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Abstract Electrical conductivity structures of the Earth’s mantle estimated from the

magnetotelluric and geomagnetic deep sounding methods generally show increase of

conductivity from 10-4–10-2 to 100 S/m with increasing depth to the top of the lower

mantle. Although conductivity does not vary significantly in the lower mantle, the possible

existence of a highly conductive layer has been proposed at the base of the lower mantle

from geophysical modeling. The electrical properties of mantle rocks are controlled by

thermodynamic parameters such as pressure, temperature and chemistry of the main

constituent minerals. Laboratory electrical conductivity measurements of mantle minerals

have been conducted under high pressure and high temperature conditions using solid

medium high-pressure apparatus. To distinguish several charge transport mechanisms in

mantle minerals, it is necessary to measure the electrical conductivity in a wider tem-

perature range. Although the correspondence of data has not been yet established between

each laboratory, an outline tendency of electrical conductivity of the mantle minerals is

almost the same. Most of mineral phases forming the Earth’s mantle exhibit semicon-

ductive behavior. Dominant conduction mechanism is small polaron conduction (electron

hole hopping between ferrous and ferric iron), if these minerals contain iron. The phase

transition olivine to high-pressure phases enhances the conductivity due to structural

changes. As a result, electrical conductivity increases in order of olivine, wadsleyite and

ringwoodite along the adiabat geotherm. The phase transition to post-spinel at the 660 km

discontinuity further can enhance the conductivity. In the lower mantle, the conductivity

once might decrease in the middle of the lower mantle due to the iron spin transition and

then abruptly increase at the condition of the D00 layer. The impurities in the mantle

minerals strongly control the formation, number and mobility of charge carriers. Hydrogen

in nominally anhydrous minerals such as olivine and high-pressure polymorphs can

enhance the conductivity by the proton conduction. However, proton conduction has lower

activation enthalpy compared with small polaron conduction, a contribution of proton

conduction becomes smaller at high temperatures, corresponding to the mantle condition.

Rather high iron content in mantle minerals largely enhances the conductivity of the
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mantle. This review focuses on a compilation of fairly new advances in experimental

laboratory work together with their explanation.

Keywords Electrical conductivity � High pressure � Mantle � Mineral � Review

1 Introduction

Electrical conductivity is one of useful methods to prove the Earth’s deep interior.

Exploration of the Earth’s deep interior has been mainly carried out by seismological study

to determine the fine structures in the Earth’s mantle. Recent analytical development of

electromagnetic studies to determine electric structure of the mantle has provided us an

opportunity to understand different aspects of the Earth’s mantle. Electrical conductivity of

mantle rocks is controlled by the constituent phase (mineral) and its chemical composition

under specific physical states such as pressure, temperature and oxygen fugacity. In

addition, electrical conductivity is sensitive to minor conducting phase such as water,

partial melt, graphite and metal. These features would yield additional constraints on

mantle materials, if we have correct information on electrical properties of mantle mate-

rials. Laboratory conductivity measurements of conductivity, therefore, have the potential

of providing valuable knowledge about chemical state, pressure, temperature and a pres-

ence of conductive phase such as fluid and partial melt.

Figure 1 shows the modal variation of the constituent minerals in the pyrolitic mantle.

Stable phase changes with increasing pressure due to a phase transformation. Phase

transformation changes the geometry of the atomic arrangement (crystal structure) as well

as the nature of chemical bonding. Olivine (a phase) with a chemical composition of (Mg,

Fe)2SiO4 is the most abundant mineral in the upper mantle and transforms to wadsleyite

(modified spinel, b phase) and ringwoodite (spinel, c phase) in the mantle transition zone at

410 and 520 km seismic discontinuities, respectively. High-pressure polymorphs of olivine

decompose to post-spinel composed of perovskite and ferro-periclase at the 660 km

seismic discontinuity. Pyroxene, with a chemical composition characterized by a stoichi-

ometry of (Mg,Fe)SiO3, is another important constituent mineral in the mantle. In the depth

range from 300 to 500 km (depending upon the bulk composition), pyroxenes progres-

sively dissolve into garnet with increasing pressure, forming majority (e.g., Takahashi and

Ito 1987; Irifune and Ringwood 1993). Aluminous phase changes from plagioclase through

spinel to garnet with increasing pressure. In the transition zone, majorite garnet is the

second abundant constituent mineral. With increasing pressure, majorite garnet gradually

dissolves into silicate perovskite. Near the core-mantle boundary, silicate perovskite

transforms to silicate post-perovskite around 120 GPa (e.g., Murakmi et al. 2004).

Although most mantle materials are silicates, non-silicate oxide ferro-periclase appears as a

second abundant mineral in the lower mantle (Ito and Takahashi 1989). To determine

mantle mineralogy from the electromagnetic studies, we need knowledge about the elec-

trical conductivity of these minerals under high pressure. As a result, we can obtain

additional constraints about the mantle mineralogy from the electromagnetic studies,

independently of the seismological constraints.

Although minor conductive phase such as fluid (e.g., Glover et al. 1990), partial melt

(Roberts and Tyburczy 1999; ten Glotenhuis et al. 2005), graphite film on the grain

boundary (e.g., Glover and Vine 1992) and metal (Yoshino et al. 2003, 2004) is very

important to explain the electrical conductivity values obtained from the geophysical

observations, this paper mainly focuses on the electrical conductivity of the mantle
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minerals themselves to determine structure, mineralogy and anisotropy of the Earth’s deep

interior. At first, dominant electric conduction mechanisms in silicate minerals will be

summarized. Second, methods of the conductivity measurement under high pressure will

be described. Especially how to monitor proton conduction due to migration of hydrogen in

nominally anhydrous minerals will be discussed in this section. Third, I review experi-

mental results from the laboratory conductivity measurement for each main mantle min-

eral. Finally, this review paper introduces some topics of the Earth’s mantle based on the

recent publications concerning about electrical properties of mantle minerals.

2 Electric Conduction Mechanisms

Most silicate minerals act like an insulator at room temperature and their electrical con-

ductivities are generally difficult to measure because of the conductivity values below the

detection limit for the conventional multi-meter. Silicate minerals are regarded as ionic

insulators with large energy gaps, for example, 6.4 eV for forsterite and 8 eV for quartz.

However, when temperature increased to the mantle condition, these minerals behave as a

semiconductor. Mobility of lattice defects and a small amount of impurity such as

hydrogen, ferric iron and so on, enhances electrical conduction of silicate mantle minerals
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at high temperatures. The conductivity of ionic-bonded crystals is proportional to number

and mobility of charge carriers. It is known from the Nernst–Einstein equation that elec-

trical conductivity (r) depends on the number (N) of electric charge carriers per unit

volume;

r ¼ Nzel; ð1Þ

where z is the charge number, e is the charge of electron and l is mobility. The electrical

conductivity is governed by Arrhenian behavior because mobility of charge carriers (dif-

fusion) is a thermal activation process. The mobility of charge carriers (l) can be described

as the Arrhenian type equation

l ¼ l0

T
exp �DH

kT

� �
ð2Þ

where l0 is the pre-exponential factor, DH is the activation energy, k is the Boltzmann

constant, and T is the absolute temperature. In practice, the 1/T factor in the pre-expo-

nential term is not always used, and expressions form of electrical conductivity

r ¼ r0 exp �DH

kT

� �
ð3Þ

where l0 is the pre-exponential factor. The activation enthalpy (DH) can be defined as a

function of pressure (P) as follows:

DH ¼ DE þ PDV ð4Þ

where DE is the activation energy and DV is the activation volume. Therefore, the elec-

trical conductivity can be a function of temperature and pressure.

The electrical conductivity of the constituent mantle minerals is mostly influenced by

proton (H?) and small polaron conduction (electron holes hopping between ferrous and

ferric iron) mechanisms, although ionic conduction occasionally appears as a dominant

conduction mechanism at relatively higher temperatures close to the melting point. The

electrical conductivity of a material is the sum of contributions from the different con-

duction mechanisms according to

r ¼
X

j

Njqjlj ð5Þ

where Nj is the density of the j-th type of charge carrier, qj is the effective charge (q = ze),

and lj is its mobility. The activation energies for each conduction mechanism depend on

those of the charge mobility for each conduction mechanism. In addition, there is a

temperature dependence of defect concentration for many extrinsic (and all intrinsic)

charge carriers. Therefore, all conduction mechanisms can be distinguished by different

slope (activation energy) defined in a specific temperature region on the Arrhenius plot.

2.1 Ionic Conduction

Ionic conduction can occur at high temperatures through the creation of cation vacancies.

In the ferromagnesian mantle minerals (silicates and oxides), the charge carriers are

generally vacancies in magnesium site V 00Mg

� �
as shown in Fig. 2. The ionic mobility

varies with temperature as
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l ¼ l0

T
exp �DEi

kT

� �
ð6Þ

(Kittel 1996), where DEi is the activation energy for the migration of vacancies. In this

mechanism, Mg and Fe ions themselves move simultaneously. As a result, the energy

barrier for the transportation of charge carriers is very high. The activation energy of ionic

conduction is also high, usually higher than 2 eV. For this reason, extremely high tem-

peratures are needed to observe the ionic conduction.

2.2 Hopping (Small Polaron) Conduction

Hopping conduction occurs through charge transfer between neighboring ions of different

valence. In ferromagnesian mantle minerals, a ferrous ion (Fe2?) generally substitutes an

Mg ion in an Mg site. However, a certain proportion of ferric ion, which has an electron
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showing ionic conduction by
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hole exists dependent on oxygen fugacity, temperature, pressure, and crystal structure.

Transfer of an electron hole h
�� �

from Fe�Mg

� �
to Fex

Mg carries an electric charge (Fig. 3),

which is the hopping conduction.

Fex
Me þ h

�
¼ Fe�Me ð7Þ

If only electron holes migrate in crystal, the energy barriers for the migration would be

low. However, the presence of an electric hole significantly affects the local structure of the

ionic crystal. A presence of Fe�Mg generates an extra positive charge, which repulses cations

and attracts anions (Fig. 4). This complex of the local strains is called ‘‘small polaron’’.

The migration of electron holes associates that of the small polaron. The relatively large

activation energy is needed to move a small polaron. The hopping conduction of usual

ferromagnesian silicates has relatively large activation energy ([1 eV).

Hopping conduction in mantle minerals is proportional to the number of ferric ions. The

density of charge carriers (n) is related to Fe3?/RFe through

n ¼ ZsXFe

V
ð8Þ

where s is the value of Fe3?/RFe, XFe is the atomic fraction of Fe per formula unit, V is the

unit cell volume and Z is the number of formula units per unit cell. The charge carriers are

tightly bound in the Fe d-bands, and the hopping process is thermally activated. The

mobility of small polarons takes the form

l ¼ A

T
exp

�DEh

kT

� �
ð9Þ

where A is a function of hopping distance and the attempt frequency, DEh is the activation

energy for hopping, k is the Boltzmann constant, and T is the absolute temperature (e.g.,

Goddat et al. 1999). Consequently, controlling factors for hopping conduction are oxygen

fugacity and total iron content in mineral. Fe3?/RFe in mantle minerals tends to increase

with increasing oxygen fugacity. On the other hand, the density of charge carriers for

hopping conduction increases with increasing the total iron content. We can identify
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Fig. 4 A schematic diagram
showing small polaron. Note that
a presence of Fe3? ion (Fe�Mg)
having an excess positive charge
attracts the oxygen anion and
repels the Fe2? ion. Solid and
dashed circles denote the
position in each ion for situations
without or with a presence of
Fe3? ion (Fe�Mg), respectively
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hopping conduction by conductivity measurements as a function of total iron content or

oxygen fugacity.

The above discussion is available for ferromagnesian minerals that do not contain ferric

ions for their basic composition. Carrier concentration is greatest close to Fe3?/RFe = 0.5,

where is a p–n transition from holes to electrons. In the case of ferromagnesian minerals

that contain both ferrous and ferric irons in their basic composition, electrical conduction

occurs between the neighboring ferric and ferrous ion. For magnetite (Fe3O4), the fol-

lowing reaction occurs:

Fex
Mg þ FeX

Al ¼ Fe�Mg þ Fe0Al; ð10Þ

in which the names of the sites follow those of MgAl2O4 spinel. Because the local electric

charge is always zero, the local strains (small polaron) are very small. As a result, the

activation energy is also very small (*0.01 eV). The magnitude of conduction is not

expected to largely depend on oxygen fugacity.

Electron hopping between Fe2? and Fe3? (small polaron conduction) has been sug-

gested to dominate electrical conductivity in mantle minerals based on the values for

activation energy and volume, the dependence of conductivity on Fe3? concentration

obtained at low temperatures, and comparison of experimental data with small polaron

theory. In ferromagnesian silicate minerals, the absolute conductivity values increase with

increasing total Fe contents under the same oxygen buffer. Figure 5 shows an effect of the

total iron content in iron-bearing silicate minerals on activation enthalpies for small

polaron conduction. Activation enthalpy generally decreases with increasing total iron

concentration; olivine along the forsterite–fayalite join (Omura et al. 1989), pyroxene

along the ferrosilite–enstatite join (Seifert et al. 1981), garnet along the almandine–pyrope

join at 10GPa (Romano et al. 2006), ringwoodite (Yoshino and Katsura 2009), and
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post-spinel (Peyronneau and Poirier 1989). On the other hand, electrical conductivity

measurements of olivine with Mg# ranging from 66.5 to 91.35 at atmospheric pressure

showed no clear dependence of activation energy on iron content (Hirsch et al. 1993).

However, the narrow temperature range in this study (1,423–1,573 K) might have pre-

vented a reliable determination of activation energies.

A decrease in activation enthalpy with total Fe concentration is considered to be

associated with a decrease in the average Fe3?–Fe2? distance. If the average Fe3?–Fe2?

distance is isotropic, the activation enthalpy is expected to be proportional to the cube root

of the total Fe content. Yoshino and Katsura (2009) proposed the following relationship

approximating an equation for the n-type semiconductor (Debye and Conwell 1954),

DHh ¼ DHh0 � ah XFeð Þ1=3; ð11Þ

where XFe is the mole fraction of iron in the Mg site, DHh is the activation enthalpy at a

certain value of XFe, DHh0 is the activation enthalpy observed at very low Fe concentra-

tions, and ah is a constant accounting for geometrical factors.

2.3 Large Polaron Conduction

A large polaron forms when the electron-lattice interaction due to the long-range Cou-

lombic interactions between an electronic carrier and a solid’s ions are of paramount

importance. By contrast, a small polaron can form when a short-range electron-lattice

interaction, such as the electron hopping, is dominant. Because lattice strain due to a

presence of large polaron is larger than for a small polaron, the energy barriers for the large

polaron migration are higher than those for the small polaron. As a result, activation energy

for large polaron conduction is relatively higher than that for small polaron conduction.

Large polaron mechanism has been observed for pure periclase (Sempolinski et al.

1980) and proposed in ferro-periclase (Dobson et al. 1997; Dobson and Brodholt 2000).

The iron–oxygen bond is strongly covalent in character, facilitating charge transfer. The

mobility of holes in the O(2p) valence band is large, and their extrinsic formation would

cause large polaron conduction where carriers are not bound to lattice sites. The mobility

of large polaron charge carriers takes the form l = l0T1/2. However, silicate minerals

showing large polaron conduction mechanism have not been reported.

2.4 Proton Conduction

Proton conduction is a kind of ion conduction. Because the proton is overwhelmingly small

ion but massive compared with electron, the proton is the only ion, which is expected to be

highly mobile in solids. Nominally anhydrous minerals of the Earth’s mantle (olivine and

its high pressure polymorphs as well as pyroxenes and garnet) can store water as the

hydroxyl group together with intrinsic point defects in their structure (e.g., Kohlstedt et al.

1996; Bolfan-Cassanova et al. 2000). Therefore, proton conduction could occur by small

amounts of hydrogen in nominally anhydrous minerals (Karato 1990). The experimental

data of hydrogen diffusion in single crystal olivine show strong anisotropy (Mackwell and

Kohlstedt 1989). Conductivity anisotropy observed in the oceanic asthenosphere of the

Eastern Pacific Rise was interpreted by proton conduction (Evans et al. 2005).

For proton conduction, charge transfer occurs by proton hopping amongst point

defects. The pre-exponential factor for proton conduction increases with increasing water

content. Dependence of the water content on electrical conductivity should follow the
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Nernst–Einstein equation as shown in Eq. 5, because electrical conductivity depends on the

number (N) of protons per unit volume. Yoshino et al. (2006, 2008a) reported that the

activation enthalpy for proton conduction tends to decrease with increasing water content.

If the average distance of the neighboring proton is isotropic, the activation enthalpy is

expected to be proportional to the cubic root of the proton concentration except for the case

that proton concentration is extremely low. This relationship can be approximated by an

equation for n-type semiconductors (Debye and Conwell 1954),

DHp ¼ DH0p � ap Np

� �1=3
; ð12Þ

where Np is the number of protons, DHp is the activation enthalpy at a certain value of Np,

DHp0 is the activation enthalpy observed at very low hydrogen concentrations and ap is a

constant accounting for geometrical factors. Taking into account the concentration

dependence of the pre-exponential factor as defined by Eq. 5, the resultant electrical

conductivities by proton conduction can be expressed as follows:

rp ¼ r0pCW exp �DH0 � apC
1=3
W

kT

 !
; ð13Þ

where r0P is a pre-exponential factor for proton conduction, CW is the water content in

weight, a is a geometrical factor, and H0 is the activation enthalpy observed at very low

water content.

The energy barrier for the transportation of charge carriers for proton conduction is

relatively low because of its small bonding energy and small ionic radius. The activation

energy of proton conduction is usually less than 1 eV. For this reason, the proton con-

duction is a dominant conduction mechanism at low temperatures.

3 Conductivity Measurements Under High Pressure

3.1 High Pressure Devices

The solid Earth was divided into the crust, the mantle and the core with increasing depth,

based on remarkable changes in seismic velocities. The seismologists have tried to model

the density and the pressure within the Earth as a function of depth (Bullen 1937). It was

shown that the conditions of pressure up to 360 GPa and temperatures up to several

thousands of degrees Kelvin extended into the Earth’s interior. In order to decipher such

Earth’s structure models in terms of material science, high-pressure and high-temperature

experiments on hypothetical Earth’s forming materials have been carried out to reveal what

structures and properties they possess under the corresponding conditions.

Some mantle minerals such as olivine, orthopyroxene and clinopyroxene are stable at

room pressure. It is possible to measure the electrical conductivity in gas furnace under

controlled oxygen partial pressure. However, high-pressure mantle phases generally

decompose to a low-pressure phase at atmospheric pressure during heating. To measure

electrical properties of mantle minerals under the corresponding conditions therefore

requires high-pressure generation in laboratory. Although many kinds of pressure device

have been developed, the solid pressure media is generally required to generate high

pressure corresponding the mantle conditions. Three types of pressure device using the

solid media are used widely in the Earth science community: piston-cylinder apparatus,

Kawai-type multi-anvil press (KMA), and diamond anvil cell (DAC). Figure 6 summarizes
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experimental pressure–temperature ranges for each pressure device. Advantages and dis-

advantages for each pressure device are summarized in Table 1.

In the piston-cylinder apparatus, a cylindrical sample assembly with various diameter

(usually 1/2 and 3/4 inch size) is set in a bore hole of a thick-walled cylinder composed of

hard materials such as tungsten carbide, and compressed by inserting a piston with the aid

of a uniaxial press. The advantage of this press is characterized by relatively large sample

space (\500 mm3) and small thermal gradient. Pressure generation is limited up to *2 and

*4 GPa for 3/4 and 1/2 inch size bore hole, respectively, because the attainable pressure
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Table 1 Summary of high-pressure press

Press type P T Advantage Disadvantage

Piston cylinder \2 GPa (3/40 0) \2,500 K Large volume (\400 mm3) Very narrow P range

\4 GPa (1/20 0) Accurate T control Difficult to take out
many lead wires

Kawai-type
multi-anvil
press (KMA)

\30 GPa (WC) \ 3,000 K Moderate volume (\50 mm3) Limited P range
(up to the middle

of the lower mantle)
\100 GPa (SD) Accurate T control

Hydrostatic

Easy to take out
lead wires

Diamond anvil
cell (DAC)

\400 GPa *4,000 K
(laser heating)

Ultra high P generation Very small volume

*1,000 K In situ synchrotron
experiment

Inaccurate T control
by laser heating

(External
heating)

Limited T generation
by external heating
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cannot reach the value of tensile strength of the bore materials. For conductivity mea-

surement, the cylindrical shape is not suitable to take out many lead wires from the

experimental cell.

The multi-anvil apparatus with 4 and greater anvils has been developed from the late

1950 to 1960s. A volume of the sample chamber is intrinsically larger than those of the

opposed anvil apparatus such as DAC. The stress state in the samples is much closer to

hydrostatic despite the usage of a solid pressure medium due to compression from multi-

directions. The generated pressure is sustained by friction of the gasket. Because all the

forces applied to the anvil are compression, the multi-anvil apparatus equipped with anvil

composed of high-strength materials such as WC (tungsten carbide) can generate pressures

largely higher than the piston-cylinder apparatus equipped also with WC piston. An

octahedral anvil apparatus, called the Kawai-type apparatus, in which an octahedral

pressure medium, was compressed by eight equivalent tungsten carbide anvils (Kawai

1966; Kawai and Endo 1970). The Kawai-type multi-anvil apparatus (KMA) is now widely

used as a standard multi-anvil apparatus in the Earth science community.

The assembly of eight cubic anvils of WC with the octahedral pressure medium and

gaskets is squeezed by the six-first-stage anvils made of hardened steel. Various high-

strength materials, including hardened steel, tungsten carbide, boron carbide, sapphire,

cubic zirconia, and sintered diamond are chosen as anvil materials dependent on the

experimental purpose. Although tungsten carbide has been widely used as anvil material,

high-pressure generation by the KMA is generally limited below 30 GPa by the strength of

tungsten carbide. The generated pressure using the KMA has largely been extended by

employing sintered diamond (SD) composed of diamond and Co metal for the material

since the late 1980s (Ohtani et al. 1989; Kondo et al. 1989). The Knoop hardness of SD

suggests that pressures up to 120 GPa can be generated by adopting SD (Sung and Sung

1996). Recently, the maximum pressure has been extended to higher than 90 GPa (Ito

unpublished data). Near future, realization of large-volume experiment by the KMA

covering the all mantle pressure conditions will be expected.

For the conductivity measurement under high pressure, the KMA has some remarkable

advantages; (1) large sample volume, (2) accurate temperature control, and (3) flexibility to

take out many lead wires. The large sample volume realizes a relatively simple sample

dimension. As a result, we can easily estimate accurate conductivity value from the sample

dimension. The large sample volumes in the KMA are also suitable for internal resistive

heating. Millimeter-size sample capsules are placed in the middle of a heater in the high-

pressure cell assembly. The resistive heater can provide uniform heating of the sample up

to thousands of Kelvins. Usage of thermocouples allows accurate and fine temperature

control. A shape of the octahedral pressure media allows taking many lead wires insulating

each other out of the cell assembly. This flexibility is very important for the conductivity

measurement. Disadvantage of the KMA is a limit of pressure generation. As far as we use

tungsten carbide as anvil material, we cannot cover the depth range of the whole mantle.

Recently an accessible pressure range for electrical conductivity measurement in the KMA

has been extended to 35 GPa by adopting SD anvils (Katsura et al. 2007).

The DAC is one of the simplest high-pressure apparatus composed of the opposed

anvils of single crystal diamond with flat faces at the top, which is developed from the

Bridgman anvil. Two opposing anvils compress a gasket, which contains the sample

chamber at the center. The DAC can cover widely the mantle pressure conditions up to the

core-mantle boundary (above 135 GPa). In addition, the DAC equipped with laser heating

system (LH-DAC) can realize extremely high temperature conditions (\4,000 K).

Therefore, an important benefit of the DAC is its ability to generate extreme physical
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conditions. In addition, the DAC is excellent for in situ optical observation and the X-ray

diffraction of the sample under the high-temperature and high-pressure conditions, because

diamond is highly transparent for electromagnetic waves of a broad range of frequency.

One disadvantage of the DAC for the conductivity measurement is derived from heating

of the sample. Two heating systems have mainly applied in the DAC. An external furnace

was used to heat the cell, and temperature was monitored by thermocouple in contact with

one of the diamonds (Peyronneau and Poirier 1989). Although this method allows accurate

temperature measurement, the external resistive heating is unsuitable for high temperature

generation. The maximum accessible temperature is generally around 1,100 K (Fei and

Mao 1994). As a result, extrapolation of the low temperature data to the mantle condition is

required. The LH-DAC has been developed for determination of the physical properties of

high-pressure materials under high-temperature condition (Ming and Bassett 1974). The

temperature is measured from the black-body radiation. Due to the steep temperature

gradient, different laboratories have reported contradictory results in the past. However, the

development of the double-sided laser heating technique is now improving the above

problems (e.g., Mao et al. 1998). At present, the LH-DAC is the only choice to realize the

mantle temperatures under ultrahigh pressure. Recently Ohta et al. (2008) measured the

electrical conductivity of perovskite and post-perovskite in wide range of pressure up to

143 GPa and temperature up to 3,000 K using the LH-DAC. At this moment, it is still

difficult to determine accurate activation energy for electric conduction because of large

errors of temperature measurement, huge temperature gradient and difficulty of stable

temperature control.

The other problem of the DAC is that the sample size is very limited. In general,

electrical conductivity of the sample has been calculated from the cross-sectional area of

electrode and sample thickness. To generate pressure above 100 GPa, the sample size is

occasionally less than 50 lm. The smaller size of sample would lead to the larger error of

the calculated conductivity. If edges of two electrodes of thin metal foil were connected to

the sample, it is very difficult to define the effective cross-sectional area of electrodes.

3.2 Principle of Conductivity Measurement

The R (resistance)–C (capacitance) parallel circuit has been generally used to determine

the electrical conductivity of mantle minerals as shown in Fig. 7a. In the complex

impedance plane, the magnitude and direction of a planar vector can be defined by an

impedance Z (x) = Z0 ? jZ00, where Z (x) is impedance as a function of frequency for

alternating current, Z0 and Z00 are real and imaginary parts of impedance, respectively. The

phase angle (h) in complex impedance plane can be obtained from h = tan-1(Z00/Z0).
When the phase angle is 0�, the sample resistance for the R–C parallel circuit equals to the

real part of impedance.

Roberts and Tyburczy (1991) observed three impedance arcs in the complex impedance

plane from the frequency dependent electrical measurements (10-4–104 Hz) of polycrys-

talline olivine compacts at atmospheric pressure, and interpreted them as grain interior

(first arc), grain boundary (second arc) and electrode reaction mechanism (third arc) from

high to low frequency, respectively (Fig. 7b). Later, absence of the second arc was con-

firmed by the measurement of single crystal olivine (Roberts and Tyburczy 1993). How-

ever, at high pressures, a remarkable presence of the second and third arcs in low frequency

range has not been observed for the dry polycrystalline mantle minerals (e.g., Romano

et al. 2006; Yoshino et al. 2008a). Because pores, cracks or grain boundaries in a sample

are tightly closed, even if the grain boundary has high impurity level (Hiraga et al. 2004),
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the grain boundary conduction due to the extremely narrow width of the grain boundary

would not contribute the impedance spectroscopy. Electrical measurements are usually

made with cells having two electrodes applied to the faces of sample. If electrodes seri-

ously reacted with a sample, the additional part may appear at lower frequency side.

The conductivity values of silicate minerals, in particular iron-poor and dry minerals,

are extremely low at low temperatures. In this situation, the low frequency measurement is

Z’

Z
“

R1 R2

Grain interior Grain boundary
Isolated melt or fluid

R1 R2

RBulk = R1+R2
R1R2

+R3

Rbulk R1

R2

Grain interior

Interconnected melt or fluid

R3

Electrode

R=R1+R2+R3

Series

Parallel

Electrode reaction

R3

Electrode

R1

Grain interior

R1
Z’

Z
“

(a)

(b)

Fig. 7 Schematic diagram showing equivalent circuit and impedance spectra. a Impedance spectra for a
case that only the grain interior mechanism is dominant. Open circle indicates real and imaginary parts of
impedance at a certain frequency. The phase angle (h = tan-1(Z00/Z0)) is defined in complex impedance
plane. b Schematic responses of combination of the three mechanisms: grain interior, grain boundary or
melt/fluid phase and electrode process. The dashed line indicates a case that series conduction is dominant,
and the solid line indicates a case that parallel conduction is dominant (Roberts and Tyburczy 1999)
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also very useful to determine the conductivity values. For this purpose, the low frequency

measurement has been developed to measure high resistive materials (Katsura et al. 1998).

When we measure high resistive materials, it is difficult to obtain the complete impedance arc

with semicircular shape because of the limit of the measurement system. At constant fre-

quency the Z0 approaches to the sample resistance (R) with increasing conductivity values (in

other words, increasing temperature). In this situation, the phase angle of a sample imped-

ance decreases to zero with increasing conductivity values (Fig. 8). In principle, until the

phase angle decreases to zero, the measurement results should be located on the first arc.

Z’

Z“

Low temperature

High temperature

(a)

-90

0

Temperature
High

No reaction

Reaction at interface

Z’

Z“

Low temperatureHigh temperature

(b)

(c)

Fig. 8 Schematic impedance
spectra of silicate minerals as a
function of temperature under
high pressure. Open circles
indicate data at a single low
frequency. a Sample reacting
with electrode at the interface.
Note that low frequency data is
always located on the first
impedance arc. b Sample
showing reaction at the interface
between electrode and sample.
Note that the position of low
frequency data changes from the
first impedance arc to the tail
(second arc) with increasing
temperature. c Phase angle versus
temperature for hypothetical dry
and wet materials
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Figure 9 shows the electric circuit for the conductivity measurement at low frequencies.

The sample is connected to a reference resistance, variable in a range 50–106 ohm, in

series. A sinusoidal alternating voltage is applied to the electric circuit by a function

generator. The voltage applied to the sample is measured using both sides of the ther-

mocouple or lead wire. The sample impedance (Zs) is obtained from the reference resis-

tance (RR) and the ratio of the voltages of the sample and reference,

Zs ¼ RR
VS

VR
: ð14Þ

Assuming that the impedance of the sample is composed of the R–C parallel circuit, the

resistance of the sample is obtained from the following equation:

1

Zs

¼ 1

RS

þ ixC: ð14Þ

This method can yield data with a good signal–noise ratio for the high resistive

materials. In order to obtain the accurate sample conductivity, we need to confirm that the

data is located on the first arc. Only data showing the phase angle (h) of nearly 0� should be

used for determination of the sample resistance, because the arc is sometimes distorted by

the presence of distributed elements in the material-electrode system (e.g., CPE: constant

phase element) and other relaxations (reaction or polarization at the electrode).

3.3 High-Pressure Experimental Cell

Electrical conductivity measurement at high pressure and temperature has been performed

using both the KMA and the DAC. Figure 10 shows cross sections of the two typical cell

V1

V2

Heater

Sample

Rref

Rsample

EMF

EMF

Fig. 9 Circuit for electrical
conductivity measurement at low
frequency. Shaded area indicates
the cell assembly
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assemblies for measuring electrical conductivity in the KMA. The pressure medium is

composed of primary MgO. A cylindrical heater composed of graphite, metal or LaCrO3 is

put in a thermal insulator sleeve. The sample is located on the center of the cell assembly,

and sandwiched by two metal disks (Fe, Ni, Mo, Re, Ir, Pt, Au, etc.). The sample is

embedded in a sample container made of ceramic insulator (MgO, Al2O3). Metal disk

contacting with a sample is an important item to establish bound on oxygen fugacity of the

sample. Mo is widely used to control near Mo–MoO2 oxygen buffer, which is similar to

iron-wüstite (IW) buffer. The thermocouple mechanically connected to one metal disk to

measure the sample temperature and also to serve as electrodes for electrical conductivity

measurement. The other metal disk is connected to a metallic lead for an electrode of

electrical conductivity measurement. The thermocouple and the lead wires are insulated

from the heater by ceramic insulators. After decompression, the thickness and diameter of

the sample are measured on a cross section of the recovered cell assembly. The electrical

conductivity of the sample (rs) is calculated from the sample resistance and the sample

dimensions by the equation,

Alumina (Al2O3)

MgO
Heater

Zirconia(ZrO2)
Mo
Sample

Mo shield

Ground

Thermocouple

Lead wire

Alumina (Al2O3)

Mgo

Heater
Zirconia(ZrO2)

Mo
Sample

(a)

(b) Mo electrode
for heater

Thermocouple

Thermocouple

Fig. 10 Typical cell assemblies for conductivity measurement in the KMA. a Bayreuth cell. b Misasa cell
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rs ¼
l

SRs

; ð16Þ

where S and l are the cross-sectional area of the electrode and the thickness of the sample,

respectively. Xu et al. (1998a) also developed a similar assembly to measure electrical

conductivity by means of impedance spectroscopy. They set a cylindrical metal shield

connected to the ground, which is set inside the heater and envelops the sample. The

advantages of the shield are avoiding electric disturbance from the heater, minimizing the

temperature gradient, and reducing leakage current through the pressure medium and lead

wires. As described later, the disadvantage of the shield is low insulation resistance due to

the retention of the water escape from the sample at low temperatures.

Figure 11 shows a cell assembly for measuring electrical conductivity in the LH-DAC

(Ohta et al. 2008). For the ultrahigh pressure ([50 GPa) measurement, the *50 lm size

sample is loaded into a hole at center of the rhenium gasket. Metal electrodes made of thin

foil are placed on the Al2O3 layer, which electrically insulated the sample and electrodes

against rhenium. No pressure medium is loaded in order to ensure a good contact between

sample and electrodes. The electrical conductivity has been usually measured using two-

probe configuration by an electrometer in the direct current (DC).

3.4 Conductivity Measurement

In situ conductivity measurements are conducted from room temperature (300 K) to high

temperature with a few heating and cooling cycles. During each cycle, the temperature is

changed in a certain interval (50–100 K), and electrical conductivity is measured at each

temperature. We should pay attention to the following points for the conductivity mea-

surement under high-pressure condition.

3.4.1 Insulation Resistance Test

At low temperatures, it is difficult to determine the resistance of silicate minerals due to the

measurement limit of the multi-meter (*10 Gohm, corresponding to *10-7 S/m for a

sample conductivity). However, conductivity of the sample placed in a cell is not always

higher than that of the background. To distinguish among different potential conduction

paths in the sample environment, the resistance in a sample environment is needed to

define a background insulation resistance. In this test, the high insulation ceramics such as

MgO and Al2O3 are placed in the sample position (e.g., Yoshino et al. 2004, 2008;

Manthilake et al. 2009). The background insulation resistance test is used to establish a

conductivity baseline, and it can be considered that conductivity measured below the

values of this test is not derived from the sample.

3.4.2 Iron Loss to Electrode

Omura (1991) reported lower electrical conductivity of the wadsleyite compared with the

values of Xu et al. (1998a, b). Omura (1991) directly connected a thermocouple (WRe3–

WRe25) to the sample, and synthesized wadsleyite from the olivine during conductivity

measurement. Xu et al. (1998a) performed a similar experiment and demonstrated the

severe iron loss to the electrode as a reason of the low conductivity values. Consequently,

Xu et al. (1998a, b) pointed out that use of the pre-synthesized sample for conductivity

measurement is useful to avoid the iron loss to the electrode. On contrary, in the case of
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Mo electrode, a remarkable difference between the pre-synthesized and the in situ syn-

thesized samples has not been observed (e.g., Yoshino et al. 2008a, b; Manthilake et al.

2009). Nevertheless, it is necessary to avoid maintaining the high temperature for a long

time to minimize iron loss to electrode.

3.4.3 Confirmation of Reproducibility

Electrical conductivity measurements are performed along the heating–cooling cycle to

determine activation enthalpy of electric conduction in the sample. Generally, initial

conductivities of the sample are high for first heating, because the cell assembly initially

contains tiny amount of water. When the high resistive sample is heated to a given high

temperature ([1,000 K), the conductivity drops due to the dehydration of the cell assembly

including the sample. For the subsequent cooling, the conductivity–temperature path is

different from that for the first heating. Therefore, the Arrhenian relation obtained for the

first heating is usually unreliable. After the dehydration of the sample and the surrounding

material, the subsequent heating–cooling paths track the path for first cooling without a

drastic change of the sample environment. Hence, confirmation of data reproducibility

ensures a quality of data to determine accurately activation enthalpy.

3.4.4 Identification of Conduction Mechanisms

Figure 12 shows a schematic drawing of Arrhenian conductive behavior of silicate min-

erals including some conduction mechanisms. Each conduction mechanism would be

dominant at a specific temperature range. Although conductivity measurements have been

performed in a restricted temperature range to determine the activation enthalpy of the

electric conduction, in order to identify each conduction mechanism, the conductivity

measurement should be carried out in a wider temperature range. Because proton con-

duction with low activation energy appears at low temperatures (Yoshino et al. 2006,

2008a), high insulation resistance in sample environment is required for the conductivity

measurement to recognize proton conduction mechanisms.

3.5 Conductivity Measurement of Proton Conduction in Nominally Anhydrous Mantle

Minerals

The conductivity measurement of hydrogen-bearing nominally anhydrous mineral is a very

difficult issue, because hydrogen in silicate minerals easily escapes from the inside under

high temperature condition above 1,000 K due to the high diffusion rate of hydrogen

(Mackwell and Kohlstedt 1990). Therefore, there has been no report concerning about this

issue until 2005. Electrical conductivity of hydrous wadsleyite and ringwoodite has been

firstly reported based on the impedance spectroscopic measurement in quite short time at a

single temperature condition for each run in order to minimize water loss (Huang et al.

2005). Subsequently, the same group hereafter referred as Yale group reported electrical

Fig. 11 Schematic designs of high-pressure devices. a Piston-cylinder apparatus. The device consists of a
double ram with an axially supported tungsten carbide vessel. b Kawai-type multi-anvil apparatus (KMA).
The DIA-type guide block compressing the eight cubes. Each of eight separate tungsten carbide cubes has a
truncated corner that rests against the face of an MgO octahedral pressure medium. The truncated cubes are
separated from one another by compressible pyrophyllite gaskets. Sample material is placed inside a furnace
assembly in the center of the octahedron. c Double-sided laser heating in the diamond anvil cell (DAC)

c
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conductivity of hydrous olivine aggregate in a slightly wider temperature range (Wang

et al. 2006). On the other hand, the other group hereafter referred as Misasa group mea-

sured the electrical conductivity of hydrous olivine, wadsleyite and ringwoodite at lower

temperature range (\1,000 K) by low frequency measurement (0.1 Hz) and impedance

spectroscopy (Yoshino et al. 2006, 2008a; Manthilake et al. 2009). Both groups reported

that the hydrous minerals have higher conductivity than the anhydrous samples. However,

the conductivity values and activation enthalpies for proton conduction determined by Yale

group were significantly higher than those obtained by Misasa group. In this section, some

notes of the measurement of the proton conduction are discussed while considering the

cause of the difference of the result between two laboratories.

The most difficult problem to measure proton conduction is to avoid water escape from

the crystal, because diffusion rate of hydrogen in nominally anhydrous minerals is quite

fast at high temperatures. There are two approaches to overcoming the above problem: one

is to measure conductivity in a closed system for H2O, and the other is to measure

conductivity at low temperatures at which the hydrogen diffusion rate is sufficiently low.

The former is impractical, because of the difficulty of sealing-in H2O by using an insu-

lating material. The latter is more feasible method but the measurement temperature range

is limited to the low temperature. Yoshino et al. (2006) showed that the hydrogen-doped

minerals release free-water at some temperature above 900 K (occasionally 800 K) and

demonstrated that high conductivity of interconnected free-water masks conductivity of the

grain interior (proton conduction) even though the amount of free-water is very small.

3.5.1 High Insulation Resistance

Electrical conductivity measurements under low temperature conditions (\1,000 K)

require high insulation resistance to detect the sample resistance. The minimum range of

conductivity measurement is generally around 10-4 S/m, as shown in Fig. 12. In contrast, a

single crystal MgO capsule allows us to measure conductivity down to 10-7 S/m. The

measurement range is clearly insufficient to measure conductivity of hydrous olivine,

wadsleyite and ringwoodite with small water content. The excellent insulation resistance is

needed to measure sample conductivity in a wider measurement range. In addition, purge

of adhesive water at low temperatures is also required. Misasa group performed pre-

annealing at 500 K for several hours to remove free-water in the sample environment

before the conductivity measurement. It has been confirmed that, at 500 K, dehydration of

crystal itself hardly occurs because of low hydrogen diffusion at this temperature. Use of

the Mo guard ring by Yale group does not provide good insulation resistance, and would

prevent water purge.

3.5.2 Determination of Water Content Before and After Conductivity Measurement

To confirm that the dehydration does not occur during conductivity measurement is very

important procedure. The Fourier Transform Infrared (FTIR) analysis is usually used to

determine water content in the sample. The measurement at relatively high temperatures

([1,000 K) is likely to accompany with dehydration of the sample itself. Actually, Huang

et al. (2005) and Wang et al. (2006) reported loss of water (at most 30%) after the

conductivity measurements. In contrast, Misasa group confirmed no change of water

content after the conductivity measurement at low temperatures (\800 K) (Yoshino et al.

2008a; Manthilake et al. 2009).
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3.5.3 Impedance Spectroscopy vs. Low Frequency Measurement

Karato and Dai (2009) claimed that Misasa group’s data mostly based on the low fre-

quency measurement is invalid as the sample conductivity values, because their impedance

spectroscopy for wet wadsleyite measured at high temperatures showed the additional tail

at low frequencies, and suggested that the actual conductivity of the sample should be

higher than the reported values by Misasa group. The additional tail at low frequency is

caused by the reaction between the sample and electrode. However, it has been demon-

strated that, at low temperatures, the conductivity values of hydrous ringwoodite deter-

mined from the low-frequency measurement is excellently consistent with those

determined from impedance spectroscopy (Yoshino et al. 2008a). It is shown that the clear

second arc does not appear, and the shape of arc is close to semicircular shape (Fig. 13a). If

the equivalent circuit is a simple R–C parallel circuit composed of a single relaxation

process, the impedance arc shows the semicircular shape. In contrast, the impedance arc

obtained at higher temperatures is clearly distorted from the semicircular shape (Fig. 13b).

It suggests that the electric circuit contains several relaxation processes. As shown in

Fig. 7, a presence of interconnected conductive phase such as fluid, melt and metal pro-

duces a parallel circuit composed of grain interior and interconnected phase conductions.

Impedance spectroscopic studies of partial molten rocks have shown that the grain interior

resistance is also masked by interconnection of the melt phase (e.g., Roberts and Tyburczy

2000; ten Grotenhuis et al. 2005). In addition, the phase angle in the complex impedance

plane calculated from the low frequency measurement is nearly zero degree and decreases

with increasing temperature. This behavior indicates that the data is located on the first arc,

because the first arc shrinks with increasing temperature. Therefore, it is concluded that

differences of conductivity values and activation energy are not caused by that of mea-

surement method between the impedance spectroscopy analysis and low frequency mea-

surement. Consequently, the presence of the free-water would be the reason why Yale

group overestimated proton conduction of nominally anhydrous minerals.

-7

-6

-5

-4

-3

-2

-1

0

0.4 0.6 0.8 1 1.2 1.4 1.6

Proton conduction

Sm
all polaron conduction

Ionic conduction

1000/T(K-1)

Lo
g 

[C
on

du
ct

iv
ity

 (
S

/m
)]

Fig. 12 A schematic drawing of
Arrhenius plot for a hydrogen-
iron bearing mantle silicate
mineral. Hatched area indicates
the measurement region by Xu
et al. (1998a, b)
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4 Electrical Conductivity of Mantle Minerals

In the Earth’s mantle, some seismic velocity discontinuities have been globally observed,

and are thought to be caused by the phase transformations of mantle minerals (Fig. 1).

Numerous high-pressure experiments have clarified that the upper mantle mineral phases

transform to the high-pressure polymorphs. The important phase transitions occur at the

410 (olivine to wadsleyite), 520 (wadsleyite to ringwoodite), 660 km (ringwoodite to

perovskite and ferro-periclase) and D’’ (perovskite to post-perovskite) discontinuities. A

phase transformation affects the electrical properties due to a change of the atomic

arrangement (crystal structure) as well as the nature of chemical bonding. In this chapter,

the electrical conductivities of the major mantle constituent minerals are briefly reviewed.

High-pressure electrical conductivity data for dominant constituent mantle minerals are

summarized in Tables 2, 3, 4, 5.
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the temperatures indicated
(Karato and Dai 2009; Yoshino
et al. 2008a). Dashed lines
indicate impedance spectra
assuming the R–C parallel circuit
as an equivalent circuit.
a Impedance spectra of
hydrogen-doped ringwoodite
sample measured at temperatures
ranging from 500 to 800 K. Open
circles indicate the measurement
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4.1 Olivine

Olivine is the most abundant mineral in the upper mantle. The electrical conductivity of

olivine has been extensively studied under the various conditions at atmospheric pressure.

Although the present paper focuses on experimental results from high-pressure studies,

important insights from these studies are firstly summarized. Electrical conductivity in the

three principal crystallographic directions of a San Carlos olivine shows anisotropic sig-

nature of a factor of 2–3; the highest [001] and the lowest [010] (Schock et al. 1989;

Shankland and Duba 1990; Du Frane et al. 2005). The electrical conductivity increases

with increasing oxygen fugacity (Wanamaker and Duba 1993; Hirsch and Shankland 1993;

Du Frane et al. 2005) and total iron content (Hirsch et al. 1993). Conduction mechanisms

in olivine have been considered as a mixture of electron hopping (small polaron con-

duction) and magnesium vacancies (ion conduction) at high temperatures greater than

1,473 K. Based on these studies, electrical conductivity of dry olivine has been modeled as

a function of temperature and oxygen fugacity (Shankland and Duba 1990; Constable et al.

1992; Constable 2006).

Table 2 High-pressure electrical conductivities of olivine given in the Eq. 3

Sample Mechanism P (GPa) T (K) logr0

(S/m)
DE(eV) DV

(cm3/mol)
Reference

Single crystal

[100] SP 4 1,273–1,673 3.33(28) 1.79(8) Xu et al.
(2000a)

[001] SP 4–10 1,273–1,673 2.67(14) 1.50(4) 0.86(15)

[010] SP 4–10 1,273–1,673 1.67(12) 1.17(4) 0.62(13)

[010] SP 4–10 1,273–1,673 2.39(6) 1.35(2) 0.96(6)

[100] SP 3 973–1,473 1.18 1.35 Yoshino et al.
(2006)

P 3 723–973 0.37 0.73 0.02 wt.% H2O

[010] SP 3 973–1,473 2.23 1.42

P 3 673–873 0.87 0.93 0.02 wt.% H2O

[001] SP 3 973–1,473 2.45 1.47

P 3 473–773 0.88 0.87 0.01 wt.% H2O

Polycrystal

SP 4–10 1,273–1,673 2.29(19) 1.66(9) 0.09(32) Xu et al.
(2000a)

SP 4–10 1,273–1,673 2.69(12) 1.62(4) 0.68(14)

P 10 800–1,400 0.83(7) 1.11(0) Yoshino et al.

SP 10 1,400–1,750 3.34(8) 1.77(2) (2009)

I 10 1,750–2,000 4.73(19) 2.25(7)

P 4 873–1,273 ***** 0.90(5) Wang et al.
(2006)

SP small polaron conduction, P proton conduction, I ionic conduction

***** Electrical conductivity is expressed by the following equation
r ¼ r0Cr

w exp �DH
kT

� �
(17),

where r0 is pre-exponential factor (logr0 = 3.0 ± 0.4), Cw is water content in weight %, and r is constant
(0.62 ± 15)
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Table 3 High-pressure electrical conductivities of wadsleyite and ringwoodite given in the Eq. 3 for Xu
et al. (1998a) and Yoshino and Katsura (2009), the Eq. 17 for Huang et al. (2005), the Eq. 14 for Yoshino
et al. (2008a)

Phase Mechanism P (GPa) T (K) logr0

(S/m)
DH(eV) alpha r Reference

Wadsleyite

Mg#90 SP? 15 1,323–1,473 3.29(20) 1.29(6) Xu et al.
(1998a)

Mg#90 P 2.57 0.91 (3) 0.66(5) Huang et al.
(2005)

Mg#91 SP 16 500–1,700 0.89 0.68 0.02(2) Yoshino et al.
(2008a)

Mg#91 P

Ringwoodite

Mg#90 SP? 20 1,073–1,473 2.92(4) 1.16(1) Xu et al.
(1998a)

Mg#90 P 20 3.61 1.08(2) 0.69(3) Huang et al.
(2005)

Mg#91 SP 20 500–1,700 2.92 1.36(5) Yoshino et al.
(2008a)

Mg#91 P 20 500–1,700 1.44 1.12(3) 0.67(3)

Mg#91 SP 20 1,150–1,400 3.30(3) 0.92(0) Yoshino and
Katsura
(2009)

Mg#80 SP 20 1,200–1,900 3.45(4) 1.26(1)

Mg#70 SP 20 900–1,600 3.31(1) 1.44(0)

Table 4 High-pressure electrical conductivities of garnet given in the Eq. 3

Composition P (GPa) T (K) logr0 (S/m) DH((eV) Reference

SCOPXa 21 1,473–1,773 3.35 1.66(3) Xu and
Shankland
(1999)

Py100 10 1,573–1,973 2.67 2.56 Romano
et al. (2006)

Py85Alm15 10 1,323–1,823 2.42 1.50

Py60Alm40 10 973–1,673 3.14 1.26

Py40Alm60 10 873–1,273 2.81 0.67

Py20Alm80 10 573–873 3.34 0.56

Alm100 10 573–873 4.39 0.68

Py100 19 1,173–1,923 0.41 0.57

Py85Alm15 19 1,173–1,923 1.52 0.91

Py60Alm40 19 1,173–1,813 2.19 0.89

PYR-OL 18 1,000–1,500 2.53 1.37 Yoshino
et al. (2008b)

1,600–1,900 3.44 1.63

MORBb 18 700–2,000 3.10 1.38

SCOPX San Carlos orthopyroxene with 2.89 wt.% Al2O3, PYR-OL Garnet composition with pyrolite minus
olivine; MORB Mid-ocean ridge basaltic composition
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Omura (1991) firstly performed high-pressure conductivity measurements in a KMA

and reported relatively higher conductivity values compared with the previous results

determined at atmospheric pressure. These results have been debated on the basis of

experimental complications such as no control of oxygen buffer and a presence of reaction

products (Duba and von der Gönna 1994). Later, Xu et al. (1998a) improved experimental

design and reported electrical conductivity of olivine under various pressure conditions

(4, 7 and 10 GPa) and a temperature range from 1,273 to 1,673 K. The conductivity values

are consistent with results at room pressure. Activation enthalpy is around 1.7 eV. In a

wide pressure range (4–10 GPa), the electrical conduction slightly decreases with

increasing pressure, and it has a positive activation volume of 0.68 cm3/mol (Xu et al.

2000a, b). They proposed that small polaron conduction is a dominant conduction

mechanism. However, a positive activation volume for small polaron conduction has not

been reported for other ferromagnesian silicate minerals. Recently, Yoshino et al. (2009)

identified three conduction mechanisms based on the conductivity measurements at a

pressure of 10 GPa and temperatures up to 2000 K (Fig. 14a). They demonstrated that the

conduction mechanism changes from small polaron to ionic conduction with temperature

around 1,600 K, which is consistent with the experimental results at room pressure

(Schock et al. 1989). For natural olivine with Mg/(Mg ? Fe) = 91, the activation energy

of ionic conduction (4.2 eV) is much higher than that of small polaron conduction

(1.6 eV). At low temperatures, proton conduction with low activation energy (\1 eV)

appears.

Table 5 High-pressure electrical conductivities of silicate perovskite given in the Eq. 3

Composition P (GPa) T (K) logr (S/m) DH(eV)
DV(cm3/mol)

References

DAC

Mg# 89 40 298–571 *0.35 Peyronneau
and Poirier (1989)

Mg# 92 40 298–571 *0.35

Mg# 89 1.2–40 293–673 1.92(68) 0.48(2)
-0.26(3)

Shankland
et al. (1993)

KMA

Al-free

Mg# 93 23 400–900 0.60 0.41 Katsura
et al. (1998)

1,500–2,000 2.30 0.92

Mg# 91.5 25 1,673–1,873 1.12(12) 0.62(4) Xu et al. (1998b)

Mg# 90 25 350–1,100 0.91(2) 0.46(0) Yoshino et al. (2008c)

1,750–2,000 2.64(6) 0.93(2)

Al-bearing (2.8 wt.%)

Mg# 91.5 25 1,673–1,873 1.87(11) 0.70(4) Xu et al. (1998b)

Mg# 92 25 373–923 ND 0.51(1) Xu and McCammon
(2002)

1,612–1,971 3.45(24) 1.43(8)

Na-bearing

Mg# 100 24 1,300–1,800 3.92(3) 1.40(20) Dobson (2003)

1,800–2,200 9.40(40) 3.60(20)
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Two inconsistent experimental reports on proton conduction in olivine were recently

published in the same issue of Nature (Yoshino et al. 2006; Wang et al. 2006). Figure 15

shows conductivity data of hydrous olivine. Based on the conductivity measurement of the

single crystal of relatively dry and hydrous olivine, Yoshino et al. (2006) reported that

although the presence of water enhances the electrical conductivity of olivine, this effect is

not large enough to explain the high conductivity at the top of the asthenosphere. In

contrast, Wang et al. (2006) reported that hydrous olivine showed much higher conduc-

tivity and a larger temperature dependence than those with the similar water content from

the study of Yoshino et al. (2006). As a result, Wang et al. (2006) concluded that the

hydrous olivine is responsible for the high conductivity at the top of the asthenosphere. A

cause of this discrepancy was discussed in the former chapter (3.5).

Important results obtained from Yoshino et al. (2006) are as follows: (1) lower acti-

vation energy for proton conduction (0.7–0.9 eV), (2) small contribution of proton con-

duction at high temperatures, and (3) weak anisotropy for proton conduction at high
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temperatures. Although Karato (1990) predicted high conductivity values for proton

conduction based on the hydrogen diffusion data of olivine, the conductivity values and

activation energy for proton conduction is much smaller compared to that for the hydrogen

diffusion (1.14–1.86 eV) (e.g., Mackwell and Kohlstedt 1990). This inconsistency would

be derived from a difference of the initial conditions; initially dry for hydrogen diffusion

experiment and homogeneous hydrogen content in olivine for conductivity measurement.

For the hydrogen diffusion experiments, the migration of protons must be accompanied by

the creation of vacancy to establish charge balance within the olivine crystal. The resultant

activation enthalpy for hydrogen diffusion into the hydrogen-free crystal would become

higher. Mackwell and Kohlstedt (1990) also reported one order of magnitude high diffu-

sion rate for the [100] direction compared with the other crystallographic directions at high

temperatures. However, the conductivity data showing isotropic features at high temper-

atures are consistent with a little difference of diffusion rate for each crystallographic

direction for dehydration experiments of hydrous olivine by Kohlstedt and Mackwell

(1998).

4.2 Wadsleyite and Ringwoodite

Wadsleyite and ringwoodite are the main constituent minerals in the mantle transition zone

(410–660 km depth), and can store a significant amount of water in their crystal structure.

Figure 16 shows electrical conductivity data of wadsleyite and ringwoodite as a function of

water content. Xu et al. (1998a) reported that electrical conductivities of wadsleyite and

ringwoodite are similar and two orders of magnitude higher than that of olivine. However,

their conductive values are too high to explain the recent conductivity-depth profiles in the

transition zone obtained by the semi-global electromagnetic induction studies (e.g., Neal

et al. 2000; Tarits et al. 2004; Kuvshinov et al. 2005). Later, although Xu et al. (1998a)

considered that the dominant conduction mechanisms in their study are small polaron,

Huang et al. (2005) attributed the results of Xu et al. (1998a) to proton conduction because

they found a significant amount of water in Xu et al.’s samples. This means that we have no

data about the small polaron conductions of these minerals. Although Huang et al. (2005)
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claimed that they determined proton conduction of these minerals, their results can be

considered invalid because of serious methodological problems as described in the former

chapter.

Yoshino et al. (2008a) distinguished between small polaron and proton conduction

mechanisms of wadsleyite and ringwoodite by means of the conductivity measurement in a

wider temperature range. The important features obtained from their study are as follows;
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(1) Electrical conductivity of ringwoodite is around one magnitude higher than that of

wadsleyite, (2) Conductivity values and activation energy for proton conduction increase

with increasing water content, (3) Small polaron conduction becomes dominant at high

temperatures. These features are quite same as olivine. Dominant conduction mechanism at

the mantle temperature condition is small polaron mobility (1.49 eV for wadsleyite;

1.36 eV for ringwoodite).

Figure 17 shows effect of total iron content (Fe2? ? Fe3?) on electrical conductivity

of ringwoodite under the same oxygen buffer (Mo–MoO2) (Yoshino and Katsura 2009).

The conductivity largely increases with increasing total iron content. The activation

energy becomes higher at a certain temperature. At high temperatures, the activation

energy decreased from 1.44 to 0.92 eV with increasing total Fe content. At low tem-

peratures less than 1,000 K, the activation energy also decreases from 1.15 to 0.74 eV

with total Fe content. This behavior of activation energy can be expressed by n type

semiconductor model [Eq. 11]. Dependence of the activation energy on Fe content

suggests that the dominant mechanism of charge transport is Fe2?–Fe3? hopping (small

polaron).

4.3 Garnet (Majorite)

Garnet is a stable phase over a wide range of pressure conditions from the Earth’s crust

down to the upper part of the lower mantle. In the depth range from 300 to 500 km

(depending upon the bulk composition), pyroxenes progressively dissolve into garnet with

increasing pressure, forming majorite (e.g., Takahashi and Ito 1987; Irifune and Ringwood

1993). Majoritic garnet is the second abundant mineral in the transition zone for a pyrolite

composition. Furthermore, majoritic garnet is the most abundant mineral in the basaltic

layer of subducted lithosphere in the mantle transition zone (410–660 km depth) (e.g.

Irifune et al. 1986; Irifune and Ringwood 1993; Hirose et al. 1999; Ono et al. 2001). The

volume proportion of majorite in the primitive MORB is close to *90% in volume.
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Figure 18 shows electrical conductivity data of garnets with various chemical compo-

sitions. Xu and Shankland (1999) firstly measured electrical conductivity of garnet using

orthopyroxene containing 2.89% Al2O3 by weight as a starting material under the pressure

condition of the mantle transition zone. However, the recovered sample was a mixture of

ilmenite and garnet. Romano et al. (2006) reported the electrical conductivity of garnet as a

function of iron content (Fe3Al2Si3O12–Mg3Al2Si3O12 join) at pressures from 10 to 19

GPa. At 10 GPa, activation energies for conductivity vary smoothly with composition and

increase rapidly toward the pyrope (Mg3Al2Si3O12) end-member composition, suggesting

that small polaron conduction is favorable mechanism. At 19 GPa, however, there is

virtually no change in the activation energy as a function of Fe–Mg substitution for the

pyrope-rich garnets. No dependence of iron content on activation energy was interpreted

by a mechanism involving oxygen related point defects. Yoshino et al. (2008b) measured

electrical conductivities of majorite garnet with compositions of pyrolite minus olivine

(pyrolite majorite) and mid-ocean ridge basalt (MORB majorite) at 18 and 23 GPa and

temperatures up to 2,000 K. To evaluate electrical conductivity of the mantle transition

zone, chemical composition of garnet with pyrolite minus olivine is the most suitable (see

Fig. 1). The conductivity of the MORB majorite (high Fe/(Fe ? Mg) and Al-rich) is more

than twice higher than those of the pyrolite majorite at the same temperature. The acti-

vation energies of these majorites are both 1.4 eV at temperature of 1,000 to 1,600 K,

suggesting that the dominant mechanism of charge transportation is small polaron con-

duction. Small dependence of activation enthalpy on Fe/(Fe ? Mg) would be caused by

more complex solid solution of majorite-pyrope join compared to a simple solid solution of

pyrope-almandine join due to the Fe–Mg exchange. At higher temperatures ([1,600 K),

activation enthalpy of the pyrorite majorite becomes higher. Yoshino et al. (2008b)

interpreted that the conduction mechanism of the pyrolite majorite changes from small

polaron to ionic conduction. The pyrolite majorite has only slightly higher and lower

conductivity than dry wadsleyite and ringwoodite (Yoshino et al. 2008a), respectively, and
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will not largely change the conductivity-depth profile predicted from the electrical con-

ductivities of wadsleyite and ringwoodite.

4.4 Silicate Perovskite

Silicate perovskite is thought to be the major phase in the Earth’s lower mantle and to store

much of aluminum and iron in the lower mantle (Ito and Takahashi 1991; Wood and Rubie

1996). Electrical conductivity of silicate perovskite has been firstly measured in DAC

(Peyronneau and Poirier 1989; Li and Jeanloz 1990a; Shankland et al. 1993). Poirier’s

group conducted the conductivity measurement under low temperature conditions

(\700 K) using external heating system (Peyronneau and Poirier 1989; Shankland et al.

1993), whereas Li and Jeanloz (1990a) used laser-heating system to establish the physical

conditions of the lower mantle. Shankland et al. (1993) reported activation energy of

0.4 eV and activation volume of -0.1 to -0.3 cm3 mol-1 in a temperature range from 293

to 673 K and at pressures of 1.2 and 40 GPa. This small negative activation volume is

consistent with a conduction mechanism in which charge is carried by electrons hopping

from Fe2? and Fe3? ions (small polaron). They estimated the maximum conductivity value

of 3–10 S/m at the base of the lower mantle based on the extrapolation of low temperature

data to the mantle condition. On the other hand, Li and Jeanloz (1990a) reported extremely

lower conductivity values (*10-4 S/m) at temperature above 2,000 K compared with the

geophysical observations (e.g., Egbert and Brooker 1982). The low conductivity values

obtained from Li and Jeanloz (1990a) are probably due to no control of oxygen fugacity

and large temperature gradient in a laser heated diamond anvil cell. Because of experi-

mental limitations of temperatures and pressures, extrapolation of laboratory data to mantle

conditions has been unavoidable.

In the end of 1990s, two groups performed conductivity measurements of the silicate

perovskite in a Kawai-type multi-anvil press under the physical conditions of the upper-

most lower mantle (Katsura et al. 1998; Xu et al. 1998b). Katsura et al. (1998) identified

two different activation energies at low and high temperatures. The activation energy for

the low temperature region is in good agreement with that reported by Shankland et al.

(1993), who also measured the conductivity of quenched perovskite at similar tempera-

tures. However, at high temperatures above 1,500 K, activation energy becomes distinctly

high (0.92 eV). Xu et al. (1998b) also reported slightly higher activation energy (0.62 eV)

at high temperature region than the previous works (Peyronneau and Poirier 1989;

Shankland et al. 1993). These studies suggested that the electrical conductivity of perov-

skite must be measured in its stability field in order to make direct comparisons with the

conductivity of the lower mantle. (Mg,Fe)SiO3 perovskite has slightly higher conductivity

than ringwoodite with the same Mg#. The absolute values of both groups are similar, but

the activation energies of 0.62 eV for conduction in perovskite obtained by Xu et al.

(1998b) are lower than the value of 0.92 eV determined from high temperature data of

Katsura et al. (1998). A recent conductivity measurement of (Mg0.9,Fe0.1)SiO3 perovskite

in a continuous wide temperature range from 300 to 2,000 K showed a change of activation

energy from 0.46 to 0.93 eV (Yoshino et al. 2008c). This tendency is in agreement with the

results of Katsura et al. (1998). In this study, high activation energy appears around

1,700 K.

A presence of impurities in perovskite profoundly affects the electrical conductivity of

silicate perovskite (Fig. 19). Xu et al. (1998b) reported a significant effect of aluminum on

the conductivity of perovskite. Perovskite containing 2.89 wt.% Al2O3 is about 3.5 times

greater than that of aluminum-free perovskite. The conduction mechanism in perovskite
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has been interpreted by small polaron conduction, because the aluminum-bearing perov-

skite has about 3.5 times the amount of Fe3? as the aluminum-free sample. Aluminum

incorporation into the perovskite structure leads to higher Fe3? concentration due to the

charge couple substitution even if the oxygen fugacity is low (McCammon 1997, 2005).

Later, Xu and McCammon (2002) reported evidence that in aluminous perovskite with

Mg#90, ionic conduction characterized by high activation energy (*1.5 eV) becomes

significant above 1,700 K. This is most likely due to the presence of oxygen vacancies,

which charge-balance Al substituting onto the Si-site (Brodholt 2000; Lauterbach et al.

2000). To investigate electric conduction due to the migration of oxygen vacancy, Dobson

(2003) measured the electrical conductivity of Na-doped MgSiO3 perovskites at 24 GPa

and temperatures between 1,300 and 2,200 K. Activation energy changes from 1.4 ± 0.2
to 3.6 ± 0.2 eV with increasing temperature around 1,800 K. At low temperatures below

1,800 K, the dominant conduction mechanism was interpreted as extrinsic oxygen ionic

conduction based on the observation that a pre-exponential is proportional to the Na-content.

If perovskite with a natural composition contains a significant extrinsic oxygen vacancy

content (Lauterbach et al. 2000), oxygen ionic conduction might dominate in the lower

mantle. At higher temperatures, a different conduction mechanism, which is insensitive to

Na-content, dominates with DH = 3.6 ± 0.2 eV and log r0 = 9.4 ± 0.4 S/m. This

anomalously high activation energy has not been observed in the other studies.

Lower mantle pressures increase from 23 GPa at the 660 km seismic discontinuity to

136 GPa at the core-mantle boundary. Above 30 GPa, electrical conductivity measurement

has been conducted in a diamond anvil cell equipped with laser heating system. Recently

Ohta et al. (2008) reported that electrical conductivity of perovskite with a composition of

(Mg0.9Fe0.1)SiO3 decreases with pressure due to high-spin to low-spin transition of iron in

perovskite (Fig. 20). Spin transition pressure of perovskite phase is in still debate. Based

on X-ray emission study, Badro et al. (2004) reported a two step transition at *70 GPa for

Fe2? and *120 GPa for Fe3? in (Mg0.9Fe0.1)SiO3, whereas Li et al. (2004) suggested that

the transition occurs gradually with increasing pressures in aluminum bearing perovskite.

According to the theoretical works (e.g., Lin et al. 2005), the spin transition pressures in
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perovskite varies for ferric and ferrous irons; ferric iron shows a wide pressure interval of

spin transition between about 60–160 GPa, whereas ferrous iron is in a high spin state at all

mantle pressures and it transforms to the low spin state at pressures about 130–145 GPa.

These theoretical and experimental results revealed a pressure-induced gradual loss of

magnetic moment in an aluminum bearing perovskite sample between 20 and 100 GPa,

indicating possible occurrence of mixed spin state and intermediate-spin state under high

pressures to 100 GPa in aluminum bearing perovskite.

4.5 Ferropericlase

Ferropericlase (Mg,Fe)O is the second abundant mineral in the lower mantle, and is a solid

solution between periclase (MgO), a wide band gap insulator, and wüstite (FeO), a clas-

sical Mott insulator. Figure 21 shows electrical conductivities of ferro-periclase in Ar-

rehenius plot. The conductivity measurements of ferro-periclase have been performed

separately at high ([1,300 K) and low (\1,000 K) temperatures. Wood and Nell (1991)

demonstrated that electrical conductivity of ferro-periclase with Mg# 83 at atmospheric

pressure is largely higher than that of co-existing silicate perovskite. Li and Jeanloz

(1990b) performed the conductivity measurement under unbuffered condition in the DAC

at higher pressures (*30 GPa). This DAC study used external (\500 K) and laser

([1,500 K) heating. In general, high temperature part is characterized by higher activation

energy. However, absence of conductivity data in the intermediate temperature range

yielded a break in slope in Arrhenius plot. Dobson et al. (1997) and Dobson and Brodholt

(2000) firmly confirmed a change of activation energy between low and high temperature

measurements using the KMA based on the conductivity measurement under a continuous

change of temperature. At low temperatures, electronic hopping between Fe2? and Fe3?

(small polaron) with activation enthalpies of 0.37 eV is dominant conduction mechanism,

and a positive dependence of r0 on Fe/(Fe ? Mg) has been observed. Activation energies

become higher at around 1,000 K. At high temperatures ([1,000 K), large polaron con-

duction appears (Dobson et al. 1997). The activation energy for large polaron conduction
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increases with decreasing total iron content, ranging from 0.4 to 1.1 eV. At temperatures

corresponding to the lower mantle, the dominant conduction mechanism is probably large

polaron process.

In the Al-free peridotite, iron preferentially partition into ferropericlase in comparison

with the silicate perovskite (e.g., Katsura and Ito 1996). Thus high iron content in ferro-

periclase phase leads to higher conductivity than silicate perovskite. Even though silicate

perovskite is volumetrically major phase in the lower mantle rocks, if ferropericlase is

interconnected in lower mantle rocks, the lower mantle conductivity could be higher than

that expected from the silicate perovskite (Wood and Nell 1990). To investigate inter-

connectivity of ferropericlase in silicate perovskite matrix, Yoshino et al. (2008c) mea-

sured electrical conductivities of post-spinel (silicate perovskite 68 vol.% and

ferropericlase 32 vol.%) with a bulk composition of ((Mg,Fe)2SiO4: XFe = 0.09), which

are thought to be a dominant assembly in the lower mantle. Figure 22 shows a comparison

of electrical conductivities between silicate-perovskite, ferro-periclase and post-spinel

phase at the same pressure condition (25 GPa). Both absolute values and change in acti-

vation enthalpy for the conductivity of the post-spinel phases are quite similar to those for

the silicate perovskite. These observations suggest that ferro-periclase in post-spinel are

isolated in silicate perovskite matrix. Volume fraction of ferro-periclase in the pyrolitic

mantle is around 18 vol.%, which is lower than that of postspinel. Interconnection of ferro-

periclase is more difficult to establish in the lower mantle rocks. As a result, the con-

ductivity of silicate-perovskite can mostly control the electrical conductivity structure of

the lower mantle.

Badro et al. (2003) firstly showed that ferro-periclase undergoes a spin transition at

pressures above 60 GPa. The high-spin to low-spin transition in (Mg, Fe)O ferropericlase

at high pressure has been confirmed by many recent studies including X-ray emission

spectroscopic measurements (Lin et al. 2005), conventional and synchrotron Mössbauer

spectroscopic studies (Keppler et al. 2007), and theoretical calculations (Sturhahn et al.

2005; Persson et al. 2006; Tsuchiya et al. 2006). In the lower mantle, electrical conduc-

tivity of ferropericlase is possible to change in association with a difference of band gap
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structure due to the spin transition. Lin et al. (2007a) measured electrical conductivity of

the ferropericlase (Mg0.75,Fe0.25)O using diamond anvils to pressures over 100 GPa at low

temperatures up to 500 K. The electrical conductivity gradually increases by an order of

magnitude up to 50 GPa but decreases by a factor of approximately three between 50 and

70 GPa. Ohta et al. (2007) reported electrical conductivity of the ferropericlase

(Mg0.81,Fe0.19)O using diamond anvils to pressures up to 135 GPa at room temperature

(300 K). Although the absolute conductivity values are largely different from each other

due to usage of samples with different iron content, a trend showing a gradual decrease of

electrical conductivity between 50 and 80 GPa is quite consistent as shown in Fig. 23. This

decrease in the electrical conductivity has been interpreted by the isosymmetric high-spin

to low-spin transition of iron in ferropericlase. The electronic spin transition of iron would

result in a decrease in the mobility and/or density of the charge transfer carriers in the low-

spin ferropericlase. The activation energy of the low-spin ferropericlase (0.27 eV at 101

GPa) was considered as the small polaron conduction (Lin et al. 2007a). They concluded

that low-spin ferropericlase exhibits lower electrical conductivity than high-spin ferro-

periclase. However, if the dominant conduction mechanism at high temperatures was

different from small polaron (Dobson et al. 1997), simple extrapolation of their data to high

temperatures is dangerous. On the other hand, recent theoretical calculations predict that

the spin transition of Fe2? in ferropericlase, (Mg1-xFex)O (x \ 0.2), would occur con-

tinuously over an extended pressure range under the pressure–temperature conditions of

the lower mantle (Sturhahn et al. 2005; Tsuchiya et al. 2006). Recent experiments con-

firmed that a gradual spin transition of iron occurs over a wide pressure–temperature range

in the lower mantle (Lin et al. 2007b). As a transition pressure range from high to low spin

tends to expand with increasing temperature, it would be difficult to detect the disconti-

nuity of conductivity structure from the electromagnetic observations. In future, it is

needed to investigate effect of a spin transition on electrical conductivity of ferro-periclase

at temperatures corresponding to the lower mantle.
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4.6 Silicate Post-Perovskite

Large seismic anomalies have been observed at the bottom of lower mantle with a

thickness of several hundreds kilometers (D’’ layer) (e.g., Lay and Helmberger 1983; Lay

et al. 1998). The anomalies of the D’’ layer are difficult to explain with known physical

properties of MgSiO3 perovskite—the main constituent of the lower mantle. The recent

discovery of the MgSiO3 post-perovskite phase transition has provided new insights into

the D’’ layer from high-pressure experiments with the diamond anvil cell (DAC) (Murakmi

et al. 2004). The transition pressure of MgSiO3 perovskite to post-perovskite (125 GPa) is

consistent with the depth of the velocity increase at the D’’ seismic discontinuity (2,700 km

depth) (Lay et al. 1998). In order to understand the mantle dynamics near the core-mantle

boundary, the physical properties of the post-perovskite phase have been determined by

many researchers.

A first report on electrical conductivity of silicate post-perovskite with a composition of

(Mg0.89Fe0.11)SiO3 and Fe3?/(Fe2? ? Fe3?) of 0.13 ± 0.10 at 129 and 143 GPa using LH-

DAC showed extremely high conductivity ([102 S/m) in comparison with that of silicate

perovskite and little temperature dependence at the conditions of D’’ layer (Ohta et al.

2008). Because the post-perovskite phase with a CaIrO3 structure has a stacked SiO6-

octahedral sheet structure with interlayer (Mg, Fe) ions (Murakmi et al. 2004), Ohta et al.

(2008) interpreted that the high conductivity likely reflects the short Fe–Fe hopping dis-

tance in the (Mg, Fe) layer, which is shorter than that in perovskite. They reported a little

positive dependence of electrical conductivity on temperature at a fixed pressure deter-

mined at room temperature. Pressure should increase during heating due to the thermal

expansion of samples. If the electrical conductivity of the post-perovskite has positive

pressure dependence, temperature may have a small negative effect, suggesting metalli-

zation. Further studies including the effect of Al and Fe contents on the electrical con-

ductivity of the post-perovskite phase are needed to characterize the conductivity structure

near the core-mantle boundary.
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5 Geophysical Applications

5.1 Conductivity-Depth Profile

The electrical conductivity profile in the mantle has been obtained by electromagnetic

induction studies. The penetration depths of electromagnetic fields within the Earth depend

on the electromagnetic sounding period. The maximum penetration depths that can be

routinely achieved using magnetotellurics (MT) sounding are of the order 400–600 km. It

has been difficult to accurately determine the conductivity structure at the depth of mantle

transition zone. Recently the conductivity-depth profile in the oceanic area has been

improved by long-period electromagnetic observations, using the variations of voltage

difference measured in unpowered submarine telecommunications cables (e.g., Lizarralde

et al. 1995; Utada et al. 2003; Kuvshinov et al. 2005). Nevertheless, the constructed

conductivity-depth profiles are strongly influenced by the assumed model such as smooth

model and 2-layer model for inversion of data. Although the conductivity-depth profiles

obtained from the geophysical observations show significant differences from each other,

the following features can be seen in the most conductivity model (Fig. 24). Conductivity

generally increases with increasing depth to the top of the lower mantle from 10-3–10-2 to

100 S/m. In the upper mantle, some studies have shown that the electrical conductivity of

the uppermost upper mantle to 100 km depth is about 10-2 to 10-1 S/m, known as the high

conductive layer (e.g., Lizaralde et al. 1995; Evans et al. 2005). Local variations of

electrical conductivity are large at shallow depths, and become smaller with depth.

Figure 25 shows that mantle minerals with a higher-pressure stability field generally

have higher conductivity. This tendency can explain the increase of electrical conductivity

in the mantle well. Because activation enthalpy for small polaron conduction is smaller for

mantle minerals with higher-pressure stability field, as pressure increases the temperature

dependence becomes smaller. For this reason, the uniform electrical conductivity is

expected to be in the deeper mantle. However, the high to low spin transition in iron of
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silicate perovskite would yield lower conductivity in the deeper part of the lower mantle.

On the other hand, D’’ layer composed of post-perovskite might be abnormally high

conductive layer.

5.2 Conductivity Anomaly at the Top of the Asthenosphere

The conductivity of the high conductive layer at the top of the asthenosphere (60–100 km

depth) is too high to be explained by the conductivity of ordinary anhydrous olivine. For

example, Evans et al. (2005) reported that the oceanic asthenosphere has high electrical

conductive region at 100 km depth, which is highly anisotropic in the Eastern Pacific Rise.

One possibility is that partial melting occurs in the region and the melt forms an aniso-

tropic interconnected conductive path in the partially molten peridotites. Another possi-

bility is that olivine in the region contains considerable amounts of hydrogen inside crystal

structure and thus the electrical conductivity is substantially raised by proton conduction

(Karato 1990). Yoshino et al. (2006) reported the electrical conductivity of single crystal

hydrous olivine, showing that conductivity of hydrous olivine at the top of the astheno-

sphere should be nearly isotropic and distinctly lower than that obtained from Evans et al.

(2005). They concluded that the hydration of olivine cannot account for the geophysical

observations, which instead may be explained by the presence of partial melt elongated in

the direction of plate motion. Later, Gaillard et al. (2008) reported extremely high elec-

trical conductivities of molten carbonates that are three orders of magnitude higher than

those of molten silicate and five orders of magnitude higher than those of hydrated olivine.

They proposed that high conductivities in the asthenosphere indicate the presence of small

amounts of carbonate melt in peridotite.

5.3 Water in the Mantle Transition Zone

The Earth’s mantle transition zone would be a large water storage because wadsleyite and

ringwoodite can store significant amounts of water in their crystal structure (e.g., Kohlstedt

et al. 1997). A laboratory based electrical conductivity model across the mantle transition
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zone by Yoshino et al. (2008a) is shown with geophysical observations (Fig. 26). A recent

semi-global reference model for electrical conductivity widely covers the mantle transition

zone of the one-fourth of the Earth beneath the north Pacific Ocean (Utada et al. 2003;

Kuvshinov et al. 2005). According to this model, the conductivity slightly jumps at the top

of the mantle transition zone (410 km discontinuity) and gradually increases to the top of

the lower mantle. The laboratory-based model by Xu et al. (2000a, b) showed a single large

conductivity jump at 410 km discontinuity. However, most of the recent conductivity-

depth models do not show such a distinct conductivity jump at this depth (e.g., Olsen 1998;

Neal et al. 2000; Tarits et al. 2004). In addition, their conductive values are too high to

explain the conductivity-depth profiles in the transition zone obtained by the semi-global

electromagnetic induction studies. However, the laboratory-based model by Yoshino et al.

(2008a) showed three conductivity jumps at depths 410 km for wadsleyite–ringwoodite

transition, 520 km for wadsleyite–ringwoodite transition and 660 km for post-spinel

transition, and demonstrated that dry mantle model can explain the current geophysical

observation beneath the Pacific Ocean by Kuvshinov et al. (2005). If we consider the

results from Huang et al. (2005), who reported larger effects of water on electrical

conductivity of wadsleyite and ringwoodite, the estimated water content is smaller than

0.1 wt.%.

5.4 High Conductivity Anomaly Near the Core-Mantle Boundary

Measured changes of a few milliseconds in Earth’s length of day on decadal timescales

have been considered by the exchange of angular momentum between the solid mantle and

fluid core (Holme 1998), although EM coupling is not the only mechanism of transferring

momentum between the core and mantle. If a layer with a high electrical conductivity

Fig. 26 The electrical conductivity profiles of the mantle across the transition zone. Thick solid and dashed
lines indicate dry and wet mantle models by Yoshino et al. (2008a), respectively. Thin dashed line denotes
laboratory conductivity model by Xu et al. (2000a, b). Shaded areas represent the conductivity-depth
models obtained from the electromagnetic observations by Tarits et al. (2004): Europe; Olsen (1998):
Europe; Neal et al. (2000): Canada; Kuvshinov et al. (2005): Pacific. An inversion model of Olsen (1998)
assumed a conductivity jump at 500 km depth. The conductivity-depth profiles from Neal et al. (2000) and
Tarits et al. (2004) are the inversion model without considering a conductivity jump. The models of
Kuvshinov et al. (2005) present a range of conductivity with and without a conductivity discontinuity at
400 km depth
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above the core-mantle boundary exists, it would enhance the electromagnetic coupling

between the fluid core and solid mantle. The conductance of this layer requires[108 S to

explain change of the length of a day. However, silicate perovskite does not have such a

high electrical conductivity (Katsura et al. 1998; Xu et al. 1998b). Even if molten iron can

penetrate from the outer core into the solid mantle, the depth of penetration of molten iron

into the solid mantle would be not enough. Hence, the enhancement of the electrical

conductivity of the solid mantle by penetration of molten iron would not be enough to

explain the electromagnetic coupling between the core and the mantle. Post-perovskite

(CaIrO3-type crystal structure) could be present in the D’’ layer below about a 2,600-km

depth (Murakmi et al. 2004). Ono et al. (2006) predicted a possibility that post-perovskite

could enhance the conductivity at the lowermost mantle based on the high electrical

conductivity of CaIrO3-type Al2O3. Recently, Ohta et al. (2008) reported that (Mg,Fe)SiO3

post-perovskite has much higher conductivity than silicate perovskite, and demonstrated

that a presence of *300 km thickness post-perovskite layer can explain high conductance

in the mantle estimated from change of the length of a day.

6 Concluding Remarks

Although data inconsistency among some laboratories still remains due to the difficulty

of conductivity measurement under high-pressure condition, comprehensive collection of

high-pressure conductivity data for mantle minerals yields some significant features of

electrical conductivity of mantle minerals. Electrical conductivity of the main mantle

constituent minerals increases in order of olivine, wadsleyite, ringwoodite, perovskite and

post-perovskite. Under the Earth’s mantle condition, hopping (small polaron) conduction

can be considered as a dominant conduction mechanism in mantle minerals. Activation

enthalpy for small polaron conduction becomes lower for minerals being stable under

higher-pressure. If we consider only small polaron conduction, at least three conductivity

jumps would be present at 410, 520 and 660 km discontinuities due to the phase trans-

formation. Electrical conductivity increases with increasing water and iron contents.

Activation energy for proton and hopping (small polaron) conduction decreases with

increasing hydrogen and iron concentration, respectively. At high temperatures corre-

sponding to the mantle condition, a contribution of proton conduction to the electrical

conductivity of minerals becomes smaller due to the masking by small polaron conduction

with higher activation energy. Therefore, a small difference of iron content may produce

the large difference of conductivity.
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Earth’s lower mantle. Phys Rev Lett 96:198501. doi:10.1103/PhysRevLett.96.198501

Utada H, Koyama T, Shimizu H et al (2003) A semi-global reference model for electrical conductivity in the
mid-mantle beneath the north Pacific region. Geophys Res Lett 31:1194. doi:10.1029/2002GL016902

Wanamaker BJ, Duba AG (1993) Electrical conductivity of San Carlos olivine along [100] under oxygen-
and pyroxene-buffered conditions and implications for defect equilibria. J Geophys Res 98:489–500

Wang D, Mookherjee M, Xu Y et al (2006) The effect of water on electrical conductivity of olivine. Nature
443:977–980

Wood BJ, Nell J (1991) High-temperature electrical conductivity of the lower-mantle phase (Mg, Fe)O.
Nature 351:309–311

Wood BJ, Rubie DC (1996) The effect of alumina on phase transformations at the 660 km discontinuity
from Fe–Mg partitioning experiments. Science 273:1522–1524

Xu Y, McCammon C (2002) Evidence for ionic conductivity in lower mantle (Mg, Fe)(Si, Al)O3 perovskite.
J Geophys Res 107:2251. doi:10.1029/2001JB000677

Surv Geophys (2010) 31:163–206 205

123

http://dx.doi.org/10.1029/2006GL026621
http://dx.doi.org/10.1029/2005GL022802
http://dx.doi.org/10.1029/2003GL019277
http://dx.doi.org/10.1103/PhysRevLett.96.198501
http://dx.doi.org/10.1029/2002GL016902
http://dx.doi.org/10.1029/2001JB000677


Xu Y, Shankland TJ (1999) Electrical conductivity of orthopyroxene and its high pressure phases. Geophys
Res Lett 22:2645–2648

Xu Y, Poe BT, Shankland TJ et al (1998a) Electrical conductivity of olivine, wadsleyite and ringwoodite
under upper-mantle condition. Science 280:1415–1418

Xu Y, McCammon C, Poe BT (1998b) Effect of alumina on the electrical conductivity of silicate perovskite.
Science 282:922–924

Xu Y, Shankland TJ, Duba AG (2000a) Pressure effect on electrical conductivity of olivine. Phys Earth
Planet Int 118:149–161

Xu Y, Shankland TJ, Poe BT (2000b) Laboratory-based electrical conductivity in the Earth’s mantle.
J Geophys Res 105:27865–27875

Yoshino T, Katsura T (2009) Effect of iron content on electrical conductivity of ringwoodite, with impli-
cations for electrical structure in the mantle transition zone. Phys Earth Planet Int 174:3–9

Yoshino T, Walter MJ, Katsura T (2003) Core formation in planetesimals triggered by permeable flow.
Nature 422:154–157

Yoshino T, Walter MJ, Katsura T (2004) Connectivity of molten Fe alloy in peridotite based on in situ
electrical conductivity measurements: implications for core formation in terrestrial planets. Earth
Planet Sci Lett 222:625–643

Yoshino T, Matsuzaki T, Yamashita S, Katsura T (2006) Hydrous olivine unable to account for conductivity
anomaly at the top of the asthenosphere. Nature 443:973–976

Yoshino T, Manthilake G, Matsuzaki T, Katsura T (2008a) Dry mantle transition zone inferred from
electrical conductivity of wadsleyite and ringwoodite. Nature 451:326–329

Yoshino T, Nishi M, Matsuzaki T, Yamazaki D, Katsura T (2008b) Electrical conductivity of majorite
garnet and its implications for electrical structure in the mantle transition zone. Phys Earth Planet Int
170:193–200

Yoshino T, Yamazaki D, Ito E, Katsura T (2008c) No interconnection of ferro-periclase in post-spinel phase
inferred from conductivity measurement. Geophys Res Lett 35:L22303. doi:10.1029/2008GL035932

Yoshino T, Matsuzaki T, Shatzkiy A, Katsura T (2009) The effect of water on the electrical conductivity of
olivine aggregates and its implications for the electrical structure of the upper mantle. Earth Planet Sci
Lett. doi:10.1016/j.epsl.2009.09.032

206 Surv Geophys (2010) 31:163–206

123

http://dx.doi.org/10.1029/2008GL035932
http://dx.doi.org/10.1016/j.epsl.2009.09.032

	Laboratory Electrical Conductivity Measurement �of Mantle Minerals
	Abstract
	Introduction
	Electric Conduction Mechanisms
	Ionic Conduction
	Hopping (Small Polaron) Conduction
	Large Polaron Conduction
	Proton Conduction

	Conductivity Measurements Under High Pressure
	High Pressure Devices
	Principle of Conductivity Measurement
	High-Pressure Experimental Cell
	Conductivity Measurement
	Insulation Resistance Test
	Iron Loss to Electrode
	Confirmation of Reproducibility
	Identification of Conduction Mechanisms

	Conductivity Measurement of Proton Conduction in Nominally Anhydrous Mantle Minerals
	High Insulation Resistance
	Determination of Water Content Before and After Conductivity Measurement
	Impedance Spectroscopy vs. Low Frequency Measurement


	Electrical Conductivity of Mantle Minerals
	Olivine
	Wadsleyite and Ringwoodite
	Garnet (Majorite)
	Silicate Perovskite
	Ferropericlase
	Silicate Post-Perovskite

	Geophysical Applications
	Conductivity-Depth Profile
	Conductivity Anomaly at the Top of the Asthenosphere
	Water in the Mantle Transition Zone
	High Conductivity Anomaly Near the Core-Mantle Boundary

	Concluding Remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


