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Abstract
The electrical conductivities of iron-bearing minerals are important for understanding the chemical and thermal heterogene-
ity of the Earth’s mantle. Recent high-pressure experiments have shown that the new iron oxide group (FeO)m(Fe2O3)n is 
stable under mantle conditions. Although the new iron oxides possibly play an important role in the subduction zone, the 
physical properties of these iron oxides are still unclear. Here, we determined the electrical conductivities of Fe4O5, Fe5O6, 
and Fe7O9 at pressures up to 60 GPa using diamond anvil cells. The electrical conductivities of the iron oxides generally 
increased with increasing pressure, and the values were comparable with previous data for Fe3O4 and FeO at high pressures. 
Although iron oxides with a mixed-valence state are generally highly conductive, Fe7O9 was less conductive than Fe4O5 and 
Fe5O6. This difference is likely due to the ordered sites and valences in the structures of Fe4O5 and Fe5O6. The results show 
that the new iron oxides were not metallic under the experimental conditions. The iron oxides in the subducted materials 
may cause anomalies in the electrical conductivity of the deep mantle along with the melt and water.
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Introduction

Iron is the third most abundant cation in the Earth’s mantle. 
Because iron has a strong effect on electromagnetic prop-
erties, researchers have long studied the electrical conduc-
tivities of iron-bearing minerals to understand the chemical 
and thermal heterogeneity of the crust and mantle. Electrical 
conductivities are generally higher in rocks with higher con-
centrations of water, melt, and iron in the minerals (Yoshino 

2010; Katsura et al. 2017). For instance, the observed con-
ductivity of the transition zone (410–660 km depth) is con-
sistent with those of (Mg, Fe)2SiO4 ringwoodite and wads-
leyite with Mg# ~ 90 (Yoshino and Katsura 2009; Yoshino 
2010). The valence state of iron also strongly affects the 
conductivity of minerals (Tannhauser 1962; Xu et al. 1998; 
Potapkin et al. 2013). The electrical conductivity of Fe3O4 
magnetite (Fe3+/total Fe = 2/3) is several tens of times higher 
than that of Fe2O3 hematite (Fe3+/total Fe = 1) (Tannhauser 
1962). Although olivine, wadsleyite, and ringwoodite can 
hardly accommodate Fe3+, Al-bearing bridgmanite and 
majorite-garnet contain a considerable amount of Fe3+ even 
under reducing conditions via the disproportionation reac-
tions 3Fe2+  = 2Fe3+  + Fe0 (Frost et al. 2004; Rohrbach et al. 
2007). The electrical conductivities of olivine, wadsleyite, 
and ringwoodite are much lower than those of iron oxides 
(Yoshino and Katsura 2009). In contrast, the electrical con-
ductivities of Al-bearing bridgmanite and majorite-garnet 
are relatively high (Yoshino et al. 2008).

Although iron oxides are not the main constituent miner-
als of the average mantle (McCammon 2005; Irifune et al. 
2010), iron oxides may play an important role in the subduc-
tion process, which delivers relatively hydrated and oxidized 
materials into the deep mantle. It has been suggested that 
Fe3O4 magnetite is formed via the serpentinization process at 
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the mantle wedge and corresponds to the observed anomaly 
in magnetism (Blakely et al. 2005). In addition, subducted 
Fe3+-rich banded iron formation (BIF) may cause a wide 
variation in the oxygen fugacity of the deep mantle (Dob-
son and Brodholt 2005; Kang and Schmidt 2017). Indeed, 
recent studies have suggested that the deep mantle has much 
wider variations in oxygen fugacity based on observations 
from diamond inclusions and peridotites (Stagno et al. 2013; 
Wirth et al. 2014; Kaminsky et al. 2015; Kagi et al. 2016; 
Smith et al. 2016; Kiseeva et al. 2018). The oxygen fugacity 
of peridotite decreases with increasing depth to ~ 200 km 
from the quartz–fayalite–magnetite (QFM) buffer to three 
log units below QFM (Stagno et al. 2013). While determin-
ing the oxygen fugacity of the mantle deeper than 200 km 
is not straightforward, the electrical conductivity can pro-
vide important information for understanding the oxygen 
fugacity of the deep mantle. The observed lateral variation 
in the electrical conductivity (Püthe and Kuvshinov 2013; 
Katsura and Yoshino 2015) may be attributed to the anomaly 
in the oxygen fugacity in addition to water, high temperature, 
and melting. However, the electrical conductivities of iron 
oxides are not yet well understood at high pressures.

While minerals with the stoichiometry of FeO, Fe2O3, and 
Fe3O4 are stable at ambient pressures, recent studies have shown 
the occurrence of a new iron oxide group (FeO)m(Fe2O3)n that 
is stable above ~ 10 GPa, corresponding to the upper mantle 
conditions. The group includes Fe4O5, Fe5O6, Fe7O9, Fe9O11, 
Fe5O7, Fe13O19, and Fe25O32 (Lavina et al. 2011, 2015; Merlini 
et al. 2015; Bykova et al. 2016; Sinmyo et al. 2016; Ishii et al. 
2018). All iron oxides above are likely metastable at ambient 
pressures, including the Fe4O5, Fe5O6, and Fe7O9 used in this 
study. Previous studies have shown that Fe4O5 and Fe5O6 are 
stable at pressures above approximately 10 GPa and at rela-
tively high-oxygen fugacity conditions (Woodland et al. 2013; 
Myhill et al. 2016; Uenver-Thiele et al. 2018), and Fe7O9 is sug-
gested to be stable at even higher pressures, likely above 25 GPa 
(Sinmyo et al. 2016). The (FeO)m(Fe2O3)n iron oxides are com-
posed of a combination of FeO6-octahedral and FeO6-trigonal 
prisms (Bykova et al. 2016). According to thermodynamic 
modeling, Fe5O6 can coexist with diamond above ~ 10 GPa 
at 1473 K (Myhill et al. 2016). This suggests that the high-
pressure iron oxide phases can be trapped inside diamond inclu-
sions (Wirth et al. 2014; Kaminsky et al. 2015). Indeed, a recent 
study showed the possible relics of Fe4O5 in diamond inclu-
sions delivered from the deep mantle (Anzolini et al. 2020). 
To understand the stability of Fe4O5 and Fe5O6, high-pressure 
experiments were conducted using a multi-anvil press and a 
diamond anvil cell with X-ray diffraction (XRD) measurements 
(Woodland et al. 2013; Myhill et al. 2016; Uenver-Thiele et al. 
2018; Hikosaka et al. 2019). In contrast to the phase stability, 
the physical properties of the iron oxides, such as their elec-
trical conductivities, are currently poorly understood (2016, 
2020).

The electrical conductivities of the iron oxides are remark-
ably different based on the crystal structure and valence state 
of the iron. The electrical conductivities of Fe1−xO wüstite 
and Fe3O4 magnetite are several tens of times higher than that 
of Fe2O3 hematite at ambient pressure (Tannhauser 1962). 
Pasternak et al. (1999) showed that the conductivity of Fe2O3 
significantly increases above ~ 50 GPa, likely because of the 
transition of its phase to its high-pressure polymorph with a 
Rh2O3-type structure. More recently, Bykova et al. (2016) 
showed that Fe2O3 exhibits various polymorphs, such as a 
distorted perovskite structure (ζ-Fe2O3) and post-perovskite 
structure (η-Fe2O3), at pressures above ~ 50 GPa in addition 
to Rh2O3-type structures. In contrast, the electrical conductiv-
ity of Fe3O4 decreases above ~ 20 GPa because of the phase 
transition to the high-pressure polymorph (Morris and Wil-
liams 1997). FeO, with a rock salt-type structure, undergoes 
an insulator-to-metallic transition at 70 GPa and 1900 K (Ohta 
et al. 2012). FeO, with a B8-type structure, is stable above ~ 80 
GPa and is a metallic phase (Ohta et al. 2010). It was shown 
that the magnetism of FeO collapsed at approximately 50 GPa 
by means of Mössbauer spectroscopy (Pasternak et al. 1997). 
A recent study by Hamada et al. (2016) showed that the mag-
netic high-spin component of Fe0.96O decreased gradually with 
increasing pressure from 91 to 203 GPa. Recent studies have 
suggested that the observed anomalies in magnetism around 
the subduction zone (Blakely et al. 2005) may correspond to 
Fe2O3 hematite under high-pressure and relatively low-tem-
perature conditions (Kupenko et al. 2019). Previous studies 
have suggested that the ordering of the valence state in the 
chain of the FeO6 octahedra enhances the electrical conductiv-
ity of Fe4O5 and Fe5O6 (Ovsyannikov et al. 2016, 2020). It has 
also been reported that the electrical conductivities of Fe4O5 
and Fe5O6 have kinks at 150 and 275 K, respectively (Ovsy-
annikov et al. 2016, 2020). Theoretical calculations suggest 
that Fe4O5 is metallic from ambient to high-pressure condi-
tions (Yang et al. 2021). However, the prediction contradicts 
experimental work showing a higher conductivity of Fe4O5 
at a higher temperature (Ovsyannikov et al. 2016), which is 
not plausible for the electronic conduction mechanism in the 
metallic phase. The electrical conductivity of (Mg, Fe)O fer-
ropericlase decreases above 30–60 GPa due to high-spin to 
low-spin crossover (Ohta et al. 2007; Yoshino 2010). Based 
on the unit cell volume decrease, the iron may undergo a high-
spin to low-spin crossover at approximately 40 GPa in Fe4O5 
(Hikosaka et al. 2019).

In this study, we determined the electrical conductivities of 
Fe4O5, Fe5O6, and Fe7O9 up to 60 GPa for the first time. The 
electrical conductivities of these iron oxides generally increase 
with increasing pressure. The results showed that the iron oxides 
were not in metallic phases under the experimental conditions. 
Because the iron oxides are highly conductive, the anomaly in 
the electrical conductivity observed under the deep mantle can 
be explained by the presence of a small amount of iron oxide.
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Experiments

We used Fe4O5, Fe5O6, and Fe7O9 as starting materials; they 
were synthesized from a mixture of reagent grade Fe metal 
and Fe3O4 or Fe2O3 powders using a 15-MN Kawai-type 
multi-anvil press with the Osugi-type module (IRIS-15) at 
the Bayerisches Geoinstitut (Ishii et al. 2016, 2019). We 
synthesized Fe4O5, Fe5O6, and Fe7O9 at 15 GPa/1700 K, 10 
GPa/1700 K, and 25 GPa/1973 K, respectively. The phases 
were characterized using XRD (Fig. 1). The Fe4O5 and 
Fe5O6 samples were analyzed using micro-focused X-ray dif-
fractometers with a target of Co (Bruker, D8 Discover) and 
Mo (Bruker, D8 Venture), respectively. The Fe7O9 sample 
was measured using a Bruker X-ray diffractometer equipped 
with a SMART APEX CCD detector with a high-brilliance 
Rigaku rotating anode (Rotor Flex FR-D, Mo-Kα radiation).

The electrical resistances of the samples were measured 
under high-pressure conditions using diamond anvil cells. 
Diamonds with 300 or 450 μm culet diameters were used 
for the anvils. We drilled a 250 or 375 μm diameter hole in 
the rhenium plate, which was compressed to a thickness of 
approximately 50 μm. An electrical insulator (c-BN) was 
filled into the hole in the rhenium plate and then compressed 
again to a thickness of 50 μm. Holes 80–120 μm in diameter 
were drilled in the insulation layer. The sample was placed 
in the hole, and four platinum foils of 7.5 μm thickness were 
placed on the sample as electrodes (Fig. S1). The electrical 
resistances were measured by a quasi-four-terminal method 
using a multimeter.

Determination of the electrical conductivity from the 
measured resistance values requires the thickness, width, 
and length of the sample. The width and length were deter-
mined by optical observation using a microscope with 
an uncertainty of ~ 10%. To estimate the thickness of the 
sample, we used the relationship between pressure and the 
anvil gap proposed by Sinmyo et al. (2014). In run #3, the 
thickness of the recovered sample was determined by elec-
tron microscopy, and the results were consistent with the 
estimation. The uncertainty in the thickness was assumed 
to be 50%, and the propagated uncertainty of the conduc-
tivity was estimated to be 52%. Because the thickness was 
estimated from the literature data, the error represents the 
possible shift of the conductivity for each run relative to 
other runs. The conductivities of the samples were meas-
ured at high pressures of up to 60 GPa (Fig. 2). In addition 
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Fig. 1   X-ray diffraction patterns of a Fe4O5, b Fe5O6, and c Fe7O9 
obtained in ambient conditions. The bars under the spectra are the 
predicted value for each phase
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Fig. 2   The relationships between pressure and the electrical conduc-
tivities of iron oxides at ambient temperature. The data for Fe4O5 
(red squares), Fe5O6 (blue triangles), and Fe7O9 (green circles) were 
obtained in this study. Diamonds are low-pressure (filled diamonds) 
and high-pressure polymorph (open diamonds) of Fe3O4 (Morris and 
Williams 1997). Results from previous studies on Fe5O6 (Ovsyan-
nikov et al. 2020) and FeO (Ohta et al. 2010) are also shown
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to the experiments at room temperature, the samples were 
cooled to ~ 80 K under selected pressure conditions to esti-
mate the activation enthalpies of Fe4O5 (run #1), Fe5O6 (run 
#4), and Fe7O9 (run #6). The electrical conductivity was 
measured every + / − 1 K during the heating/cooling process 
(Fig. 3). In run #6, the temperature ranges were limited to 
260–300 K, because the thermocouples failed during the 
experiments. The resistances were monitored during both 
cooling and heating processes. We also measured the con-
ductivities at high temperatures for run #3 by placing the 
whole cell in the furnace. The temperatures were monitored 
using thermocouples attached to the diamond anvil. The 

pressure was determined at 300 K using the Raman spectra 
of the diamond anvil (Akahama and Kawamura 2004).

Results

The XRD measurements showed that the samples were sin-
gle phases of Fe4O5, Fe5O6, and Fe7O9 (Fig. 1). The obtained 
unit cell parameters were consistent with those of previous 
studies (Lavina et al. 2011, 2015; Sinmyo et al. 2016). We 
carried out six sets of runs to determine the electrical con-
ductivities of Fe4O5, Fe5O6, and Fe7O9 at high pressures up 
to 60 GPa (Fig. 2). Two runs were conducted in each phase, 
and the obtained data showed high reproducibility (Fig. 2). 
The conductivities of Fe4O5, Fe5O6, and Fe7O9 were gener-
ally close to those of FeO, Fe3O4, and Fe4O5 reported in 
previous studies (Morris and Williams 1997; Ohta et al. 
2010; Ovsyannikov et al. 2020). The electrical conductivi-
ties increased with increasing pressure (Fig. 2). The relation-
ships between the conductivity (log10σ) and reciprocal of 
temperature (1/T) are shown in Fig. 3. While we also plotted 
log10(σ*T) against 1/T for comparison, the obtained curves 
were quite similar to those obtained using log10σ (Fig. S2). 
The electrical conductivities were fitted using the following 
equation:

where � is the electrical conductivity, �0 is the conductivity 
at an infinite temperature, ΔH is the activation enthalpy, k 
is the Boltzmann constant, and T  is the temperature. The 
activation enthalpies were ~ 0.1 eV in Fe4O5, Fe5O6, and 
Fe7O9 (Fig. 4). The Fe5O6 sample was heated to 370 K at 
15 GPa in run #3. The conductivity value increased by 50% 
at 360 K upon heating. Since the change was irreversible, 
Fe5O6 was likely transformed to other iron oxides, such as 
FeO + Fe4O5 at 360 K, as suggested by a previous study 
(Hikosaka et al. 2019). Indeed, the conductivity of Fe4O5 
was ~ 2 times higher than that of Fe5O6 at 15 GPa and 300 K 
(Fig. 2). Although we conducted the measurement without 
using a pressure medium, the sample and electrode were not 
largely deformed from the initial geometry.

Discussion

We summarized the relationship between the pressure 
and electrical conductivity for Fe4O5, Fe5O6, and Fe7O9 at 
300 K (Fig. 2). The electrical conductivity of Fe5O6 was 
comparable to that reported in a previous study (Ovsyan-
nikov et al. 2020). While it is known that the conductivi-
ties of FeO wüstite and Fe3O4 magnetite are several tens of 
times higher than that of Fe2O3 hematite at ambient pressure 

(1)
� = �0 exp

(

−
ΔH

kT

)

,

Fe O

0.002 0.004 0.006 0.008 0.010 0.012 0.014
-1

0

1

2

3

4

1/T (1/K)

Fe O

0.002 0.004 0.006 0.008 0.010 0.012 0.014
-1

0

1

2

3

4

1/T (1/K)

lo
g 10

� 
(S

/m
)

15 GPa (This study)
30 GPa (This study)
40 GPa (This study)
Fe3O4 < 20 GPa (M97)

FeO 59 GPa (O10)

Fe3O4 > 20 GPa (M97)
FeO 21 GPa (O10)

lo
g 10

� 
(S

/m
)

15 GPa (This study)
30 GPa (This study)
45 GPa (This study)

FeO 59 GPa (O10)
FeO 21 GPa (O10)
60 GPa (This study)

Run #1

Run #4

error

error
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by Morris and Williams (1997) and Ohta et al. (2010), respectively. 
Errors were estimated by the same manner with Fig. 2
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(Tannhauser 1962), the conductivities of Fe4O5 and Fe5O6 
are as high as those of FeO and Fe3O4. This may correspond 
to the mixed-valence state of iron in Fe4O5 and Fe5O6. In 
contrast, the conductivity of Fe7O9 is approximately one 
order of magnitude lower than those of Fe4O5 and Fe5O6, 
although Fe7O9 contains both Fe3+ and Fe2+. This is likely 
due to the difference in the crystallographic site and valence 
state of iron. It has been reported that the ordering in the 
charge and electron orbitals of iron dominantly controls the 
electrical conductivity of Fe3O4 and Fe4O5 (Senn et al. 2012; 
Ovsyannikov et al. 2016, 2020). Ovsyannikov et al. (2016) 
suggested that dimeric and trimeric ordering in the chain 
of the FeO6 octahedra enhance the electrical conductivity. 
Such chains are not abundant in the structure of Fe7O9 com-
pared to those in the structures of Fe4O5 and Fe5O6. FeO6 
octahedra share edges, forming a chain along the a-axis of 
Fe4O5/Fe5O6 and b-axis of the Fe7O9. In Fe4O5 and Fe5O6, 
all chains further share edges to form zigzag chains along 
the b-axis. Such zig–zag chains are less abundant along the 
a-axis of Fe7O9 compared to Fe4O5 and Fe5O6 (Sinmyo et al. 
2016). This difference may be a reason for the low conduc-
tivity of Fe7O9. If this is the case, other iron oxides that lack 
the chain of FeO6 octahedra, such as Fe5O7, Fe13O19, and 
Fe25O32, may also be less conductive. To test this hypothesis, 
their conductivities should be measured along different crys-
tal orientations, although it is challenging to synthesize large 
single crystals. In addition, the lattice preferred orientation 
may take place by uniaxial compression. Further studies are 
necessary to be conducted at hydrostatic conditions.

The electrical conductivities of Fe4O5, Fe5O6, and Fe7O9 
generally increased with increasing pressure (Fig. 2). A 
previous study suggested a high-spin to low-spin crossover 

of iron in Fe4O5 at approximately 40 GPa based on the 
decrease in unit cell volume (Hikosaka et al. 2019). By 
an analogy of the FeO and (Mg,Fe)O (Ohta et al. 2007; 
Yoshino 2010), the electrical conductivity of Fe4O5 may 
be changed at 40 GPa owing to the spin crossover. The fit-
ted results showed that the slope of the conductivity was 
d(logσ)/dP = 0.02 S/GPa below 40 GPa, and was 0.03 S/
GPa above 40 GPa, respectively. This suggests that the 
conductivity is weakly influenced by the spin crossover 
of iron in Fe4O5. Because the difference is not significant, 
the conduction mechanism may not change. The decrease 
in the unit cell volume may cause a change in the activa-
tion volume, which controls the slope of the conductivity 
(Hikosaka et al. 2019). However, because of the relatively 
high uncertainty in this study, further discussion of the 
transition is not straightforward. The spin state of iron 
should be studied further by X-ray emission spectroscopy 
and Mössbauer spectroscopy.

We summarized the relationship between the temperature 
and the electrical conductivity for Fe4O5, Fe5O6, and Fe7O9 
at pressures from 15 to 60 GPa (Fig. 3 and S2). The elec-
trical conductivity slightly increased with increasing tem-
perature in Fe4O5, Fe5O6, and Fe7O9 under the experimental 
conditions. Although a recent study suggested that Fe4O5 
is metallic from ambient to high-pressure conditions (Yang 
et al. 2021), the current results indicate that Fe4O5 is not 
a metallic phase, as shown previously (Ovsyannikov et al. 
2016). While the reason for this discrepancy between theory 
and experiments is not clear, it has been suggested that the 
metallic ground state in ferropericlase may have been incor-
rectly predicted, which depends on the assumptions used in 
the theoretical calculations (Tsuchiya et al. 2006).

Yoshino et al. (2016) discussed the electrical conduction 
mechanism of Fe3+-bearing MgSiO3-rich bridgmanite by 
comparing log10(σ*T) and log10(σ) against 1/T. The results 
suggest that the small polaron/ionic conduction is the domi-
nant mechanism at low and high temperatures. However, 
we obtained similar log10(σ*T) and log10(σ) for Fe4O5 and 
Fe5O6 (Fig. S2), likely because of the relatively narrow tem-
perature range. Although it is not easy to determine the con-
duction mechanisms of the iron oxides, by an analogy of the 
Fe3+-bearing (Mg,Fe)O, the small polaron conduction may 
be the dominant mechanism in (FeO)m(Fe2O3)n at tempera-
tures below ~ 1000 K (Dobson et al. 1997). The conduction 
mechanisms of iron oxides should be studied further through 
high-temperature experiments. We noted that the log10(σ*T) 
and log10(σ) deviated from the linear trend at temperatures 
lower than the magnetic phase transition temperature in pre-
vious studies (Fig. S2) (Ovsyannikov et al. 2016; 2020). The 
transition temperature in Fe4O5 increased from 90 to 100 K 
as the pressure changed from 30 to 40 GPa, and in Fe5O6, 
it increased from 90 to 100 K as the pressure changed from 
15 to 60 GPa.
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The activation enthalpies of Fe4O5, Fe5O6, and Fe7O9 
were between 50–90 meV at pressures between 15 and 
60 GPa (Fig. 4). These values are comparable with those 
reported in previous studies on Fe4O5 and Fe5O6 at 1 atm 
(Ovsyannikov et al. 2016, 2020). The values correspond to 
the bandgap of 100–180 meV, assuming that the bandgap 
is double the activation energy (Ovsyannikov et al. 2016, 
2020). These values are comparable to those of magnetite 
(70 meV) below the temperature of the Verwey transition 
(Chainani et al. 1995). A previous study suggested that the 
activation enthalpy of a high-pressure polymorph of Fe3O4 
increases with increasing pressure up to 50 GPa, in contrast 
to Fe3O4 magnetite below 20 GPa (Morris and Williams 
1997). The pressure dependence of the activation enthalp-
ies of Fe4O5, Fe5O6, and Fe7O9 was close to the high-pres-
sure polymorph of Fe3O4. While the crystal structure was 
not determined in the earlier study (Morris and Williams 
1997), the crystal structure of the high-pressure Fe3O4 phase 
is similar to that of the (FeO)m(Fe2O3)n group with two 
FeO6-octahedral sites (Fei et al. 1999; Bykova et al. 2016; 
Sinmyo et al. 2016).

Based on the obtained data, we have extrapolated 
the conductivity of Fe4O5 and Fe5O6 to 13–21 GPa and 
1800–1990 K, corresponding to the condition at 400–600 km 
depth (Katsura et al. 2010). We used Eq. (1) with obtained 
activation enthalpy for extrapolation (Fig. 4), assuming 
that the conduction mechanism does not change at high 
temperatures.

The conductivities of Fe4O5 and Fe5O6 at 400 km depth 
are 3 × 104 and 2 × 104 S/m, respectively, and the values are 
almost the same at a depth of 600 km. For comparison, we 
also estimated the bulk conductivity of pyrolite at a depth 
of 600 km based on the electrical conductivities and unit 
cell volume of ringwoodite and garnet reported in previous 
studies (Meng et al. 1994; Wang et al. 1998; Yoshino et al. 
2008). The bulk conductivity of the pyrolite was estimated to 
be 0.3 S/m at a depth of 600 km using the Voigt–Reuss–Hill 
average. A previous study suggested that the electrical 
conductivity at depths between 400 and 600 km has lat-
eral variations from 0.1 to 1 S/m (Püthe and Kuvshinov 
2013). Because the iron oxides are highly conductive, pyro-
lite +  ~ 0.1% of Fe4O5 or Fe5O6 can explain the high con-
ductivity of 1 S/m at a depth of 600 km. This suggests that 
the high-pressure polymorph of iron oxides can be a possi-
ble source of the high conductivity anomaly. However, the 
conductivity of rocks strongly depends on the connectivity 
of the constituent minerals. A minor phase with 0.1% abun-
dance may have an influence on the bulk conductivity, only 
if the phase has a sufficiently low viscosity to form a con-
nected network. Rheological parameters of the iron oxides, 
such as their viscosity and wet angle, should be determined 
to understand the connectivity. Moreover, their electrical 
conductivity should be studied further at higher temperatures 

with phase identification using in situ XRD measurements 
because the stabilities of the iron oxides are still not clear. 
Previous studies have shown that Fe4O5, Fe5O6, Fe7O9, and 
Fe9O11 form Mg2+–Fe2+ solid solutions (Boffa Ballaran et al. 
2015; Sinmyo et al. 2016, 2019; Ishii et al. 2018; Uenver-
Thiele et al. 2018). The effect of Mg2+ should be studied fur-
ther because the incorporation of Mg2+ largely decreases the 
electrical conductivity. Most recently, high-pressure magne-
sium silicate mineral (Mg,Fe)5Si2O9 elgoresyite was found 
to form a solid solution of (Mg,Fe)5Si2O9–Fe7O9 via the 
(Mg2+,Fe2+) + Si4+  = 2 Fe3+ substitution (Bindi et al. 2021). 
While the stability of the phase is not yet clear, the electrical 
properties of (Mg,Fe)5Si2O9 may be comparable to those of 
Fe7O9 because they have a similar crystal structure.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00269-​022-​01188-4.
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