal 
X-ray diffraction performed in the diamond anvil cell. A 
high degree of cation order was achieved by synthesizing 
the single-crystal samples at high-pressure and high-temper-
ature conditions. The magnesioferrite sample synthesized at 
5 GPa and 1300 °C had an inversion parameter of x = 0.892 
(2), which is in good agreement with the high-pressure and 
high-temperature determinations of Antao et al. (2005a), and 
indicates a significant decrease in high-temperature disor-
dering with increasing pressure. The intermediate sample, 
synthesized at 9 GPa and 1000 °C, was nearly fully ordered 
(x > 0.83 ).

Compressibility data were collected up to 18.87 GPa for 
magnesioferrite and up to 12.76 GPa for Mg0.5Fe2.5O4. Plots 
of the normalized stress versus the Eulerian finite strain 
indicated that a second-order truncation of the Birch–Mur-
naghan equation of state would provide a suitable fit to 
the data. This yielded V0 = 588.97 (8) Å3 and KT0 = 178.4 
(5) GPa for magnesioferrite and V0 = 590.21 (5) Å3 and 
KT0 = 188.0 (6) GPa for the Mg0.5Fe2.5O4 composition. Using 
a third-order Birch–Murnaghan equation of state resulted in 
values of K′ that were indistinguishable from 4, within the 
uncertainties. Measurements on magnetite using the experi-
mental procedure of Gatta et al. (2007) reveal a KT0 = 180 
(1) with K′ = 4.

The slightly higher KT0 for the Fe end-member of the 
magnetite–magnesioferrite solid solution mimics the behav-
iour of the normal spinel joins FeAl2O4–MgAl2O4 and 
FeCr2O4–MgCr2O4 (Nestola et al. 2007, 2014, 2015). How-
ever, the significantly larger incompressibility of the inter-
mediate Mg0.5Fe2.5O4 composition has not been observed 
for other Fe–Mg spinels, but likely results from stiffer 
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octahedra, arising from some form of Fe2+–Mg interaction. 
A smaller negative deviation from a linear compositional 
dependence of the octahedral M–O bond distance for the 
intermediate composition may be an indication for the stiff-
ening of the octahedra, with respect to the end-members. A 
possible explanation is that the substitution of Mg into the 
octahedral site interrupts the exchange (hopping) of the Fe2+ 
3d electron with neighbouring Fe3+ cations. If this electron 
is then more localized on the Fe2+ site, it may raise the cova-
lency and, therefore, the strength of the Fe2+–O bond, with 
a consequent increase of the incompressibility.
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