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Abstract The electrical conductivity of (Mgg o3Feq97)
SiOj; ilmenite was measured at temperatures of 500—
1,200 K and pressures of 25-35 GPa in a Kawai-type
multi-anvil apparatus equipped with sintered diamond
anvils. In order to verify the reliability of this study, the
electrical conductivity of (Mgg.93Feq.07)SiO3 perovskite
was also measured at temperatures of 500-1,400 K and
pressures of 30-35 GPa. The pressure calibration was
carried out using in situ X-ray diffraction of MgO as
pressure marker. The oxidation conditions of the sam-
ples were controlled by the Fe disk. The activation en-
ergy at zero pressure and activation volume for ilmenite
are 0.82(6) eV and -1.5(2) cm*/mol, respectively. Those
for perovskite were 0.5(1) eV and -0.4(4) cm*/mol,
respectively, which are in agreement with the experi-
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mental results reported previously. It is concluded that
ilmenite conductivity has a large pressure dependence in
the investigated P-T range.
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Introduction

Electrical conductivity is a physical parameter that can
be characterized, along with seismic wave velocities,
from measurements at the Earth’s surface. A com-
parison of geophysical models with mineral properties
would provide important constraints for mineralogical
and compositional models of the Earth’s mantle. For
this reason, the electrical conductivities of the mantle
minerals have been measured extensively (Katsura
et al. 1998; Li and Jeanloz 1990a, b, 1991; Li et al. 1993;
Omura 1991; Omura et al. 1989; Poirier and Peyron-
neau 1992; Shankland and Duba 1990; Shankland et al.
1993; Xu et al. 1998a, b, 2000; Xu and Shankland 1999).

Although temperature dependence of the electrical
conductivity of mantle minerals has been determined
precisely, pressure dependence has not been studied in
detail. Shankland et al. (1993) measured the electrical
conductivity of silicate perovskite at pressures of 1.2
and 40 GPa, and reported a small negative activation
volume of —0.26 cm®/mol. Xu et al. (2000) measured
the electrical conductivity of olivine at pressures of
4-10 GPa, and showed a positive activation volume of
0.6(6) cm®/mol. Although the electrical conduction
mechanisms of both of these minerals are considered
to be hopping of small polarons associated with the
charge transfer between Fe?* and Fe*, their activation
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volumes have opposite signs. Thus, at present we have
no reasonable consensus for the pressure dependence
of the electrical conductivity of ferromagnesian min-
erals. In order to obtain a better understanding of the
electrical conductivity of ferromagnesian minerals, we
need further studies on the pressure dependence of the
electrical conductivity.

In this study, we measured the electrical conductiv-
ity of (Mgg.o3Feq07)SiO5 ilmenite at temperatures of
500-1,200 K at elevated pressures from 25 to 35 GPa
in a multi-anvil apparatus. The electrical conductivity
of perovskite with the same composition was also
measured, to verify the reliability of the experimental
method used in the present study, by comparing the
results obtained by this method with those of previous
studies. Until recently, the effect of pressure on the
electrical conductivity of high-pressure minerals was
difficult to study using a multi-anvil apparatus because
of the limited pressure range. Thanks to the recent
technical development of high-pressure generation
using sintered diamond anvils (Ito et al. 2005), we can
now determine the pressure dependence of the elec-
trical conductivity of high-pressure minerals.

Experimental procedure

The starting material was enstatite with a (Mggos
Feg7)SiO5 composition, which was the same as that
used in our previous measurement of the electrical
conductivity of silicate perovskite (Katsura et al. 1998).
This enstatite was synthesized from Mg, Fe and tetra-
ethylorthosilicate by the sol-gel method. The enstatite
powder was compressed to a disk shape, which was
sintered at 1,670 K for 1 h with a CO, and H, mixed
gas with a ratio of 10:1. The oxygen partial pressure is
107" Pa under these conditions, which is by 2.8 orders
higher than the IW buffer and by 0.4 orders lower than
the WM and QFM buffers.

The high pressures and high temperatures were
generated using a Kawai-type multi-anvil apparatus
with a DIA-type guide block system installed at ISEI,
Okayama University (AMAGAEL). We used sin-
tered-diamond second-stage anvils with an edge length
of 14.0 mm. The anvil truncation was 2.0 mm. The
generated pressures were calibrated by in situ X-ray
diffraction with the MgO pressure scale (Matsui et al.
2000) using a similar high P-T apparatus installed at
the synchrotron radiation facility SPring-8 [SPEED-
Mk.II, (Katsura et al. 2004)]. As mentioned later, the
conductivity measurements were conducted at press
loads of 4, 6 and 8 MN, in which the sample pressures
were estimated to be 25, 30 and 34 GPa at 300 K,
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respectively. The sample pressure changes by changing
the sample temperature. Heating the sample from 500
to 1,200 K increases the sample pressure by 1 GPa.
The reproducibility of the pressure generation is con-
sidered to be within 1 GPa, from our experience of
in situ X-ray diffraction experiments using sintered
diamond in a multi-anvil apparatus.

The furnace assembly for the electrical conductivity
measurement is shown schematically in Fig. 1. The
disk-shaped sample with a thickness of 0.2 mm was
sandwiched between Fe disks. The Fe disks were set to
keep the oxidation state of the sample on the iron-
wustite (IW) buffer during the experiment. The sample
was heated using a pair of Re disk heaters. The sample
temperature was measured using a Wo;Re;—W7sRess
thermocouple, which was inserted in parallel with the
disk heaters. Because of the small furnace size, there
could be 10% of temperature variation in the sample.
One of the Fe disks was electrically connected to the
Re heater through a Mo rod. The other disk was in
direct contact with the thermocouple. We conducted
insulation tests for the assembly. We found that the
insulation resistance is more than 10° Q at ambient
temperature, and decrease to around 10° Q at tem-
peratures to 1,400 K. The insulation resistance is more
than 1 order of magnitude higher than the sample
resistance.

The measurement circuit is shown in Fig. 2. The
probe current, Ipohe, Was applied to the sample using
one side of the thermocouple and the heater through
the anvil and guide block, which serve as electrodes.
The alternative voltage on the sample, Vmpie, Was
measured using the other side of the thermocouple and
the heater as electrodes. The sample was connected
with the reference resistance (R,.r) and the function
generator in series. The function generator generated
sinusoidal signals, whose frequency and amplitude
were 10 mHz and 5 V, respectively. The magnitude
of the reference resistance was 100 kQ in this study.
The I,one Was measured from the alternative voltage
applied on the reference resistance, Vi Thus, the
impedance of the sample, Zg;mpie Was obtained by Ryt
and the complex ratio of Viampie to Vier as:

Vsample — Ry Vsample ' (1)

Z sam =
sample
I probe Vref

The sample resistance, Rsample, Was estimated from the
sample impedance by assuming a parallel circuit with a
capacitance, C, as

1
Z sample

1
= +inC, 2
Rsample ( )
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Fig. 1 Schematic drawing of
the cell assembly for electrical
conductivity measurement.
The furnace assembly in the
broken ellipsoid is placed in
the pressure medium. Note
that the scale of the furnace
assembly is twice as large as
that of the whole assembly
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Fig. 2 Electric circuit of electrical conductivity measurement at
high pressures and temperatures in a multi-anvil apparatus. The
sample is connected with the reference resistance and function
generator in series. The function generator generates a sinusoidal
signal with a frequency of 10 mHz to flow the probe current
(Iprobe)

where o is the angular frequency of the signal. Note
that the heating and electrical conductivity measure-
ment systems share the circuit between the heater and
guide block. The frequency of the signal of the elec-
trical conductivity measurement is 10 mHz, which is
much lower than that of the heating current, Ipcating
(60 Hz). The noise from the heating circuit was

"saanns®

Heater
Electrode

MgO+5%Cr,0,
Pressure medium

removed from the signal of the electrical conductivity
measurement by averaging the signals for 1/60 s. The
relative errors in the present resistance measurement
are very small and on the order of 107>

We conducted two runs to measure the electrical
conductivity, using the following procedures. In the
first run, the sample was compressed to the press load
of 4 MN, and heated to 1,200 K. Under these condi-
tions, the sample should be transformed from enstatite
to ilmenite. The formation of ilmenite at this temper-
ature was confirmed in a separate run. After the
ilmenite synthesis, the sample temperature was de-
creased to 500 K in steps of 100 K, measuring the
electrical conductivity at each step. After the mea-
surement at 4 MN, the sample was compressed to a
press load of 6 MN, and heated to 1,200 K. The elec-
trical conductivity was measured according to the same
procedure as for 4 MN. The sample was then further
compressed to a press load 8 MN. The conductivity
was measured by the same procedure as for 4 and
6 MN.

In the second run, the measurements were con-
ducted at 4 and 6 MN in the same way as for the first
run, in order to confirm the reproducibility of the
measurement. After the measurements under these
conditions, the sample was heated to 1,400 K at 6 MN
so that perovskite was formed from the ilmenite.
The electrical conductivity of perovskite was measured
at 6 and 8 MN at decreasing temperatures from 1,400
to 500 K with 100 K steps.

After recovery, a cross-section of the sample
was taken, and the phase present was identified using
a micro-focused X-ray diffractometer. The sample
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textures were observed using an electron microscope to
confirm absence of other phases, such as metallic and
oxide phases and no reaction of the sample with the
surrounding material. Although Fe®* and H* should
affect on the conductivity, the amounts of these com-
ponents were not measured mainly because of the
small sample size for Mossbauer and IR spectroscop-
ies, respectively. However, note that the amounts of
Fe®" in the samples were minimized by coexisting with
the Fe disks.

The sample dimensions were measured using an
electron microscope. By assuming that the sample
volumes were changed isotropically at high pressures
and temperatures, the dimensions were corrected using
the equations of state of ilmenite (Wang et al. 2004)
and perovskite (Fiquet et al. 1998). The errors in
dimension are about 10 um. The electrical conductivity
of the sample was calculated from the sample resis-
tance and corrected dimensions.

Results

The logarithmic conductivity of (MggosFeq07)SiO3
perovskite at each press load is plotted against the
reciprocal temperature in Fig. 3. The logarithmic
conductivity of perovskite linearly increases with
decreasing reciprocal temperature. The conductivity of
perovskite increases with increasing pressure. The
rates are 0.08 and 0.05 (log;oS/m)/GPa at 500 and
1,200 K, respectively. The slope of the logarithmic
the conductivity against the reciprocal temperature

0 =
| 35 GPa .
3 ftﬂ N (Mggg3Feg7)Si0
T 4 Perovskite
-1 o 3
—_ This Study ~ o
= Extraploation i
E te 23 GPa = *
[%2]
e =2
b
-2
2 = 34 GPa 8MN
£ -3 - _\ t 30 GPa 6 MN
~ T s
Shankland et al. * Shankland et al
[1993] oy [1993]
at 1.2 GPa o at 40 GPa
-4 J
0.5 1 1.5 2 25

1000/T (/K)

Fig. 3 Experimental results for (Mgo3Fe7)SiO; perovskite.
The red and green triangles denote the results at press loads of 6
and 8 MN, respectively. The numbers denote the sample
pressures at 500 and 1,400 K at each press load. The solid line
denotes the conductivity of perovskite at 23 GPa given by
Katsura et al. (1998). The dotted line denotes the extrapolation
of the conductivity of perovskite in the present study to 23 GPa.
The dot-dashed lines denote the conductivity of perovskite at 1.2
and 40 GPa given by Shankland et al. (1993 )
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decreases with increasing pressure with a small rate;
the slopes are —0.182 and -0.176 (log;0S/m)K at 6 and
8 MN, respectively.

The logarithmic conductivity of (Mggo3Feq¢7)SiO3
ilmenite at each press load is plotted against reciprocal
temperature in Fig. 4. The results at 4 and 6 MN are in
reasonable agreement between these separate runs.
The maximum differences between these two runs are
only 0.2 and 0.05 log units at 500 and 1,200 K,
respectively. The logarithmic conductivity linearly in-
creases with decreasing reciprocal temperature as in
the case of perovskite. The conductivity increases with
increasing pressure at constant temperature. As is in
the case of perovskite, the slope decreases with
increasing pressure. Note that the decreasing rate of
the slope for ilmenite is much larger than that for
perovskite. The slopes are -0.23, -0.20, and -0.16
(log10S/m)K at press loads of 4, 6 and 8 MN, respec-
tively.

Discussion

Because of the linearity of the logarithmic conductivity
against the reciprocal temperature, we can express the
electrical conductivity of ilmenite and perovskite, g,
using Arrhenius’s formula:

H,
o = opexp {_ ﬁ] , (3)

where oy is the electrical conductivity at the infinitely
high temperature (so-called pre-exponential factor),
and H, is an activation enthalpy. Since the slope of
the logarithmic conductivity against the reciprocal
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Fig. 4 Experimental results for (Mgg 93Fe.07)SiO3 ilmenite. The
triangles and circles denote the results from the first and second
runs, respectively. The blue, red and green symbols denote the
results at press loads of 4, 6 and 8 MN, respectively. The numbers
denote the sample pressures at 500 and 1,200 K at each press
load
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temperature becomes smaller with increasing pressure,
the pressure dependence of the activation enthalpy
could be expressed as a linear function of pressure, P,
using the activation volume, V,:

Ha = Ea + Pvm (4)

where FE, is the activation energy at zero pressure.
Since the extrapolations of conductivity at different
pressures to infinite temperature seem to converge to
one value, the pre-exponential factor is assumed to be
constant under the present experimental conditions.

By fitting the experimental data of perovskite to
Egs. 3 and 4, oy, E,, and V, are determined:

oo = 6(2) S/m
E,=05(1) eV
Va = —0.4(4) cm*/mol.

The activation enthalpy of perovskite ranges from
0.34 to 0.36 eV under the investigated P-T conditions.
Because of the limited pressure range, the activation
volume has a large error. Nevertheless, it is clear that
the activation volume of perovskite has a small nega-
tive value.

The oy, E,, and V, for ilminete are determined:

oo = 15(5) S/m
E, = 0.82(6) eV
Va = -1.5(2) cm*/mol.

Thus, ilmenite has a very large negative activation
volume. The activation enthalpy of ilmenite ranges
from 0.30 to 0.46 eV under the investigated P-T con-
ditions.

The parameters obtained both for ilmenite and
perovskite in this study have significantly large errors.
The errors from the resistance measurement are small.
The main error source is the temperature variation in
the sample. The second error source is the limited
precision of pressure estimation. For more precise
measurement, the homogeneous temperature distri-
bution and precise pressure measurement are required.

The conductivity obtained for perovskite in this
study is slightly higher than that of our previous mea-
surements (Katsura et al. 1998) in a similar tempera-
ture range. The slopes of the Arrhenius plots obtained
in this study are slightly smaller than that obtained
previously. These differences can be explained by the
differences in the experimental pressures. The con-
ductivity was measured at pressures from 30 to 35 GPa
in this study, whereas nominally at 23 GPa by Katsura
et al. (1998). Extrapolation of the present data to
23 GPa indicates that the present results agree with
those of Katsura et al. (1998). The small difference in

the absolute values between these two studies could be
explained by errors in measurements of the sample
dimensions.

Xu et al. (1998a) and the high-temperature mea-
surement of Katsura et al. (1998) showed much higher
activation enthalpies than the present study. This dis-
crepancy can be attributed to the change in activation
enthalpy at different temperature regimes of perov-
skite, which was discussed by Katsura et al. (1998).

The present experimental results are in general
agreement with those of Shankland et al. (1993). For
example, the difference in conductivity values between
the present study and Shankland et al. (1993) is only
0.2 log units at 30 GPa. Although the activation
volume obtained in this study has a large error
(-0.4(4) cm*/mol), it essentially agrees with that given
by Shankland et al. (1993) (-0.26(3) cm®/mol). These
facts guarantee our measurements, suggesting the
reliability of conclusion that ilmenite has a large neg-
ative activation volume.

The present study is the first to provide data on
the electrical conductivity of (Mg, Fe)SiO; ilmenite.
The electrical conductivity of ilmenite has a positive
pressure dependence, namely, a negative activation
volume. The dominant conduction mechanism of
ferromagnesian silicates is usually considered to be the
hopping of a hole between Fe** and Fe**. As men-
tioned before, the activation volume of (Mg,Fe)SiO3
perovskite also has a negative activation volume. Fe-
rich olivine, magnesiowustite and FeTiO3 ilmenite also
have negative activation volumes (Dobson and Brod-
holt 2000; Omura et al. 1989; Zhang et al. 2006). In
contrast, all reports on the electrical conductivity of
Mg-rich olivine have shown positive activation vol-
umes (Dai et al. 2006; Omura et al. 1989; Xu et al.
2000). We could conclude that the electrical conduc-
tivities of ferromagnesian minerals generally have a
negative activation volume, but Mg-rich olivine is an
exception.

Although the sign of the activation volume for
ilmenite obtained in this study is the same as those of
most ferromagnesian minerals, its absolute value is
unexpectedly high. Goddat et al. (1999) claimed that
the activation energy for the hopping of a small
polaron should be on the order of magnitude of the
difference in volumes between Fe>* and Fe?*, which is
equal to —0.23 cm’/mol. The activation volume of
ilmenite conductivity obtained here is 6 times larger
than this expected value. One might consider this to be
due to experimental errors in the present study.
However, the large activation volume obtained here
for ilmenite is highly convincing, for the following
reasons. First, synthesis of ilmenite from the starting
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material of enstatite in the same run with the electrical
conductivity measurement should exclude the effect of
the sample compaction on the conductivity. If we load
a sample in a high-pressure cell, the sample should
contain pores and cracks, which decrease the sample
apparent conductivity. If we compress it to high pres-
sure, the apparent conductivity should largely increase
because of close of pores and cracks. However, if the
sample is heated to cause the phase transition, the
internal structure of the sample should be rearranged
so that the pores and cracks disappear. Second, the
reproducibility of the pressure effect of the ilmenite
conductivity was demonstrated by the two separate
runs. Third, the conductivity of perovskite measured in
the same run as that for ilmenite agrees with the values
obtained in previous studies.

At present, we do not have a persuasive explanation
for the high negative activation volume for the hopping
conduction of ilmenite. It is very difficult to consider
the operation of any other conduction mechanism in
ilmenite. Proton conduction could be the dominant
conduction mechanism at relatively low temperatures.
For example, Yoshino et al. (2006) have shown that
olivine contains a small amount of hydrogen at high
pressures even if no water is doped initially, and that
the proton conduction is a dominant conduction
mechanism below 900 K. A small amount of water
could have been contained in our ilmenite. However,
proton conduction should have a positive activation
volume because it is ionic conduction. Therefore, the
large negative activation volume cannot be attributed
to proton conduction.

One point that we have to consider is that the
measurement was conducted out of the stability field of
ilmenite. The ilmenite was formed from the starting
material at 26 GPa and 1,200 K. These conditions
should be in the stability field of perovskite, not
ilmenite (Ono et al. 2001). The ilmenite should be
formed due to kinetic reasons. The ilmenite survived
during the measurements, whose conditions are far
above the stability field of ilmenite, also due to kinetic
reasons. The metastability may cause distortion of the
electric structure of ilmenite, which may lower the
activation enthalpy of the hopping. The large decrease
in activation enthalpy might be a precursor of high-
pressure amorphization. However, this hypothesis
has no supporting evidence and theory. In order to
understand the electrical conductivity mechanism of
ferromagnesian minerals, more studies of electrical
conductivity measurements obtained under elevated
pressures at high temperatures are required. Theoret-
ical studies are also required.
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