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Abstract. The electrical properties of rocks and minerals are controlled by thermodynamic

parameters like pressure and temperature and by the chemistry of the medium in which
the charge carriers move. Four different charge transport processes can be distinguished.
Electrolytic conduction in fluid saturated porous rocks depends on petrophysical properties,

such as porosity, permeability and connectivity of the pore system, and on chemical param-
eters of the pore fluid like ion species, its concentration in the pore fluid and temperature.
Additionally, electrochemical interactions between water dipoles or ions and the negatively

charged mineral surface must be considered. In special geological settings electronic conduc-
tion can increase rock conductivities by several orders of magnitude if the highly conducting
phases (graphite or ores) form an interconnected network. Electronic and electrolytic con-
duction depend moderately on pressure and temperature changes, while semiconduction in

mineral phases forming the Earth’s mantle strongly depends on temperature and responds less
significantly to pressure changes. Olivine exhibits thermally induced semiconduction under
upper mantle conditions; if pressure and temperature exceed � 14 GPa and 1400 �C, the phase
transition olivine into spinel will further enhance the conductivity due to structural changes
from orthorhombic into cubic symmetry. The thermodynamic parameters (temperature,
pressure) and oxygen fugacity control the formation, number and mobility of charge carriers.

The conductivity temperature relation follows an Arrhenius behaviour, while oxygen fugacity
controls the oxidation state of iron and thus the number of electrons acting as additional
charge carriers. In volcanic areas rock conductivities may be enhanced by the formation of

partial melts under the restriction that the molten phase is interconnected. These four charge
transport mechanisms must be considered for the interpretation of geophysical field and
borehole data. Laboratory data provide a reproducible and reliable database of electrical
properties of homogenous mineral phases and heterogenous rock samples. The outcome of

geoelectric models can thus be enhanced significantly. This review focuses on a compilation of
fairly new advances in experimental laboratory work together with their explanation.
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1. Introduction

Geophysicists have used different electrical methods for the determination
of the electrical structure of the Earth’s crust and mantle. Magnetotelluric
(MT) measurements revealed that the Earth’s continental crust contains
zones of high electrical conductivity (Haak and Hutton, 1986) and provided
evidence that the structure of the crust is not simply layered but varies
laterally and with depth (Campbell, 1987). Various models and hypotheses
were suggested to explain such electrical inhomogenities. A common feature
of these models is that they all have to fit different aspects that control the
electrical properties; thus the models differ in space, time and scale. Even on
a local scale crustal and mantle rocks exhibit a broad variety in composi-
tion, thus reflecting the geological and tectonic history and their influence
on certain properties, e.g., rheology, heat flow, water saturation, grain size,
pores and fractures. Taking further into account the environmental condi-
tions at a given depth, thermodynamic properties like pressure and tem-
perature or oxygen fugacity have to be considered regarding their influence
on electrical rock properties.

Upper crustal rocks exhibit pores and fractures that may be partially or
totally filled with fluid electrolytes. Electrical charge transport in these rocks
is an electrolytic process and thus is controlled by the geometry (e.g.,
porosity, aspect ratio, tortuosity, degree of interconnection) of the pore
system (Section 3.1). The chemistry of the pore electrolyte can vary from low
to high salinities of up to more than 150 g NaCl per litre. Consequently, the
electrolyte chemistry is the most important factor for charge transport in
fluid saturated crustal rocks. Besides electrolyte conductivity, electrochemical
interactions between the fluid electrolyte and the mineral matrix contribute
additionally (surface conductivity, Section 4.1.1) to the total conductivity.

In special geological situations electronic charge transport through highly
conducting phases, like graphite, may occur. High electrical conductivity in
thrust fault structures is assumed to be caused by electronic conduction
through interconnected graphite films (Sections 3.2 and 4.2). This is still
under debate because electrolytic conduction through an open and well-
interconnected pore system may explain highly conducting zones as well, a
model that is favoured by various groups. Progress towards a solution of this
problem has been complicated by the lack of accurate knowledge of the
composition of the crust and by the lack of relevant and reliable laboratory
data on mid- and lower-crustal rocks. This is mainly due to the difficulty of
attaining simulated lower crustal conditions in the laboratory high-pressure,
high-temperature (HPHT) experiments.

At lower crustal and upper mantle pressure and temperature conditions,
temperature-induced semiconduction is the dominant transport mechanism.
As long as phase transitions can be neglected (Section 4.3.2), measured
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conductivities are weakly dependent on pressure and strongly dependent on
temperature and oxygen fugacity (oxygen partial pressure). The latter
quantity is of special importance for a reducing or oxidising environment and
thus controls, e.g., the number and charge of charge carriers, e.g., iron (Fe2+,
Fe3+). Measurements of the electrical conductivity of typical mantle mineral
phases like olivine and pyroxene were studied intensively (Sections 3.3 and
4.3.1) in the past. Today, conductivity measurements are performed in
sophisticated HPHT laboratory experiments (Section 4.3) using piston-
cylinder, belt and multi-anvil devices. Such experiments allow the observa-
tions of charge transport under mantle conditions, and the control and
measurement of the influence of thermodynamic and chemical parameters,
e.g., temperature, pressure and oxygen fugacity on temperature-induced
semiconduction, to be investigated. Due to the high p,T conditions required
for such experiments, it is critical to ensure thermodynamic equilibrium or
stationary conditions for one experimental cycle. These experimental prob-
lems are the main cause of the scatter in conductivity data reported by
various groups in the past. The most crucial point is the measuring time
required for each change in temperature to reach stationary conditions. In
many experimental setups an inefficient cooling system impedes long-term
temperature measurements. Without a cooling system being applied, elec-
trical conductivity measurements were performed rather fast (in a few hours)
under non-equilibrium conditions. But, as we know today, thermodynamics
require long-term measurements (up to weeks) to ensure stationary condi-
tions. A further complication is due to the fact that laboratory measurements
are generally performed on powder samples. Their results differ slightly (even
when the thermodynamic parameters are controlled) from single crystal
measurements where the conductivity was measured in the direction of the
three crystallographic base vectors defining the unit cell. This is mainly
caused by the grain size, by recrystallisation and the growth of grains at the
given experimental p,T conditions, and by different conductivity and charge
transport in the three directions. For laboratory data to be of use for elec-
trical modelling the experimental boundary conditions have to be achieved.
This assures that long reaction times can be established for each change in
temperature to ensure that the conductivity data were measured under sta-
tionary thermodynamic conditions.

In volcanically active environments, temperatures at shallow depths are
sufficiently high to produce local conductivity anomalies. These may be
explained by the formation of partial melts if the temperature is above the
solidus line (Sections 3.4 and 4.4). The conductivity of the melt is much
higher than that of the solid rock and, if the melt forms an interconnected
fluid phase covering the grains, then a significant increase in conductivity can
be measured. This kind of charge transport can be assumed in areas where
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temperature gradients are sufficiently high (volcanic areas) or at greater depth
in the Earth’s mantle.

In the last 10 years HPHT techniques were improved significantly by the
use of more sophisticated pressure cells. Autoclaves allow the control and
individual regulation of pressure, stress, temperature and fluid-pressure.
These new developments enabled the measurement of electrical rock prop-
erties under simulated in-situ conditions (Sections 2 and 4). Solid state
pressure cells like multi-anvil devices allow the measurement of X-ray dif-
fraction, acoustic velocities and electrical properties under in-situ conditions
while simultaneously pressure, temperature and strain are applied. Electrical
properties are generally measured as frequency dependent complex imped-
ances. Physical and chemical parameters that may constrain the transport of
electrical charges thus are accessible when frequency dependent complex
electrical conductivity measurements are performed instead of fixed fre-
quency measurements. This technique allows an interpretation of electrical
data in terms of charge carrier transport models and thus makes conductivity
data much more reliable.

Many research papers and review papers have been published giving a
thorough overview of the physical and chemical parameters that control the
electrical charge transport in rocks and minerals (Olhoeft, 1976; Olhoeft,
1979; Cemic et al., 1980, 1981; Duba et al., 1974, 1982, 1994; Glover and Vine,
1995; Glover et al. 1996; Hinze et al., 1981, 1982; Revil et al., 1996; Ruffet et
al., 1991, 1995). Within the last 10 years many efforts were concentrated on
the application of more sophisticated techniques to get a deeper insight into
the physical and chemical parameters that control the electrical charge
transport. Laboratory measurements provide accurate data of electrical
charge transport, the physical background of transport mechanisms for rocks
under elevated p,T conditions, and thus can be used for upscaling laboratory
data to larger geological units in order to constrain geophysical models and to
explain electrical structures and discontinuities in the Earth’s crust.

This review paper considers only fairly recent publications on the electrical
properties of crustal rocks and Earth mantle minerals. Papers dealing with
other analytical techniques like X-ray diffraction, IR and UV spectroscopy
and acoustic velocities are not considered though they provide valuable
information on rheological properties, phase transformations, density and
pore space, data that are essential for the understanding of processes in, e.g.,
a subducting slab.

This paper is organised in five sections, starting with this introduction
(Section 1); it is followed by an experimental section (Section 2) where
aspects of HPHT techniques and the theoretical background are described.
In Section 3 the principles of the electrical charge transport (electrolytic,
electronic, semiconduction and partial melts) in crustal rocks and mantle
minerals are discussed. This is followed by Section 4 where the data of
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important papers are presented in more detail. Section 5 summarises the
most important results out of a large number of publications available; only
those that explain the principal effects of charge transport in crustal and
mantle rocks are given.

2. Experimental studies and their interpretation

One objective of laboratory experiments is to measure the physical properties
of minerals and rocks from the Earth’s surface p,T conditions down through
the mantle to even core conditions. This requires the use of HPHT devices
that are designed to allow measurements in a certain pressure and temper-
ature range (Figure 1). Four different devices are used to study samples from
the surface to the Earth’s core p,T conditions. These devices may differ in
their construction due to special requirements that are needed to measure,
e.g., electrical and hydraulic properties or acoustic velocities.

Figure 1. Diagram of the temperature (T), pressure (p) and depth profile of the Earth and the

HPHT equipment used in this p,T-range. Autoclaves are used for studies to 400 MPa. Piston-
cylinder apparatus is designed for the temperature and pressure range up to 1600 �C and
4 GPa; sample sizes are in the range of 100 mm in diameter and up to 10 mm height. Belt

apparatus can be operated up to 8 GPa and temperatures of up to 1900 �C. Sample dimen-
sions in such research facilities are in the range of 4 mm in diameter and 4 mm height and for
industrial diamond synthesis in the range of some cm. Multi-anvil-devices of hexaedral

geometry allow pressures of up to 12 GPa. Temperatures can be increased up to 1800� C. The
dimensions of the cylindrical shaped samples depend on piston size, and range from a few mm
up to cm. Diamond squeezers are in use for studies in the mega-bar range. The samples are less

than 10lm, temperatures are applied using laser-heating techniques. Detailed information on
the HPHT equipment can be obtained from the homepage www.min.uni-bonn.de.
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2.1. HPHT equipment

Using pressure as the criterion for classification, at low-pressure conditions
fluid or gas operated steel autoclaves are used in the pressure range of up to
1 GPa. These devices allow measurements on large-scale samples up to
standard drill core dimensions. Additional features of these autoclaves are
the independent variation of hydrostatic (confining) pressure, the application
of differential pressures and the controlled variation of pore pressures to
simulate environmental conditions to a depth of >10 km in laboratory
experiments. Measured data can be directly compared with borehole data of
that depth if upscaled. Temperatures are generally limited by the annealing
temperature of the steel construction as long as no cooling system is installed.

Solid state pressure techniques of the piston-cylinder type (cylindrical
geometry of the pistons) and (conical) belt type apparatus are used for
generation of pressures greater than 2 GPa. The piston cylinder technique is
operated up to about 4 GPa, and belt-types up to 8 GPa. When combined
with a cooling system both devices allow long time measurements at tem-
peratures >1400 �C for weeks. If the pressure gradient across the sample
does not exceed 0.2 GPa and temperature gradients are less than <±10 to
15 �C at about 1600 �C then the dimensions of a cylindrical sample are
limited to roughly 1/3 of the piston diameter and 1/6 of the height for piston-
cylinder devices.

Sample diameter and height for the belt apparatus are directly related to
the dimensions of the conical pistons. The diameter of the inner conical drill
hole in the tungsten carbide matrix can range from several mm up to some
cm, depending on the process for which it is designed. For industrial dia-
mond synthesis diameters of up to 10 cm are in use, whereas for research
diameters in the range of 1–3 cm are convenient. This still allows sample
geometries comparable with those of the piston-cylinder forms of 3 up to
10 mm in diameter. Temperatures can be increased up to a maximum value
of 2000 �C while the gradient is still <±15 �C from top to bottom of the
sample. The accuracy of the temperature readings is better than 1 �C.

If pressures above 8–10 GPa are required, multi-anvil devices of tetrahe-
dral, hexahedral or octahedral geometry are used. These types of HPHT
forms can be operated in single stage mode or double stage mode, thus
allowing the application of pressures of up to 25 GPa. Experimental tem-
peratures are comparable with those of the belt-type machines, but experi-
mental times are limited to a few hours reaction time due to inappropriate
cooling systems. If the physical properties of samples have to be studied
under in-situ conditions, the single stage technique is used. Machines of this
type found at research facilities all over the world are often operated in
combination with a synchrotron radiation source that enables energy dis-
persive X-ray diffraction (EDX) as well as angle dispersive X-ray diffraction
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observations. X-ray diffraction studies can be performed in parallel with
electrical conductivity measurements. Thus phase transitions of, e.g., mantle
mineral phases or partial melting can be followed under in-situ pressure and
temperature conditions using X-ray diffraction and electrical conductivity
data.

In the Mbar pressure range, diamond anvil techniques (diamond-squee-
zers) are the appropriate tools. These pressure cells have the advantage that
diamonds are transparent from IR to UV and X-rays and thus allow phase
transitions to be studied under very high p,T conditions. Heating of the
sample is still a problem due to inefficient energy absorption of the samples.
In principle laser-heating and optical temperature measurements are
sophisticated methods for precise temperature measurement and control.
Sample sizes are in the range of a few microns depending on the size of the
flat of the diamond that is in the range from roughly 600 lm down to less
than 100 lm. The two diamonds are separated by a gasket. A drillhole in the
gasket contains the sample, pressure marker and a pressure transducing fluid
phase; its diameter ranges from >300 down to <50–100 lm for the highest
pressures. This technique is used to study, e.g., materials at lower mantle and
even Earth’s core p,T conditions.

2.2. Frequency dispersion measurements in HPHT devices

Frequency dependent complex electrical impedance measurements performed
in HPHT devices generate many problems that have to be controlled or
minimised. These problems are caused by the metallic environment, electrical
lead through, and the noise due to the resistance heating system that generally
requires low voltage but high currents of up to some hundreds of Amperes.
Further restrictions result from the sample holder, the sample electrode inter-
face and the cable connectors with the consequence that the frequency range
accessible in experiments is limited. Stray capacitances and inductances have to
be considered when the experimental data are interpreted by fittingmodel data
to the measured data in order to derive a physically and chemically reasonable
interpretation of the complex electrical response of the rock sample under test.

To minimise such experimental problems, different kinds of electrode
arrangements are in use. Their application depends on the pressure and
temperature range under which the experiments have to be performed. At
low pressures and temperatures 4-electrode techniques are easy to install.
Current electrodes are placed on the end faces of a cylindrical sample and the
voltage drop is recorded by two field electrodes. Thus there is no disturbance
of the recorded signal due to electrode polarisations.

In solid state pressure devices the guard ring technique is used to measure
electrical properties of samples under conditions of elevated pressure and
temperature. The resistance graphite heating system causes stray fields that
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have to be shielded. A proper shielding in combination with a narrow band
lock-in-analyser allows the measurement of the frequency dependence of the
complex sample response in a noisy environment. Nevertheless electrode
polarisations dominate the complex response at frequencies below roughly
1 kHz.

Two-electrode techniques are applied when fluid saturated porous rock
samples have to be measured under crustal p,T conditions. Again, the low
frequency limit is 1 kHz, while the high-frequency limit is about 1 MHz due
to coupling and cable effects. As electrodes various materials like stainless
steel, graphite, platinum, gold, silver and copper, as well as porous electrodes,
are widely used. Cable capacitances and inductive coupling can roughly be
considered by measuring an equivalent circuit with similar values of resis-
tance and capacitance to the sample under test. Theoretical calculation of the
complex response and comparison with the measured complex response gives
an estimate to correct for the inductive and capacitive coupling effects. If only
moderate pressures are applied and the temperatures are not too high, non-
polarisable electrodes like Ag–AgCl or Hg–HgCl are used to measure the
conductivity of fluid saturated sedimentary rocks.

2.3. Theory of complex impedance measurements

The electrical charge transport in geo-materials is based on electrolytic
conduction, electronic conduction, temperature-induced semiconduction or
ionic transport in a molten phase. If an electric field is applied to such a
system a marked frequency dependence of the electrical parameters of con-
ductivity and permittivity is observed. This is caused by a conduction current
and a displacement current. Displacement currents are due to polarisation
mechanisms like electronic polarisation, atomic polarisation, orientation
polarisation, electrode polarisation and membrane polarisation (Figure 2).

The electrical properties of materials are characterised by the parameters
resistivity q(W m) (or its reciprocal, the conductivity r =1/q (S/m)) and the
dielectric permittivity e (F/m). These quantities define the conduction current
density J being caused by an electric field E and the electric displacement D,
where

J ¼ rE ð1Þ

and

D ¼ eE ð2Þ

The dielectric constant er (or relative dielectric permittivity) of the medium
is defined as
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er ¼ e=e0; ð3Þ

where e0 ¼ 8:854� 10�12 F/m is the dielectric permittivity of free space.
Rock forming minerals exhibit conductivity and polarisability. As a
consequence, an applied electric field causes both a conduction current and a
displacement current to flow; these are out of phase with each other.
Conductivity, resistivity and permittivity are thus complex and also fre-
quency dependent (Fuller and Ward, 1970). Therefore,

r�ðxÞ ¼ r0ðxÞ þ ir00ðxÞ ð4Þ

q�ðxÞ ¼ q0ðxÞ þ iq00ðxÞ ð5Þ

and

e�ðxÞ ¼ e0ðxÞ þ ie00ðxÞ; ð6Þ

where x is the angular frequency x ¼ 2pf, f being the frequency; i ¼
ffiffiffiffiffiffiffi

�1
p

.
Primed quantities are the real parts and double primed are the imaginary
components, respectively. As discussed by Fuller and Ward (1970), the
parameters that are actually measured in laboratory and field experiments are
not the true values but are effective quantities given by

reffðxÞ ¼ r0ðxÞxe00 ð7Þ

and

Figure 2. Dispersion, the frequency variation of dielectric properties. e¥ is the optical, eo is the
static, and e¢, e¢¢ are the real and imaginary parts, of the dielectric constant.
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eeffðxÞ ¼ e0ðxÞ � ir00ðxÞ=x ð8Þ

The effective resistivity is

qeffðxÞ ¼ 1=reffðxÞ ð9Þ

The ratio of the imaginary part of any complex quantity to its real part
defines the phase angle U, e.g., for the effective conductivity in Equation (7),

tanU ¼ ½xe00ðxÞ�=r0ðxÞ: ð10Þ

Whereas the real parts of Equations (4) and (6) are often thought of as the
‘true’ values of the conductivity and permittivity, respectively, the effective
quantities in Equations (7) and (8) are the important ones because they are
what are actually measured (Fuller and Ward, 1970).

A common way to describe the complex permittivity (or dielectric con-
stant) of natural substances is to use resistor R and capacitor C circuit ele-
ments in series and parallel, indicating a relaxation process. Using this
scheme, Debye (1927) showed that the complex permittivity e�wðxÞ of water
has the frequency dependence given by

e�wðxÞ ¼ e0ð1Þ þ ½e0ðoÞ � e0ð1Þ�=ð1þ ixsÞ ð11Þ

where s is the time constant of the relaxation phenomenon. The permittivities
e0ðoÞ and e0ð1Þ are real, static and high frequency (optical) values, respec-
tively. The static dielectric constant of water is usually taken to be � 80
(Figure 2).

The single relaxation process expressed by Equation (11) can be expanded
using a distribution of relaxation times differing slightly in time constants,
and thus represent a combination array of RC-circuits (Bauerle, 1969; Cole
and Cole, 1941; Jonscher, 1975, 1978). Each RC-element describes one
relaxation process with the time constant s ¼ RC. The complex impedance of
this circuit is

Z� ¼ Z0 þ iZ00 ð12Þ

Various frequency dispersive polarisation processes can be accounted for
in this way (Figure 3). Such expressions are valid for simple dielectric media,
but they do not adequately describe mixed media like rocks.
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2.4. Modelling of complex responses

Simple parallel or series arrays of RC-elements are used to model the fre-
quency dependence of the complex response of electrical charge transport. A
conventional method to display frequency dependent complex impedance
data is the Cole–Cole diagram where the real part of the impedance Z¢ is
plotted versus the imaginary part Z¢¢ (Figure 4, 5) (Cole and Cole, 1941). The
complex response of such a system looks different if the time constants of the
relaxations differ by more, or less, than one order of magnitude. Figure 4
shows an example for the complex response of an array of two RC-elements
in series where the time constants si ¼ RiCi of the relaxations differ by less
than one order of magnitude. This causes an overlapping of the semicircles.
In contrast to this Figure 5 shows two well-separated semicircles due to time
constants differing by more than one order of magnitude.

The physical interpretation of the intersection of a Cole–Cole semicircle
with the real axis at the low-frequency end (right) is a measure of the bulk or
volume impedance of the sample. The high-frequency end is found at the
origin; frequency varies from low to high frequencies from the right end to
the left end of the semicircle. The electronic elements of such an equivalent

Figure 3. Frequency dependence of the real part of the dielectric constant and corresponding
polarisation mechanisms in the frequency range up to 1015 Hz. In laboratory experiments the
frequency is limited to a few MHz. Pg indicates polarisations of contact areas, Pgi are those at

grain boundaries, Pd are polarisations due to the orientation of charge carriers, Pa,i are ion
polarsations and Pe are electron polarisations.
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circuit (R1, C1, R2, C2) are related to the physical and chemical parameters
of the charge transport model, e.g., R1 and C1 refer to polarisations in the
bulk of the electrolyte, while R2 and C2 refer to surface polarisations taking
place at the mineral matrix/fluid phase interface layer. Thus the electrolytic
charge transport in the bulk of the electrolyte and surface conduction in the
electrochemical double layer (DL) can be modelled. Another type of diagram
is the Bode-diagram where the absolute value of the impedance /Z/ and the
phase angle are displayed as a function of frequency (Figure 6).

3. Electrical charge transport in rocks and minerals

3.1. Electrolytic conduction

The electrical properties of fluid saturated rocks depend on composition,
microstructure and interfacial effects. A rock sample thus can be considered
as a three-component system consisting of grains, pores and interfaces

Figure 4. Model calculation of an equivalent circuit of two RC-parallel elements in series. The
time constants of the relaxations differ by less than half an order of magnitude, causing

overlapping of the semicircles.

Figure 5. Model calculation with an equivalent circuit of two RC-parallel elements in series.
Two well-separated semicircles are visible due to time constants that differ by more than one
order of magnitude.
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(Figure 7). The term composition determines the bulk properties of the con-
stituents. These are well known for most rock forming minerals and pore
fluids. Microstructure considers the way in which these properties are aver-
aged over a larger volume, thus taking into account the geometrical
arrangement of the constituents. They are governed by the geological history
of the rock, namely sedimentation conditions and metamorphic overprint.
Anisotropies in petrophysical properties like porosity, permeability, crack
orientation, tortuosity and texture, etc. may thus be caused. Interfacial effects
are due to mineral/fluid interactions which result in the formation of the
electrochemical DL. This layer is particularly important for the electrical
properties of clay bearing rocks and in tight rock samples. Interfacial effects
depend on the chemistry of the pore electrolyte like ionic concentration, ionic
species and the surface charges of the rock forming minerals that interact with
the pore fluid.

Based on DC conductivity data, Archie (1942) proposed an empirical
equation that relates the rock conductivity rr (of mainly sandstones) to the
conductivity of a pore saturating fluid rf. The rocks were assumed to exhibit
intergranular porosity, and no disturbances due to the presence of reactive

Figure 6. Model calculation of a two-stage relaxation process. The absolute value of the

impedance /Z/ and the phase angle are displayed as a function of frequency; this is termed a
Bode plot.
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minerals such as clay were considered. The ratio of r to rs is termed the
formation factor F. The conductivity of an electrolyte is a function of salt
concentration (molarity), ion charge (Equation (13)) and temperature
(Equation (14)):

rf ¼ RðCa � ta � fa þ Cc � tc � fcÞ ð13Þ

rfðTÞ ¼ rfð20CÞ � ð1þ 2:16� 10�2DTþ 8� 10�6ðDTÞ2Þ ð14Þ

where Ca, Cc are the concentrations of the anions and cations, va, vc are the
mobilities and fa, fc are the conductivity coefficients depending on the con-
centration and chemical composition and ion charge (Ruffet et al., 1995), and
with DT being the difference of temperature from 20 �C (Dachnov, 1975).

Following the argument above that a rock sample can be considered as a
three-component system, then the total conductivity rt of a fluid saturated

Figure 7. Schematic representation of the electrical DL on a mineral surface (Revil et al.,
1996). The parameter rc is the effective conductivity of a representative elementary volume
(REV), whereas rf and rm are the free electrolyte and matrix conductivity. The disturbed
conductivity in the electrical diffuse layer can be taken into account by a specific conductance

parameter Ss.
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rock is the sum of electrolyte conductivity rf and surface conductivity rm as
long as the contributions of charge transport through the mineral matrix can
be neglected. With the restriction that rf >> rm, the total conductivity is
defined by equation 15:

rt ¼ rf þm � ð1þ hmÞ � rs � hm ð15Þ

where m is the cementation exponent and h the porosity (Waxman and Smits,
1968; Pape et al., 1981, 1999; Johnson and Sen, 1988; Bernabe 1986, 1988;
David and Darot 1989; Nover et al., 1995; Roberts et al., 2001; Roberts,
2002). Surface conductivity effects are well known for shale formations, or at
low salinities, or in low-porous, low-permeable rocks.

The electrochemical DL is a result of fluid–solid interactions. Clay miner-
als, e.g., exhibit a strong negative electrical field perpendicular to the surface
due to charge deficiencies at the surface of the crystal lattice. This negative field
attracts cations and repels anions. This zone near to the clay surface, where
counterions are concentrated, constitutes a layer with a specific conductance.
Its outer surface defines the Stern Plane; surface conductivity takes place in
this layer. Beyond the Stern Plane hydrated anions and cations as well as water
dipoles are found in the electrical diffuse layer (Figure 7). Interactions with
the charged mineral surface are less pronounced. Both layers, the Stern layer
and the electrical diffuse layer, form the electrochemical DL. The thickness
of theDL depends on the species of ions adsorbed and thus on the chemistry of
the electrolyte. It decreases when the ion concentration increases. The Gouy
Chapman model of the DL assumes a charge distribution in the diffuse layer
following a Boltzmann distribution. Thus the potential drop from the surface
into the bulk of the electrolyte can be characterised by the Debye length, being
a measure of the thickness of the DL. The Debye length is the distance beyond
which the interface effect is screened. As the thickness of the DL decreases with
increasing salinity (molarity of the pore fluid), the electrolyte molarity is an
indirect measure of the thickness of the DL. The surface conductivity rs is
proportional to the surface charge density Qs of the rock formingminerals and
the ‘strength’ of the interaction between the solid phase and the ions in the
electrolyte (Revil et al., 1996).

Frequency dependent complex conductivity measurements lead to the
conductivity and the dielectric properties of the system rock/fluid as a whole.
The important effect is the enhancement of the dielectric constant at low
frequencies (Fuller and Ward, 1970; Knight and Nur, 1987). At low fre-
quencies, very high-relative permittivities (up to 104) were measured in min-
eral–water mixtures, though the constituents exhibit relative permittivities in
the range of 5–80. This behaviour is of particular importance for clay–water
mixtures (Olhoeft, 1987) that were the starting point for the detailed studies of
interfacial effects and surface conductivity (Ruffet et al., 1995; Börner and

ELECTRICAL PROPERTIES OF CRUSTAL AND MANTLE ROCKS 607



Schön, 1995; Revil et al., 1996). Ruffet et al. (1995) and Revil et al. (1996)
studied surface conductivity rs in detail and presented an equation consid-
ering the electrochemical dependencies:

s

Z ðvDÞ

0

ðrðvÞ � rfÞ ð16Þ

rðvÞ is the spatially varying conductivity in the electrical diffuse layer and v
measures the distance along a normal directed into the pore space from the
Stern Plane. It converges to rf, the electrolyte conductivity, for a distance from
themineral surface representing the free electrolyte;rðvÞdependsmainly on the
concentration and type of electrolyte, its charge, temperature and the thickness
vD the Debye (1913) screening length of the electrical diffuse layer that is a part
of the electrochemical DL. Equation (16) is valid for a system under stationary
(equilibrium) conditions where no pressure or electrical gradient causes a
movement of the fluid phase. If amovement is considered thiswould require the
introduction of the Zeta-potential (ZP) that can be measured either by electro-
phoretic or electro-osmotic techniques, depending on which species is the
moving one. The electro-osmotic ZP is based on velocity measurements of
dispersed minerals with sizes of a few lm in an electrolyte.

Except for some special experimental set-ups in well-defined chemical
environments, most of the parameters are not known. Consequently the
surface conductivity term can only be expressed by a general factor shifting
the conductivity to higher values. Thus the bulk conductivity rbulk of a
sample was expressed by a sum of the various contributions to the total
conductivity:

rbulk ¼ rf þ rm þ rs ð17Þ

where rf is the electrolyte conductivity, r is the matrix conductivity of the
rock forming minerals (low in the case of pure quartz, but high in the
presence of clay) and rs the surface conductivity caused by polarisation of,
e.g., ions or hydrated ions at the inner surface of the pore system. In prin-
ciple, different polarisations in such a system are characterised by different
time constants, which can be identified by studying the frequency dependence
of the system rock/pore saturating brine (Olhoeft, 1985).

3.2. Electronic conduction

Electronic conduction may increase the electrical conductivity by orders of
magnitude if the highly conducting phases (graphite, ores) form an inter-
connected network. The conductivity of such a system can be described using
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Ohm’s law. A limiting condition is given by the degree of interconnection and
the specific conductance of the metallic conducting phases. If not intercon-
nected, they can be assumed to be good conductors in an isolating matrix;
otherwise, variations in the degree of interconnection can be calculated using,
e.g., the upper bound formula of Hashin and Shtrikman (1962). The most
prominent candidate for a conductivity increase is carbon (graphite). Duba
and Shankland (1982) used the upper bound formula to calculate the abso-
lute amount of well-ordered graphite required to enhance the conductivity of
dry rocks. They found that a volume fraction of carbon of only 5�10)6% can
cause a conductivity of 0.1 S/m if well interconnected.

The origin and transport of carbon is still controversial; passive or active
enrichment in crustal rocks are both considered, but the thermodynamic
parameters that control precipitation (reduction, oxidation) of carbon from a
gas or a fluid phase, e.g., CO2 or CH4 are not well understood. If organic
carbon is assumed to be the carbon source, the well known processes of
coalification and, subsequently, that of graphitisation of hard coal can be used
to estimate the p,T conditions under which graphite may be formed.
Greenschist facies p,T conditions were found to be sufficient to transform
poorly conducting carbon into highly conducting graphite (p< 0.6 MPa,
T<500 �C; Nover and Stoll, 2005). However if a carbon-rich gas like CO2 or
CH4 is assumed to be the carbon source, what is the process which provides
the required activation energy to reduce or oxidise these compounds under
lower crustal conditions? The first ideas (Mogk and Mathez, 2000) and
experiments were proposed and performed by Roberts et al. (1999), who
observed an increase in conductivity on newly formed fractured surfaces in
presence of a CO2 atmosphere.

3.3. Semiconduction

Most rock forming minerals act like insulators at room temperature and thus
their electrical conductivity is rather low. This picture is changed when the
temperature is increased and semiconduction takes place due to the enhanced
mobility of lattice defects and impurities. The number and mobility of these
charge carriers determine the conductivity r that can be described in general as:

r ¼ Reqinivi ð18Þ

where e is the charge of an electron, qi the number of charges of the carrier i,
ni the concentration and vi the mobility of the charge carriers. Mobility and
concentration both follow an exponential law:

ci ¼ coi exp�G�f;i=kT ð19Þ
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vi ¼ voi exp�G�m;i=kT ð20Þ

where ci
o is concentration of the charge carrier i for T fi ¥, vi

o the mobility
of charge carrier i for T fi ¥, G*

m,i the free enthalpy required to move a
charge carrier i, G*

f,i the free enthalpy to generate a charge carrier i, k
Boltzmann’s constant, and T the temperature in Kelvin. Charge carriers can
be moved by two different processes; at low-temperatures impurities on
interstitial lattice positions can be moved causing extrinsic charge transport,
whereas at high temperatures ions of the crystal lattice can move from
regular places to interstitial positions, thus causing intrinsic conduction.
Consequently the conductivity of an ionic crystal rges can be defined as the
sum of exponential terms (Figure 8):

rges ¼ r1 expð�E1=kTÞ þ r2ð�E2=kTÞ þ � � � þ ri expð�Ei=kTÞ ð21Þ

The terms E1, E2, Ei are the individual free enthalpies that are combined to
one activation energy that is required for the formation and the movement of
the charge carriers. Extrinsic and intrinsic defects generally can be assumed
to contribute to the total conductivity. The defect concentration depends
exponentially on the enthalpy of formation, whereas the mobility of charges
depends on the geometry of the crystal lattice and thus is a tensor function
with a significant anisotropy in conductivity. rges was measured on single
crystals of olivine by Schock et al. (1989) and Wanamaker and Duba (1993),
whereas powder samples exhibit a mean conductivity. In olivine the most
probable defects are extrinsic defects due in part to excess Mg on unoccupied
octahedral positions in the lattice, and charge that is balanced by electrons or
defect-electrons. Intrinsic defects were generated by increasing temperature,
causing Mg–Frenkel defects. Regular Mg-ions moved to interstitial positions
leaving back 2-fold negative vacancies.

Temperature-induced semiconduction depends on the thermodynamic
parameters of temperature, pressure and oxygen fugacity. All of these
directly influence the defect concentration and its equilibrium which is dif-
ferent for each given temperature. Thus the temperature dependence of the
conductivity can be described by an Arrhenius-like behaviour:

r ¼ ro expð�Ea=kTÞ ð22Þ

where r is the conductivity, ro a pre-exponential factor, and Ea the activation
energy. The activation energy can be calculated from a plot of log conduc-
tivity against reciprocal temperature. The slope of the log r versus (1/T)
dependence is equal Ea/k, and thus gives an estimate of Ea. In general two
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regions different in activation energy could be detected in the temperature
range from 500 up to 1500 �C for mantle relevant mineral phases, repre-
senting extrinsic and intrinsic conduction (Figure 8) (Cemic et al., 1980;
Duba et al., 1974, 1982, Schock et al., 1989; Hinze et al., 1981, 1982; Roberts
and Tyburczy, 1993a, 1993b). Activation energiess for the two transport
processes range for olivines from 1 to 5 eV.

3.4. Partial melts

Partial melts also may increase the electrical conductivity by several orders of
magnitude if the temperatures are sufficiently high. These processes play a
key role in crustal and mantle dynamics and their evolution. The temperature
at which partial melts may form depends on the chemistry of the rocks, the
presence of hydrous mineral phases or the presence of free water (Roberts
and Tyburczy, 1999; Poe et al., 2001). These parameters define the position of
the solidus in a p,T diagram. Laboratory experiments on such systems are
complicated by non-equilibrium conditions between the melt phase and the
remaining solid rock when temperatures are changed. This non-equilibrium
between the fluid and solid phase will directly affect the concentration of the
ions in the fluid phase and thus the number of charge carriers. The electrical
signature of a partial melt can be seen in the complex response of the sample
when the frequency dependence of the conductivity diminishes (Figure 9). If
a melt phase is formed, the conductivity is enhanced by several orders in
magnitude (Shankland and Waff, 1977; Schilling et al., 1997, 2001; Roberts

Figure 8. Schematic representation of an Arrhenius diagram where log conductivity is plotted
against the reciprocal of the absolute temperature. The four lines represent different extrinsic

charge transport processes, typical for temperature-induced semiconduction. The variation of
the gradient at elevated temperatures indicates that intrinsic charge transport then dominates
the conduction process.
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and Tyburczy, 1999; Bagdassarov et al.,2002; Partzsch et al., 2000; Maumus
et al. 2001; Poe et al., 2001; Nover et al., 2004a, 2004b, 2006).

4. Results

4.1. Electrolytic condition

In this section, only those papers that deal with specific aspects such as
surface conductivity, complex impedance measurements, pressure and stress
dependence of the conductivity are considered, as also are those papers that
deal with a relation between electrical model and measured data. Papers that
only describe the electrical properties of rocks from specific locations are not
considered in this review.

4.1.1. Surface conductivity
Knight (1991) measured the conductivity of sandstones during water takeup
and drainage. A significant hysteresis in conductivity was detected, showing
that the conductivity depends on the saturation history of the sample.
Conductivity changes reflect variations of fluid and air distribution on the
pore scale as caused by natural saturation processes such as infiltration and
evaporation. This observation was explained by the number of monolayers of
water that coat the inner surface of the pores and conduction at the air/water
interface, parameters that are very important in characterising transport in
the unsaturated zone.

Figure 9. Equivalent circuit and schematic responses of three conduction mechanisms: crystal,
grain-boundary/melt series, and melt parallel, and a representative electrical circuit showing
one possible combination of the three mechanisms. The upper right response indicates that

series conduction is dominant; the lower diagram indicates that parallel conduction is domi-
nant (Roberts and Tyburczy, 1999).
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Vanhala and Soininen (1995) used the spectral induced polarisation
response measured over the frequency range from 0.01 up to 1000 Hz to
compare laboratory results with field measurements. They measured the
resistivity spectrum of various soil samples having different mineralogy, grain
size distribution, moisture content and electrolyte composition under satu-
rated and unsaturated conditions. They found differences in the complex
response in the low frequency region due to polarisable and non-polarisable
electrodes, but easy to use platinum or steel electrodes produce reliable
results in the frequency range of 0.016 up to >1000 Hz. The maximum phase
shift due to surface polarisations was detected below 0.1 mrad, with high
input impedances >100 MW and sample resistances <10 MW. As expected
the phase spectra of various silt, sand and till samples were not critically
sensitive to the sampling and preparation of the samples (Figure 10) due to
the unconsolidated nature of the glacial sediments. The laboratory data could
be correlated with induced polarisation (IP) field data of glacial soils.

Dielectric dispersion measurements were used by Haslund and Nost
(1998) to calculate the porosity and formation factor of sintered porous glass
samples. A bimodal grain shape distribution allowed a reasonable fit to the
measured dispersion data. The good agreement of the refined parameters and
measured data using the pore fluid conductivity, porosity and two geometric
quantities as adjustable parameters allowed both porosity and formation
factor to be derived for the synthetic sintered glass sample, using the theory
of Mendelson and Cohen (1982) and Sen (1981, 1984) (MCS). In Figure 11
experimental points and theoretical curves for the normalised effective con-
ductivity r/rw of various samples are displayed versus normalised frequency
x /xw on a logarithmic scale. The angular frequency x has been normalised
by the relaxation frequency of the ionic conduction in water xw=r w/(eoe¢w).
The close fit shows that the (MCS) model allows porosity and formation
factor to be predicted for the sintered glass specimens when petrophysical
properties like porosity, aspect ratio and pore-electrolyte conductivity were
variable in the fitting procedure.

Glover et al. (1994) report on conductivity measurements performed on
sandstones saturated with a range of different types and concentrations of
fluid electrolytes in the frequency range from 20 up to 1 MHz. Two regimes
of conduction could be separated. At high electrolyte salinities the logarithm
of the saturated rock conductivity is directly proportional to the logarithm of
the electrolyte conductivity – this is the region of bulk conductivity. At low
electrolyte conductivities this relation is no longer valid: the saturated rock
conductivity tends to a constant value representing surface conductivity
(Figure 12). The interpretation of the Cole–Cole diagrams for these data
indicated that Na+ ions were adsorbed on quartz grain surfaces.

Wildenschild et al. (2000) studied such phenomena in more detail when
measuring the electrical response at a fixed frequency of 1 kHz on different
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sand–clay mixtures. Variables in the measurements were the clay content that
was increased from zero up to 10% montmorillonite and the packing geom-
etries that were set to dispersed, clusters and parallel layering. Using these
boundary conditions they distinguished between the bulk conductivity (rbulkÞ
in the electrolyte and surface conductivity. Electrolyte conductivities (rfluidÞ
were varied from 10)4 up to 6.4 S/m using distilled water and CaCl2 solutions

Figure 10. Experimental points and fitted theoretical curves for the effective normalised

conductivity r/rw variation with normalised frequency on a logarithmic scale (Vanhala, 1997).

Figure 11. Electrical conductivity of samples of Berea and Darley Dale sandstone saturated
with NaCl solutions of various concentrations as a function of the electrical conductivity of

the electrolyte solutions: Triangles – Berea; circles – Darley Dale (Haslund and Nost, 1998).
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of up to 0.75 N. The results confirmed that the surface conductivity domi-
nates the charge transport in dilute electrolytes. Two different regions are
visible in Figure 13, at high fluid concentrations(>1 S/m), rbulk has a power-
law dependence on rfluid, and the gradient of the line is approximately unity.
Movement of ions through the bulk fluid is the dominant conduction mech-
anism. However, at low fluid concentrations (<1 S/m), rbulk is no longer
solely dependent on rfluid. In this region, surface conductance due to mobile
ions in the electrical DL becomes more important; the curves tend to a con-
stant, which represents surface conductivity (Revil et al., 1998).

A linear dependence between bulk conductivity and fluid conductivity was
measured when salt concentrations were above the threshold value. An
increase of the clay content from 3 to 10% shifts the intercept to higher
values of surface conductivity from 0.018 to 0.0576 S/m, whereas clean sand
exhibits the lowest value, 0.0054 S/m (Figure 13). The configurations of the
clays are also of importance for the measured conductivities. Clustered clay
exhibits the lowest values whereas parallel configurations produce the highest
surface conductivity values. The intercept with the ordinate axis of Figure 13
defines a parameter b that can be used to calculate surface conductivity from
the known formation factor F, the intercept b and L considering the geom-
etry of the porous medium (Carman, 1965; Revil et al., 1996).

Figure 12. Log–log plot of bulk conductivity versus fluid conductivity for various mixtures
and distributions. For rfluid below 0.2 S/m the surface conductivity becomes a dominant factor

in the total conductivity. Above this value the bulk conductivity is relatively sensitive to clay
content and distribution (Glover et al., 1994).
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Rs ¼ bKF=2 and K � Vp=S ð23Þ

where Vp is pore volume and S the inner surface area of the pore system.
Similar results were reported by Johnson and Manning (1986), Sen (1984)
and Revil et al. (1998). Their results show the significant influence of surface
conductivity on bulk electrical properties, especially for porous samples
saturated with dilute electrolytes and low porous low permeable samples
where the thickness of the DL is the same order as crack width.

Roberts (2002) performed conductivity measurements on porous tuffs in
the temperature range of 23 to 145 �C. Porosities ranged from 0.089 to 0.135,
and saturation conditions were set from 20 up to 100%. An Arrhenius
behaviour of the conductivity was detected in the temperature range up to
145 �C. Activation energies Ea (using r=roexp()Ea/kT)) were found to be
negatively correlatedwith saturation, and decreasedwith increasing saturation
from 0.28 down to 0.15 eV (Figure 14). The times required for equilibrium of
conductivity are rather short. After a step change in pore pressure it is about
10% of the time for the pressure pulse. If samples were partially saturated and
pore pressures were high due to a temperature increase, the conductivity was

Figure 13. Log–log plot of bulk conductivity vs. fluid conductivity for different sand-clay

mixtures and distributions. For fluid conductivities below about 0.2 S/m surface conductivity
becomes a dominant factor in the total conductivity (Wildenschild et al., 2000).
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found to be comparable with that of 100% saturation. But if pore pressure
were lowered below the boiling point a decrease of the conductivity was
measured. At low saturation conditions, <20%, Roberts et al. (2001) report
an exponential dependency of the resistivity

q ¼ q expðCSwÞ ð24Þ

where C is a constant and Sw is the saturation. This equation provides the
best match with the laboratory data for all temperatures and saturations. A
mixed conduction process of bulk and surface conductivity is most likely at
low saturation conditions. A surprising result was that a large volume of
pores will stay filled with liquid even at relatively low pore pressures. This has
implications for, e.g., reservoir engineering, radioactive waste disposal and
exploration techniques.

El-Kaliouby et al. (2001) measured the polarisability of a water saturated
sand–clay–hematite mixture in the frequency range from 1 Hz up to
100 MHz. They tested the validity of a Cole–Cole model in the frequency
range from 5 Hz up to 500 kHz which is of interest for correlation with
transient electromagnetic measurements (TEM) performed in the time
domain. Forward modelling and neural network inversion were used to
derive the essential Cole–Cole parameters of chargeability m, the time con-
stant s and the frequency parameter c:

rðxÞ ¼ ro½1þ ðixsÞc�=½1þ aðixsÞc� ð25Þ

where r is the conductivity, a=1 ) m and i=� )1. Dispersion was detected in
the measured data in the low frequency range due to membrane polarisation
caused by the clay content. The high frequency response is due to the bulk
properties of the constituents. To fit the measured data, a two-layer model
with an upper polarisable layer and a three layer model including a second
polarisable layer were used. Forward modelling with an upper, partially
saturated aquifer showed that such a layer has a negligible effect on the
response.

4.1.2. Pressure dependence of the conductivity
A theory explaining the influence of pressure on the electrical conductivity
was published by Johnson and Manning (1986). Fracture closing due to
applied confining pressures was modelled on the basis of percolation theory
using an isotropic network of pores and cracks that closed randomly. They
were able to explain why fractures with a high aspect ratio are closed first at
low confining pressures, while at higher pressures the intrinsic properties of
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the pores dominate the decrease of pore volume. This was confirmed by
various groups that measured decreasing rock conductivity when hydrostatic
pressures (uniaxial and confining (mantle) pressures are equal) were applied.
Measurements were performed on sedimentary and crystalline rocks. These
experiments were not only a simple confirmation of theoretical consider-
ations but aimed on a better understanding of, e.g.,

(i) the electrical signature of fracture closing (Moret and Le Mouel, 1987,
1992; Shankland et al., 1997; Fowler et al., 2005; Freund and Nover
1995; Nover et al. 2000, 2001, 2005),

(ii) the opening of fractures in reversed (stress) experiments (Heikamp and
Nover, 2003),

Figure 14. Log conductivity versus reciprocal temperature for a tuff sample between 23 and
95 �C, for both wetting (a) and drying (b) at varying saturations. Straight line fits using an
Arrhenius relationship are shown. Activation energies range between 0.15 and 0.28 eV

(Roberts, 2002).
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(iii) surface conductivity (Nover and Stoll 2005),
(iv) reconnection of highly conducting phases when fractures close (Glover

and Vine, 1992; Duba et al., 1994; Fowler et al., 2004; Nover and Stoll,
2005).

The last aspect may be used to explain highly conductive zones in the Earth’s
crust (Section 4.2.1).

Heikamp and Nover (2003) measured pressure-induced variations in pore
geometry on dry and fluid saturated low porous (<0.02) low permeable
(<5 nD) marble samples. Hydrostatic and uniaxial pressures were applied.
Pressure-induced closing of open fractures and a reduction of the aspect ratio
caused an increase of the bulk conductivity in hydrostatic pressure experi-
ments (Figure 15). In contrast to this an increase in conductivity was mea-
sured when uniaxial pressures were applied. The opening of new cracks
increased the conductivity and thus increased the inner surface of the pore
system. This increase in pore surface corresponds with an increase of the
surface sensitive model capacitor that was derived from a least squares
refinement of the frequency dependent complex conductivity data. The
increase of the value of the capacitor was moderate when stress conditions
were not close to the stability limit of the sample, but before failure a sharp
increase indicates clustering of new fractures. The value of the capacitor was
decreased in hydrostatic pressure experiments.

The pressure dependence of the complex electrical resistivity of porous
sandstones from gas drillings was measured by (Duba et al. 2001; Nover et al.
2004a, 2004b). They used frequency dispersion data in the frequency range
800 Hz up to 1 MHz to explain surface conductivity and to present a quali-
tative permeability–conductivity relation. The complex response was inter-
preted using an equivalent circuit model consisting of two RC-elements in
series. Resistor R2 increases as a function of pressure, reflecting the closing of
fractures and the decrease in connectivity of the pore system. The reduction of
the inner surface area was detected in C2 that exhibited a decrease by about
half an order of magnitude. The model capacitor C2 showed a lithology effect
(anisotropy) being different for one sample when measured in the foliation
(X,Y) and perpendicular to it. A crossplot of the presure dependence of C2
versus the pressure dependence of the permeability resulted in a straight line
(Figure 16). The slope of the lines of various samples and spatial orientation
reflected the lithology and were indirect measures for pressure-induced vari-
ations in the inner surface area.

4.2. Electronic conduction

Carbon is one possible candidate for causing high conductivity anomalies of
the Earth’s crust. Using the upper bound formula, Duba and Shankland
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(1982) calculated the absolute amount of highly conductive and well-inter-
connected carbon required, and found that a volume fraction of only
5�10)6 vol% of carbon was necessary to enhance the electrical conductivity
of dry rocks to values typical for conductive zones at lower crustal conditions
(0.1 S/m). Highly conducting zones can thus be explained in principle by
metallic conduction in graphite if the carbon layers are well interconnected.
In view of the tectonic history of rocks, convincing models for the transport
and deposition of carbon, either as organic matter or in the gas-phase, are
required.

4.2.1. High electrical conductivity caused by graphite
Carbon-enhanced conductivites of crustal rocks were reported by Glover
and Vine (1992), who measured electrical conductivities at fixed frequencies
on fluid saturated graphite free and graphite-bearing crystalline rocks
(Figure 17). The samples were exposed to increasing pressures and tempera-

Figure 15. Response of the bulk resistance of a limestone sample saturated with a NaCl
solution of 0.1 molarity in a hydrostatic and a uniaxial loading pressure experiment. Due to
the closure of open fractures the resistance was increased in the hydrostatic experiment,

whereas a continuous decrease of the bulk resistivity was observed in the uniaxial loading
experiment (Heikamp and Nover, 2003).
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tures (0.2 GPa, 900 �C), thus establishing the in-situ p,T conditions of a lower
crustal environment. The results showed that increasing the pressure decreased
the bulk conductivity in the graphite free samples caused by a reduction of the
pore fraction where ‘electrolytic’ conductivity could take place. This decrease
in conductivity is typical of graphite free samples, but was reversed when
graphite-bearing granulites were measured. In this case the samples exhibited
an increase in conductivity though fractures were closed and electrolytes were
squeezed out of the pores. These results were confirmed on graphite-bearing
granulites measured both dry and fully saturated. In both cases the conduc-
tivity increased when pressure was applied and the fractures closed.

Cores samples from the German Continental Deep-Drilling Program
(KTB) revealed interconnected conductive graphitic veins and shear zones as
well as disconnected, isolated graphite crystals (Zulauf, 1992; Kontny et al.,

Figure 16. This diagram displays a cross-correlation of the pressure dependence of the per-
meability and of an electrical parameter that was derived from a least-squares refinement of

model data that were fitted to the measured frequency of the complex electrical response. The
numbers (2, 3, 4, 8 and 9) are for the different samples,X, Y and Z stand for the orientation of
the sample in regard to foliation and lineation; X is the direction of the lineation, X–Y is the

foliation plane, and Z is perpendicular to the foliation plane. The abscissa shows the per-
meability, while the ordinate displays a complex quantity, a refined model capacitor; this
measure can be related to the inner surface of the pore system. The lines between the points are

simply a guide for the eye; they show in which way permeability and electrical properties
change as a function of pressure. Pressure increases along the lines from right to left. Identical
samples, but different in orientation in regard to the texture exhibit different pressure
dependencies of permeability and electrical properties. These data will be used for a better

permeability–conductivity relation.
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1997). In cataclastic fault zones, graphite is associated with mineral assem-
blages suggesting deposition temperatures of 250�to 340 �C and pressures
<200 MPa. This graphite extends over distances of at least some kilometres
as proved by plug-, borehole- and field-measurements (ELEKTB, 1997; Stoll
et al., 1992, 1995, 2000). Mogk and Mathez (2000) report that at a depth of
9.1 km the carbonaceous material is predominantly elementary carbon. At a
shallower depth of about 4.6 km a mixture of elementary carbon, simple
hydrocarbons (such as alkanes and possibly C–O–H compounds) were
detected using time of flight secondary ion spectroscopy (TOF-SIMS) and
electron probe analysis. Carbonaceous matter and retrograde formed min-
erals on microcracks were formed together at high crustal levels and much
later than peak metomorphism. Due to the production of hydrocarbons
during retrograde metamorphism grain boundary and microcrack carbon
was mobilised, and thus the degree of interconnection of the carbon network
was reduced.

Shankland et al. (1997) measured an unusual pressure effect on graphite-
bearing fluid saturated KTB core samples. Increasing the confining pressures
caused an increase in conductivity due to a higher degree of reconnection of
graphite on open fractures of the samples. Using percolation theory and the
slope of the pressure versus conductivity curve, Shankland et al. (1994) cal-
culated the fraction of reconnected carbon bonds when pressure was applied.
A minimum value of 25% for the degree of interconnection pc is required to
form a three-dimensional network.

This finding was verified by Nover et al. (1998) who studied the complex
conductivity on 8 KTB core samples from a micro-profile of the drilling. In
this cataclastic section (7012 m in depth), higher concentrations of graphitic
carbon on fractures were detected in the amphibolites. Seven of the samples
exhibited a normal pressure – conductivity dependence, though the con-
ductivities of all samples were enhanced by at least two orders in magnitude
in comparison with graphite-free samples. When pressure was raised up to
200 MPa an increase of the conductivity by about a factor of 1.4 was
detected. The conductivity was further increased (by a factor of 1.8) when the
sample was kept at 200 MPa for more than 600 h. The complex response
showed ‘quasimetallic’ charge transport through the reconnected graphite
network as a function of time, whereaselectrolytic conduction diminished.

Jödicke et al. (2004) reported graphite (3% by volume) enhanced con-
ductivity in metapelites from Calabria. A high conductivity of up to 50 S/m
was detected in some sequences of the metapelites where an interconnected
network of iron sulphides and graphite was formed on shear planes. In the
highly conducting samples the frequency dependence was measured in the
frequency range 10)3 to 105 Hz. No significant changes in the absolute values
of the conductivity and phase angle were detected as a function of frequency,
indicating ‘quasimetallic’ conduction through the interconnected network of
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carbon. This was confirmed by measurement under dry and fully saturated
conditions. For comparison, additional carbon-bearing metapelites (3% by
volume) from other locations were studied, but in these samples all of the
carbon was concentrated in the form of isolated grains. The conductivity of
these samples was not enhanced above the value typical for such rocks.

Figure 17. The variation of the electrical conductivity of unsaturated samples of carbon free
(F3/F4) and carbon-bearing (G3/G4) granulites when subjected to raised confining pressures.
G3/G4 measurement direction parallel and perpendicular to carbon foliation; F3/F4 no

foliation. Data are normalised to values at 18 GPa (Glover and Vine, 1992).
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Hoffmann et al. (2001) interpreted deep-seated good conductors in the
North German Basin considering highly conductive black shales to be the
cause. To prove this they measured the complex conductivity on black shale
rich core samples from the Münsterland drilling and found a perfect fre-
quency independence, together with high conductivities in the frequency
range from 10)3 to 106 Hz. Phase angles were close to 0�. Consequently
metallic conduction dominates the charge transport in the carbon rich rocks
(5–8%) of the meta-anthracite stage. A discontinuity in the conductivity
profile of the Münsterland drilling borehole was detected at the boundary of
the meta-anthracite stage. Hoffman et al. (2001) deduced that, at this depth,
the transition from less ordered, poorly conducting carbon to well-ordered
graphitic carbon occurs. The observed vitrinite reflectance supports this.

The electrical conductivity of high schistosity black shales from bore holes
in Vernier, Switzerland, was measured by Losito et al. (2001). The samples
were studied under simulated environmental conditions at temperatures of
up to 180 �C, confining pressures of 39 MPa and a pore pressure of 23 MPa.
Complex data were measured in the frequency range from 0.005 to 200 Hz
using 2- and 4-electrode techniques on samples oriented parallel and per-
pendicular to the layering of these carbon-bearing shales. They found a
significant anisotropy in conductivity (about one order of magnitude) but
measured a normal pressure effect when confining pressures were increased
and fractures closed. An unusual pressure effect was detected on those
samples where a reconnection of the conductive carbon network was
observed when confining pressures were increased and fractures closed.

Monteiro Santos et al. (2002) interpreted deep-seated crustal anomalies in
SW Iberia by using a modified brick-layer model. They calculated the
graphite fraction required to cause high electrical conductivity. This modified
model allowed the conductivity enhancement to be calculated due tointer-
connected graphite films:

r ¼ ðr1ðr1ðf2=3 � 1Þ � rf2=3Þ=ðrsðf� f2=3Þ þ r1ðf2=3 � f� 1ÞÞ ð26Þ

where r is the resulting conductivity, r1 the conductivity of graphite, rs the
conductivity of grains and f=1 ) x, where x represents the volume fraction
of the graphite. The calculations suggest that a fraction below 0.02% of
graphite is sufficient to explain the measured conductivities.

Carbon enhanced conductivity was detected by Fowler et al. (2004) on
carbon-bearing and carbon-free drill cores from the Trans Hudson Orogen.
In the complex impedance spectra, carbon rich samples (1 to 10% carbon
plus up to 10% ores; porosity <1%) exhibited a Cole–Cole response typical
for electrolytic conduction. They assumed that a low degree of inter-
connection of the highly conducting phases was present. In contrast to this,
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well-interconnected graphite was detected in one of the samples, though the
absolute amount of carbon was only in the range of 3%. The corresponding
Cole–Cole diagram exhibited the typical response for metallic conduction by
a negligible contribution of the imaginary part of the conductivity and no
frequency dependence (1 kHz to 1 MHz) of complex quantities (Figure 18).
This finding was supported by time dependent measurements performed at
elevated pressures. Though fractures were closed, and the contribution of
electrolytic conduction to the total conductivity was reduced, the frequency
dependence of the conductivity decreased.

4.2.2. Graphitisation of less ordered carbon
Graphitisation is the final stage of a maturation process by which organic
matter loses adsorbed volatiles. This loss of mobile phases (H2O, CH4, N2,
etc.) is a purification process that will finally result in chemically pure carbon
but with a low degree of ordering of the hexagonal carbon rings. As graphite
is often found in metamorphic rocks with a certain tectonic history the
influence of such parameters on graphitisation of less ordered carbon was
studied by various groups (Rouzaud et al. 1990; Ross et al. 1990). From
technical processes it is well known that graphitisation requires temperatures
>2000 �C if no pressure or stress is applied, but such high temperatures are
unrealistic for natural processes. In nature graphite is found in different
stages of ordering in green schist metamorphism, that means at temperatures
lower than 700 �C and pressures below 0.6 GPa. Graphitisation is an
ordering process beyond the anthracite stage of the coalification process.

4.2.2.1. Coalification. In meta-sedimentary strata carbon is generally
assumed to originate from progressive metamorphism of kerogen under low
pressure and temperature conditions. This biogenic process of coalification of
organic material from peat to anthracite is a maturation process where
organic material loses adsorbed volatiles. The purity of the carbon-phase
increases from approximately 60–70% C for peat up to 90–97% C for
anthracite. At the same time the degree of molecular ordering and of inter-
connection of the carbon-sheets is increased. Temperature accelerates the
chemical reactions during coalification, whereas pressure promotes a physi-
co-structural organisation of the carbon network (Teichmüller and
Teichmüller, 1982).

4.2.2.2. Graphitisation. The next step is the transformation of less-ordered
carbon into well-ordered graphite. This process is not understood in detail,
but petrological findings show that natural graphite is formed at tempera-
tures as low as 300–500 �C and pressures of 0.4–0.5 GPa. This means that
graphitisation takes place for upper green schist metamorphic conditions.
Beside the environmental p,T conditions, tectonic movement and the reaction
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time have a significant influence on the quality of graphite in a crystallo-
graphic sense. The graphitisation of coal required much higher pressure and
temperature conditions. Bituminous coal (‘hard’ coal) requires temperatures
of around 2200 �C if no pressure is applied; lignite or sub-bituminous coal do
not show graphitisation even at temperatures of up to 3000 �C (Oberlin,
1984). Consequently, temperature alone could not be the only driving force
causing graphitisation of organic matter (Bonijoly et al., 1982).

Fonton et al. (1980) found that graphitisation develops discontinuously
with sudden improvements in the degree of molecular ordering. The tur-
bostratic (amorphous) structure of anthracite disappears by partial graphi-
tisation. This first step of graphitisation requires high temperatures and
pressures, and is enhanced by shearing and stretching. Finally, true graphite
is formed as a three-dimensional arrangement of the layers is attained,
combined with the rapid increase of layer diameter to 5 mm or more.

Wilks et al. (1993) reported a reduction of the required transformation
pressure and temperature when shear stress was applied (900 �C, 1.0 GPa).
An enhanced ordering of the graphite crystallinity was detected by an
increase of the (002) graphite reflection intensity. This finding was improved
by transmission electron microscopy (TEM) of tectonically deformed
anthracite showing that, along with temperature, stress/pressure is required
to align the ‘aromatic’ lamella.

Nover and Stoll (2005) studied the kinetics of graphitisation using elec-
trical conductivity data and energy dispersive X-ray diffraction. The experi-
ments were performed under green schist facies conditions. The frequency
dependence of the conductivity was measured in the frequency range of 1 to
100 kHz. Two kinds of experiments were performed. In ‘shear’ experiments a
differential stress acted on the sample. This was generated by a modified

Figure 18. Cole–Cole diagram of the complex response of the 10% carbon-bearing sample

FF19. Data points are close to the real axis, thus indicating electronic conduction. Note the
different scales on the X and Y axes (Fowler et al., 2004).
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setup of the reaction cell. In ‘strain’ experiments the upper and lower pistons
were inclined by a about 30�, thus causing a strain rate of about 6�10)7 s)1.
In both experiments an increase of bulk conductivity was measured as a
function of time. This increase was more pronounced in the strain experi-
ment. At the same time a decrease of the imaginary part of the impedance
was detected this means that metallic charge transport dominates after long-
reaction times (up to 4 weeks). This finding, together with the energy dis-
persive X-ray diffraction detection of structural changes, confirmed that
pressure, shear and temperatures as low as 300–500 �C were sufficient to
transform good quality coal into well-ordered graphite. In these experiments
graphitisation of organic material was reproduced in the laboratory under
upper green schist facies conditions.

4.2.2.3. Abionic graphite precipitation. Besides the biogenic graphite forma-
tion, abionic graphite precipitation is often discussed as a possible process for
carbon transport and, subsequently, the reduction or oxidation of the car-
bon-rich fluid phases like CO2 and CH4. In a formal chemical reaction
Walther and Althaus (1993) described the graphite precipitation as
CO2+CH4 ! 2C+2H2O without saying by which process the required
activation energy is supplied to reduce or oxidise the gases. Thus the principal
features of abionic graphite precipitation are not known. On the other fluid
inclusion studies on graphite-bearing amphibolites from the KTB borehole
show the coexistence of N2, CH4 and CO2. Highly crystalline graphite was
found in thin films on shear planes. Walther and Althaus (1993) concluded
that graphite was precipitated from a methane-carbon dioxide fluid. They
suggest that the activation energy for the reduction of CO2 and the oxidation
of CH4 should be provided by heat generation during tectonic movement (a
mechanical–tribochemical mechanism).

Roberts et al. (2001) simulated these chemical and physical boundary
conditions in a sophisticated experimental setup. They measured in an
internally heated gas-pressure vessel changes of electrical conductivity on the
Nugget sandstone and Westerly granite during rock fracture in a carbona-
ceous gas-atmosphere. Samples were deformed and fractured at temperatures
between 354 and 502 �C, while the pressure was set to 100 and 170 MPa. An
increase in conductivity was measured under in-situ conditions during
dilatancy and fracturing. They found that the reactive, newly formed surfaces
provided the required activation energy for the reduction or oxidation of
the CO2 or CH4 gas phases. The increase in conductivity could be due to
carbon deposited and interconnected by this process onto the fresh surfaces
(Figure 19). TOF-SIMS allowed the distribution of carbon in the sample to
be measured. Mapping exhibited the presence of carbon on microcracks that
were assumed to have formed during fracturing. This finding led to the
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hypothesis that carbon is deposited as a continuous film on the new, reactive
mineral surface formed during microfracturing.

The crucial points (origin, mobility, precipitation and interconnection) lead
to an understanding of the role of carbon in enhanced crustal conductivities.
Different models for the explanation of carbon mobility (mobilisation) have
been presented, but (due to thermodynamic considerations) arguments for
carbon transport via the gas phase and subsequently via precipitation are not
yet conclusive. An important question is how interconnected graphite films
can extend over distances of several kilometres in view of crustal tectonics and
dynamics.

4.3. Temperature-induced semiconduction

The Earth’s mantle shows significant electrical anomalies at depths ranging
from 400 down to 670 km. These discontinuities were detected by MT
soundings (Figure 20) and resulted in a conductivity jump of up to or even
more than 1.5 orders of magnitude depending on the model used. From phase
stability considerations it was suggested that the conductivity jump should be
caused by the a fi b fi c phase transition in olivine. This phase transition
changes the density and the crystallographic structure of (Mg,Fe)2SiO4 from
orthorhombic to cubic symmetry, that means the transition from the olivine
into the spinel phase. From laboratory conductivity measurements on the
olivine and spinel phase it is known that the conductivity of spinel is enhanced
in comparison with the olivine phase due to the atomic arrangement of oxy-
gen, silicon magnesium and iron in the basic structural unit. Reliable data on
the magnitude of the conductivity jump are not yet available. This is mainly
due to experimental problems when measuring conductivity data under in-situ
p,T conditions required for the a fi b fi c phase transition in laboratory
experiments. The pressure required are more than 14–16 GPa and the tem-
peratures have to exceed 1400 �C. As we now know, the kinetics of the
transition require reaction times for each change in temperature and pressure
from some hours at high p,T conditions to some days at temperatures below
900 �C in order to reach stationary conditions in the conductivity record
(Nover et al., 1992; von der Gönna, 1997). To solve this problem three dif-
ferent approaches were tested.

(1) The principles of the electrical charge transport were investigated
on natural and synthetic olivines having different fayalite content at
pressures of up to 2 GPa and temperatures of up to 1600 �C (Duba et al.,
1973, 1974, 1982, 1993; Hinze et al., 1981, 1982; Manko 1984; Cemic
et al., 1978, 1980; Schock et al., 1989; Shankland et al., 1974, 1979, 1997).
The main aim was to study the influence of temperature, pressure and
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thermodynamic conditions (such as oxygen fugacity) on the electrical
charge transport. Subtopics are:
(1.1) temperature-induced semiconduction (kinetics, times required
for stationary conditions) and influence of thermodynamic parame-
ters on conductivity and charge transport (pressure temperature and

Figure 19. Electrical resistance (solid circles) and load (open circles) as a function of time of
Westerly granite. The sample was run at 438 �C in a CO–CO2 atmosphere. (a) The entire
loading cycle. (b) Detail during the main fracture event. Resistance generally decreased during

the loading cycle as dilation occurred. Small increases in resistance near 18.74 and 18.96 h
indicate that conductive paths are continually being formed and broken (Roberts et al., 1999).
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oxygen fugacity; iron-bearing olivines require oxygen fugacity control
because of its influence on the oxidation state of iron, being Fe2+

under reducing or Fe3+ under oxidising conditions, respectively)
(1.2) charge transport process (mobility of the different species of
possible charge carriers)
(1.3) directional dependence of conductivity (single crystals).

(2) A second approach focussed on a structural homologue phase,
magnesium-germanate (Mg2GeO4) (Nover et al., 1992, von der Gönna,
1997). This phase requires much lower pressures (only 2 GPa) for the
a! b! c transition. Consequently, the temperature dependence of the
conductivity and the kinetics of the phase transition could be studied
under well defined thermodynamic conditions in conventional high-
pressure devices. In parallel to the electrical measurements X-ray
diffraction techniques could be used to have more information on the
kinetics of the transition. The low transformation pressure of the
germanate is caused by the larger ionic radius of Ge4+ (0.053 nm) than
of Si4+ (0.042 nm).

(3) Finally, when sophisticated HPHT devices like multi-anvil cells could be
used, the p,T range required for the transition was accessible. However,
due to the design of the pressure cell, long time high temperature
measurements were not possible due to ineffective cooling of the whole
device. Consequently, the electrical data reported on the a fi b fi c

Figure 20. The conductivity model for the upper mantle calculated from laboratory data
(thick black line) with the addition of a lower mantle curve for perowskite + magnesiowüstite

having a bulk iron fraction Fe/(Fe+Mg)=0.11. Shaded areas illustrate the effect on the model
of a ± 100 �C temperature variation. Geophysical models are shown as B69, BOS93-1
BOS93-2 and SKCJ93. The estimated uncertainty in the laboratory based models is ±0.3 log

units (Xu et al., 1998).
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transition were measured far beyond any thermodynamic stability and
thus have to be handled with caution. Subtopics are:

(3) (3.1) The phase transition olivine into spinel causes silicon to be in 6-fold
coordination instead of 4-fold in olivine. This increases the density and
decreases the volume of the elementary cell by about 8%. As the
nucleation of spinel starts from olivine grain boundaries, the kinetics of
the transformation are directly affected due to the pressure release. This
has consequences on the larger scale for the electrical properties of a
subducting slab, as well as for the transformation on the laboratory scale.

If the transport process of the charge carriers in the a,b and c phase is well
understood, then these data can be used for a interpretation of conductivity
changes in the Earth mantle. Conductivity measurements were performed on
both synthetic and natural samples, the end members forsterite and fayalite,
as well as San Carlos olivine, Red Sea Peridotite and Dreiser Weiher olivine
(Duba et al., 1973, 1974, 1982, 1993; Hinze et al., 1981, 1982; Manko 1984;
Cemic et al., 1978, 1980; Schock et al., 1989; Shankland et al., 1974, 1979,
1997). From (1) it is known that the electrical conductivity of olivine depends
on the defect concentration and mobility of possible charge carriers. This
means that variations in the point defect structure of olivine (in the pressure
and temperature range of upper/lower mantle conditions) controls the elec-
trical charge transport. The significant influence of these parameters on
measured conductivity data are displayed in Figures 21 and 22. Both figures
show in an Arrhenius diagram (reciprocal temperature vs. log conductivity)
the influence of various oxygen partial pressures on the electrical conduc-
tivity. Different buffer mixtures within the stability field of olivine were used
define the oxygen partial pressure (from reducing to oxidising atmosphere:
FQI – fayalite–quartz-iron; IW – iron–wüstite; G – graphite; WM – wüstite–
magnetite; FQM – fayalite–quartz–magnetite. Fayalite is much more con-
ductive than forsterite, due to its iron content, whereas in forsterite the defect
stoichiometry controls the conductivity.

The first experimental data on the conductivity of olivine were published
by Duba and Nicholls (1973) and Duba et al. (1974). Since that time a large
number of conductivity measurements were performed, but the data did not
seem to be reproducible due to different experimental setups, controlled or un-
controlled oxygen fugacity and the various frequencies at which conductivity
measured (from DC up to some kHz). Experimental setups today are much
more complicated; besides precise pressure and temperature control well
defined oxygen fugacities can be applied (Cemic et al., 1978, 1980; Hinze et al.,
1981, 1982; Schock et al., 1989; Constable and Duba, 1990; Constable et al.,
1992). Oxygen partial pressures can be varied within the stability field of
olivine, and measurement of the frequency dependence of the complex elec-
trical conductivity is also possible. Frequency dispersion measurements pro-
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vide further information on the charge transport (Manko, 1984; Nover et al.,
1992; Roberts and Tyburczy, 1993; Constable and Roberts, 1997; Xu et al.,
1998, 1999, 2000). Activation energies reported today on olivine, forsterite
and fayalite are much more homogeneous due to the control of the thermo-
dynamic environment in the experiments.

But time is still a limiting factor for the quality of the measured data. Most
of the variations in reported conductivity data are due nucleation, recrys-
tallisation, growth of the grains and grain-coarsening; the electrical con-
ductivity is very sensitive to these parameters. In an experiment stationary
conditions are essential, especially when powder samples are used. The sta-
bility considerations are the reason why recently reported conductivity shifts
on the a fi c transition for olivine should be handled with caution. Most of
these experiments were performed rather quickly without any control of
stationary conditions due to the experimental difficulties mentioned above
(Akimoto and Fujisawa, 1965; Omura, 1991; Duba and von der Gönna,
1994; Xu et al., 1998).

4.3.1. Electrical charge transport in olivine
Duba and Nicholls (1973) measured the electrical conductivity of the San
Carlos Olivine in the [0 0 1] direction, as a function of temperature and
oxygen fugacity pO2, to prove that the conductivity of olivine was controlled

Figure 21. Arrhenius diagram of the conductivity of fayalite at various oxygen partial pres-
sures in the stability field of olivine. Reducing conditions are given by the buffer mixture FQI-
fayalite quartz iron, whereas oxidising conditions were established using a fayalite quartz

magnetite (FQM) buffer mixture. WM – wüstite magnetite; G – graphite; IW – iron wüstite
(von der Gönna, 1997).
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by the oxidation state of iron. Heating of the sample enhanced the conduc-
tivity as a function of temperature, but a subsequent variation of the oxygen
fugacity from an oxidising to a reducing environment decreased the con-
ductivity by several orders in magnitude, due to the reduction of Fe3+ to
Fe2+. This result clearly exhibited the importance of oxygen fugacity control
in the experiments. If, e.g., the chemical composition is fixed to that of a
typical mantle-olivine with 8–12% fayalite content, then the actual experi-
mental temperature defines the number and mobility of the charge carriers,

Figure 22. Arrhenius diagram of the conductivity of forsterite at various oxygen fugacity
conditions. The buffer mixtures used are shown at the bottom of the diagram (von der Gönna,
1997).
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while the variation of oxygen fugacity from reducing to more oxidising
conditions determines the number of additional charge carriers being pro-
duced due to oxidation of Fe2+ into Fe3+ (Duba and Nicholls, 1973; Cemic
et al., 1980; Duba and von der Gönna, 1994) (Figures 21 and 22).

A more detailed picture of the electrical charge transport was achieved by
measuring the frequency dependence of the conductivity of Dreiser Weiher
olivines and synthetic forsterite and fayalite (Manko, 1984). By measuring
the complex conductivity in the frequency range 1 Hz up to 100 kHz Manko
(1984) showed that the influence of grain boundary effects on the electrical
conductivity is negligible at temperatures above 800 �C, whereas at fre-
quencies below 100 Hz electrode polarisations significantly influence the
transfer resistance (electrode – sample) and thus the measured conductivity.
The measured frequency dispersion on forsterite powder samples could be
modelled using a simple RC parallel circuit. The polarisations are due to the
charge transport which is most likely a hopping mechanism of ionic voids. By
way of contrast, fayalite exhibits no frequency dispersion in the frequency
range 100 Hz up to 20 kHz and temperatures of up to 1200 �C. The con-
duction mechanism is based on the movement of electrons and defect-elec-
trons, a finding that corresponds well with the pO2 dependence of the
conductivity. The pO2 dependence favours a model where additional oxygen
in the structure causes Fe-vacancies and Fe3+ ions on lattice positions. Thus
the extrinsic conductivity of defect-electrons is most probable.

Schock et al. (1989) measured the conductivity and the thermoelectric
Seebeck effect on olivine and synthetic forsterite to derive details of the
(electronic, ionic) charge transport in the temperature range 1000 to 1500 �C
and oxygen partial pressures ranging from 10)10 to 104 Pa. In olivine they
found a mixed ionic and extrinsic electronic conduction and charge transport
by polarons,1 with FeMg

• hopping between Fe2+ and Fe3+. At low tem-
peratures electron holes dominate; at higher temperatures (above 1390 �C)
Mg vacancies are the dominant charge carriers. Iron-free forsterite exhibited
electronic conduction in the crystallographic [1 0 0] and [0 1 0] directions
and movement of Mg-vacancies in the [0 0 1] direction. In the [0 0 1] direc-
tion the conductivity was higher than in the crystallographic a- and
b-directions which is explained by structural arguments that favour charge
transport through a less dense packed trigonal arrangement of oxygens

1 A polaron results when an electron in the conduction band of a crystalline insulator or
semiconductor polarises or otherwise deforms the lattice in its vicinity. The polaron comprises
the electron plus its surrounding lattice deformation. If the deformation extends over many

lattice sites, the polaron is large, and can be treated as a continuum. Charge carriers inducing
strongly localised lattice distortions form small polarons (McGraw Hill, Encyclopaedia of
Science and Technology).
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forming one of the eight octahedral (1 1 1) planes. A pO2 dependence was
not detected.

Wanamaker and Duba (1993) published similar work on the directional
dependence of charge transport in San Carlos single crystal olivine. The
measurements were performed under various oxygen fugacities ranging from
10)6 to 10+0.5 Pa as well as under self- and pyroxene-buffered conditions. An
irreversible loss of iron was detected by microprobe analysis when oxygen
fugacities were adjusted to be more reducing than the wüstite–magnetite
buffer. The chemistry of the system was changed due to the movement and
loss of iron to the electrodes.

A more sophisticated conduction model for olivine was proposed by
Constable and Roberts (1997) to explain measured thermo-power and con-
ductivity data. If only small polarons FeMg

• were the dominant charge carrier
in the temperature range 1000–1200 �C, the thermo-powers should be higher
than measured. To explain this discrepancy they introduced a constant
polaron – Mg-vacancy V¢¢Mg term to fit the measured data. At temperatures
below 1300 �C they assumed that charge transport is accomplished by pola-
rons, while at temperatures above this the movement of Mg vacancies dom-
inated. At low pO2 conditions the contribution of V¢¢Mg is more important
than that of FeMg

•, but with increasing temperature the contribution of V¢¢Mg

to the total conductivity increases too. At a temperature of about 1300 �C the
contributions of V¢¢Mg and FeMg

• are about equal; this is supported by the
observed change in activation energy at this temperature.

Qualitative defect models have been formulated by Hirsch and Shankland
(1993) resulting in an ‘effective charge carrier’ model. This is based on a set of
reliable defect reactions and thermodynamic data to produce an internally
consistent model of defect populations. The charge transport in olivine is due
to polaron dominated conduction, but with Mg-vacancies and electron
mobilities being considered too. On the other hand, Duba and Constable
(1993) argued that this mixed electron/polaron conduction model does not fit
the electrical conductivity data or the oxygen fugacity dependence, especially
for pyroxene-buffered olivines.

4.3.2. Conductivity jumps associated with phase transitions

4.3.2.1. Germanate. Due to the experimental limitations and problems
already mentioned, much work has been performed on germanium olivine, a
structural homologue of silicate-olivine (Yagi and Akimoto, 1974, Nover
et al., 1992). The germanate phase transforms from the orthorhombic olivine
into the cubic spinel-phase at much lower pressures due to the ionic radius of
Ge being larger than that of Si. The transformation pressures required are in
the range of 2–3 GPa instead of 12–16 GPa for silicate olivine. The control of
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the experimental parameters, e.g., temperature, pressure, oxygen fugacity,
was also much easier.

The conductivity jump produced by the a–b transition was measured on
Mn2GeO4 by Yagi and Akimoto (1974). They found a discontinuous increase
in conductivity by about half an order of magnitude.

Nover et al. (1992) and von der Gönna (1997) measured the conductivity
change associated with the a fi c transition on Mg-germanate using fre-
quency dependent conductivity data. Measurements were performed in the
temperature range of 845 up to 1400 �C. Oxygen fugacities varied from 10)9

to 10)4 Pa, while the activation energies were 1.05 eV for the olivine structure
and 2.78 eV for the spinel structure. The change in conductivity produced by
the phase transition depends on pressure; it was about half an order of
magnitude at low-pressure conditions, and at higher pressures the conduc-
tivity jump was one order of magnitude. Due to nucleation of the new phase
when the phase boundary was crossed from either side, long reaction times
were required to reach stationary conditions. These times ranged from some
hours at high temperatures up to several days at low temperatures.

4.3.2.2. Silicate. The first experimental results on the conductivity jump
produced by the olivine-spinel phase transition were published by Akimoto
(1965) on synthetic fayalite. Measurements were performed from 300 to
1200 K at pressures of 3.1 and 5.9 GPa. They measured a conductivity jump
associate with the olivine-spinel transition of more than two orders of mag-
nitude. The activation energies were found to be different for the two pressures
– 0.51 eV for 3.1 GPa and 0.48 eV for 59.5 GPa. In the spinel phase the
activation energies were about 0.3 eV. An experimental setup without the
control of thermodynamic parameters impeded the reproducibility of data.
Pressure and temperature were well defined in the conductivity measurements
but oxygen fugacity was not controlled, with the consequence that it was not
clear whether the data reflected the conductivity jump or simply an enhanced
conductivity due to oxidation.

An increase in electrical conductivity of about one order of magnitude was
reported by Omura (1991) when olivine transformed to spinel. Due to non-
equilibrium problems and the oxidation state of the sample during the
measurements, the result was not trusted by Duba and von der Gönna
(1994). They could prove that the conductivity change is much too high due
to the presence of highly conducting magnesiowüstite, a phase that forms
beyond the boundary of the oxidation end of the stability field of olivine.
Thus these data do not reflect the conductivity change produced by the
olivine–spinel transition.

The electrical conductivity of natural olivine at high pressure was mea-
sured by Xu et al. (1998) on the polymorphs wadsleyite and ringwoodite
under upper mantle conditions. Temperatures were varied from 800 to
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1400 �C. The initial material was the San Carlos Olivine. They reported a
conductivity jump for the transition olivine–wadsleyite of the order of 100.
Charge transport was provided either by Fe3+ polarons or by shorter hop-
ping distances in wadsleyite, due to the closer packing of the crystal structure.
They used these data for upscaling the laboratory data by comparing them
with a conductivity depth profile. The conductivity increase due to the
olivine–wadsleyite transformation should be about two orders in magnitude.
Due to the small change in conductivity for the transition wadsleyite–ring-
woodite they suggested a conductivity change associated with the 670 km
discontinuity of less than half an order of magnitude (Figure 20).

Xu et al. (2000) measured the effect of pressure at 4, 7 and 10 GPa on the
conductivity of olivine at temperatures ranging from 950 to 1400 �C. Their
findings confirmed the previously reported results on the role of small Fe3+

polarons for charge carrier transport. The relevant parameters for olivine
conductivity are close to those measured at normal pressure conditions. Due
to the uncertainties of oxygen fugacity conditions in the depth interval of
200–400 km, the temperatures calculated from the conductivity data may
vary by 100–200 �C for a fugacity variation of four orders of magnitude.

On synthetic upper mantle rocks and natural gabbros from Oman,
Bagdassarov et al. (2002) measured by means of impedance spectroscopy
(frequency range from 0.01 up to 100 kHz) conductivities at pressures of 0.3,
0.5 and 1 GPa and temperatures from 790 to 1240 �C. At sub-solidus
temperatures the conductivities strictly follow an Arrhenius behaviour with
an activation energy of 1.15 eV, which is slightly lower than that reported by
Schilling et al. (1997). The conductivity in the solid phase is about one order
of magnitude higher, while the activation energy is less than that reported by
Xu et al. (2000) for an identical sample (1.4 eV). This difference is explained
by different settings for the oxygen fugacity in the experiments. Approaching
the liquidus increases the conductivity by about 0.5 to 1.5 orders of magni-
tude (0.4–0.05 S/m). Stationary conditions were reached after 3 days of
equilibration time. A significant pressure dependence of the conductivity was
not detected.

4.3.3. Effect of dissolved water on electrical conductivity
Recent laboratory work (Xu et al., 2000) has demonstrated that the electrical
conductivity profile of the mantle can be approximated using conductivity
data of the major mantle mineral constituents. At transition zone depths the
approximation shows less good agreement, indicating the lack of knowledge
of the influence of minor constituents or water on the electrical conductivity
of the nominally anhydrous phases. Knowing the effect of dissolved water on
the electrical conductivity would thus provide some constraints on the
amount of water in the transition zone.
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Besides its influence on the electrical conductivity, water strongly affects
the mantle’s rheology and melting temperatures. Thus it is of importance for
models of the thickness of the transition zone of the 410-km discontinuity.
Experimental HPHT data showed that the boundary between olivine and
wadsleyite tends to be sharper in hydrous peridotite systems, an effect that is
based on the partitioning of water and the high diffusivity of hydrogen. This
would cause a hydrous two-phase system of olivine and wadsleyite, initially
extending over a depth range of 20 km, to decrease to a boundary of 5 km by
gravitational equilibrium and rapid diffusion of hydrogen (Smyth and Frost,
2001, 2002). The presence of hydrogen via its mobility, influences the texture
of olivine and wadsleyite in the transition zone, and thereby influences the
electrical conductivity.

The recent electrical conductivity measurements of Poe et al. (2001) were
performed on water-bearing wadsleyite and mixtures of San Carlos olivine,
brucite and quartz at pressures of up to 12 GPa and temperatures ranging
from roughly 400–1200 �C. Complex impedance data covered the frequency
range from 0.1 Hz to 500 kHz, and sample conductivities were interpreted
using RC parallel elements. By means of SIMS analysis (secondary ion mass
spectroscopy) performed before and after the conductivity measurements, a
loss of water was detected for the two samples (1.01 and 1.75% water by
weight decreased down to 0.49 and 0.4% water by weight, respectively).
Nevertheless the results suggest that the electrical conductivity of anhydrous
wadsleyite is lower than that reported by Xu et al. (2001). A replication of the
experiment revealed a water content of 0.16% by weight, and thus the Xu
et al. (2001) results do not reflect anhydrous conductivity data, as reported. A
hydrous pyrolytic mantle at the transition zone depth seems to be unlikely,
because dry wadsleyite conductivities are in better agreement with the geo-
physical profiles of the mantle.

Gaillard (2001, 2003) reports on electrical conductivity measurements on
silicate melts in the presence of water. The temperature dependence of the
conductivity fits an Arrhenius law for both hydrous and dry obsidian, sug-
gesting that a similar transport process operates in both melt and glass. The
activation energies decreased with increasing water content (dry: 70 kJ/mol,
and 1(3)% water by weight: 65(61) kJ/mol). Tracer diffusion experiments and
electrical conductivity revealed that sodium is the dominant charge carrier in
hydrous and dry obsidian. Thus the increase in conductivity with increasing
water content reflects the higher mobility of sodium. During the melting of
rocks, water is largely partitioned into the liquid together with alkali elements
like sodium. Gaillard concludes that the mobility and concentration of
sodium control the electrical conductivity of most terrestrical silicate melts.
This was shown by conductivity measurements of hydrous rhyolite
(2–3 wt % water) and anhydrous basalt that exhibited a conductivity about
one order of magnitude lower than that of the rhyolite.
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As the amount of water in mantle minerals is important for mantle rhe-
ology and melting, Gaillard et al. (2003) suggest the use of electrical con-
ductivity data to estimate the mantle water content. The idea is based on the
interpretation of conductivity variations of hydrous olivines that are mea-
sured under in-situ mantle p,T conditions. Hydrogen, the mobile form of
water, would increase or decrease the conductivities as a function of con-
centration. To obtain more reliable laboratory mantle conductivity data they
plan to consider both hydrogen concentration and self diffusion, a parameter
that was ignored in previous studies. This would require the use of a modified
version of the Nernst–Einstein equation relating the conductivity of dry
olivine rol

dry, the self-diffusion coefficient DH and the concentration [H] of
hydrogen in olivine:

r ¼ rol
dry þDH½H� ð27Þ

4.4. Partial melts

Partial melts are one way to explain the abnormally high-electrical conduc-
tivities in lower crustal or upper mantle regions. In volcanic areas partial
melts may cause lateral or vertical conductivity anomalies depending on the
size and form of the magma chamber and the feeder dykes. Enhanced elec-
trical conductivity along grain boundaries or fractures in the presence of
partial melts requires an interconnected network of pathway for the molten
phase. Partial melting will be observed when the solidus line in a phase
diagram is crossed. This process depends on pressure, temperature, chemical
composition and moisture content of the partial melting mineral phase.

Shankland and Waff (1977) interpreted abnormally high-electrical con-
ductivities in the upper mantle as the result of partial melting. The melt
fraction required to enhance the bulk conductivity up to >0.1 S/m was
calculated using the effective medium theory (Shankland and Waff, 1974).
The equation is functionally equivalent to the upper bound formula of Ha-
shin and Shtrikman (1962, termed HS). The average DC conductivity r in the
HS+ and HS) model is defined as:

rHS
þ ¼ rjj½ð3xjdrÞ=ð3rjj þ ð1� xjÞdrÞ�

rHS
� ¼ rj½3ð1� xjÞdr=ð3rj � xjdrÞ� ð28Þ

with dr=(r|)r||) being the conductivity difference of the melt and the solid
phases, respectively, and x| being the volume fraction of the melt. For HS+

the melt forms a well-interconnected three-dimensional network, while HS)

consists of melt in isolated pockets. It was assued that the melt fraction forms
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an interconnected network along the grain boundaries of an olivine-domi-
nated matrix. Shankland and Waff (1977) reported a conductivity jump of
about two orders of magnitude when an interconnected network was formed.
Inversion of this formula allowed the melt fraction to be calculated at any
given temperature for a given conductivity:

f ¼ 3rmðr� � rsð=ðr� þ 2rmÞðrm � rsÞ ð29Þ

where f is the melt fraction, rm and rs are melt and solid conductivities, and r*

is the effective conductivity at a given temperature. Melt conductivities show
only little variations (<0.5 orders of magnitude) over a wide range of com-
position, and are totally independent of oxygen fugacity (Shankland, 1979).
The resulting activation energy for the melt phase was of the order of about
1.1 eV. They assumed (from laboratory data) that a temperature of about
1350–1400 �C could be expected at a depth of 100 km for a measured con-
ductivity of 0.2–0.4 S/m. Petrological restrictions concerning water content
and unknown activation volume for r m limit the validity of this finding.
Further limitations are due to the grain size of the powder samples that control
the pockets in which melt may be formed. Furthermore the alkali content of
the melt fraction determines the viscosity of the melt (Shankland et al., 1981).

Below the Western Cordillera in northern Chile, a pronounced high-con-
ductivity zone (HCZ) was detected by Schilling et al. (1997). This was
explained by partial melting considering the high heat flow values,<100 mW/
m2, that were measured in that area. Impedance dispersion measurements
were performed on representative samples in the frequency range 0.1 up to
106 Hz to prove that partial melting can increase the conductivity. Experi-
ments were performed under controlled oxygen fugacity at temperatures up to
the melting temperature of the crystalline pyroxene granulites. Oxygen
fugacities were set to be in the stability field of hematite, wüstite and mag-
netite. At a temperature of 900 �C at sub-solidus conditions, conductivities of
2.5 mS/m were measured. The activation energy was calculated to be 1.34 eV.
Above solidus temperatures the conductivity increased by more than two
orders of magnitude up to 7 S/m at 1250 �C; the activation energy decreased
to 1 eV. To explain the observations the modified brick layer model was used.
The conductivity was calculated at a given temperature in view of the degree
of interconnection of a melt fraction. It was assumed that between 14 and
27% by volume of melt fraction are required to explain the observed HCZ.
The modified brick layer model is equivalent to the upper bound formula; its
underlying principles were first published by Maxwell (1892).

Jegen and Edwards (1998) calculated the effective conductivities reff of a
mixture of partial melt rm and solid rock conductivities rs using the Hashin–
Shtrikman and the Archie model to explain the conductivity anomaly of a
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segment of the Juan de Fuca mid-ocean ridge. They assumed a conductivity
contrast of 1/1000 in their calculations for this two-phase material. Melt
conductivities were taken from Tyburczy and Waff (1983), ranging from 1 up
to 10 S/m and temperatures ranging from 1500 to 1700 K. Three models
were used in the calculations. In the first model electrical current flow within

Figure 23. From top to bottom are shown: Impedance spectra of wadsleyite at 15 GPa and
800–1200 �C obtained at 50� increments. Electrical conductivity of olivine as a function of

reciprocal temperature; circles, diamonds and triangles denote a olivine sample at 4, 7 and
10 GPa, respectively. Electrical conductivity of olivine, wadsleyite and ringwoodite as a
function of reciprocal temperature; circles, diamonds and triangles are the same as in (b), and

inverted triangles denote wadsleyite at 15 GPa, and squares denote ringwoodite at 20 GPa
(Xu et al., 1998).
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and perpendicular to the highly conducting layers was assumed. This model
resulted in the lowest and highest values for melt fraction required (differing
by two orders of magnitude) to obtain a high conductivity. The melt fraction
required for parallel orientation was in the range 10)4 and 10)2 for perpen-
dicular orientation. The second model was based on the lower and upper
Hashin-Shtrikman bounds, resulting in an intermediate behaviour with a
difference of about one order of magnitude for the melt fraction and a given
effective conductivity. Aspect ratios were varied considering a variation in a
ranging from 0.001 to 0.1. The final model, the Archie model, represents an
average behaviour. Corresponding melt fractions of 0.14 and 0.03 for the
Archie and upper HS bounds, respectively, were required to explain upper
crustal conductivities.

The influence of melt composition on the electrical conductivity was
studied by Roberts and Tyburczy (1999) for olivine+5%by weight powdered
basalt, and a tholeiitic mid-ocean ridge basalt (MORB) from the Juan de Fuca
Ridge (Figure 23, 24). A significant variation of the electrical properties
depending on temperature, melt fraction and melt composition was detected
(0% at 1100 �C; 14% at 1400 �C). Above the solidus >1120 �C, melt forms
and increases the conductivity. Due to equilibrium reactions between the solid
phase and melt, the melt composition changes significantly up to 1244 �C
(decrease of potassium, sodium and silicon oxide and an increase of FeO).
Assuming that the proportion of melt in interconnected tubes and isolated

Figure 24. Log of bulk electrical conductivity vs. reciprocal temperature diagram, showing the
high-frequency mechanism conductivities for the partial melts. Open and solid symbols for

different experimental runs, open during the heating cycle, solid (m) heating cycle and (.)
cooling cycle. Solid line (olivine) from Hisch et al., (1993); basalt from Presnall et al., (1972),
tholeiite and nephelinite from Rai and Manghnani (1977), and tholeiite melts from Tyburczy

and Waff, 1983 (Roberts and Tyburczy, 1999).
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pockets does not change, the melt conductivity is more or less constant. The
parallel HS upper bound and the Archie model are both well suited to describe
the measured increase in conductivity that was more by than one order of
magnitude.

Partzsch et al. (2000) and Schilling and Partzsch (2001) measured the
complex electrical impedance of fine grained, quartz free granulite in the
frequency range from 0.1 up to 100 kHz at temperatures between 600 and
1200 �C. The sample composition was representative of lower crustal rocks.
At temperatures <1030 �C a linear temperature dependence of the conduc-
tivity following an Arrhenius like behaviour was observed. The activation
energy was calculated to be 1.4 eV. Above this threshold temperature the
conductivity increased by more than 1.5 orders of magnitude up to a tem-
perature of 1100 �C. The slope of the curve flattened at temperatures
>1100 �C. Partial melting started above 1030 �C. This was confirmed inde-
pendently by thin section analysis of the recovered samples, and by an inter-
pretation of the complex electrical response. A melt fraction of 2% was
detected at a temperature of 1040 �C, mainly concentrated in melt pockets,
with a small portion of already coated grains which did not form an inter-
connected network. At a temperature of about 1070 �C, approximately 8% by
volume of the sample is molten and forms an interconnected film along grain
boundaries. Modelling of the data was done using the modified brick layer
model (MBLM) assuming amelt of a conductivity of 10 S/m and an activation
energy of 1 eV. The solid mineral phases had a conductivity of about 0.01 S/m
and an activation energy of 1.4 eV. To produce the observed conductivity
anomaly beneath the Andes Orogen, a melt fraction of 14 up to 27% by
volume of interconnected melt was required. For the Pyrenees and the Tibe-
tian Plateau from 4 to 12% by volume melt fraction was required to explain
the observed conductivity. The upper bound HS model was used for the cal-
culations (Figure 24).

Scarlato et al. (2001) measured the electrical conductivity of basaltic rocks
from Mt. Etna, Sicily, at sub-solidus conditions in the temperature range of
400 to 900 �Cand at frequencies from 0.1 to 100 kHz.No pressure dependence
of the conductivity was detected, while the temperature dependence showed an
Arrhenius like behaviour with an activation energy of less than 1 eV. Melt
experiments indicated that the conductivity depends on the melt fraction, if
sufficiently high, and the conductivity increased by about a factor of five.

Similar results obtained by Nover et al. (2004a, 2004b, 2006) whomeasured
basalt and tuff from Reunion Island. The electrical data were measured in the
frequency range from 1 up to 100 kHz on samples exposed to pressures cor-
responding to 2 km in depth. The complex data were subsequently interpreted
by fitting RC model data to the measurements, at temperatures ranging from
500 to 1400 �C. Below the solidus temperature an Arrhenius behaviour of the
conductivity was detected when the activation energy was 0.95 eV. Up to a
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temperature of approximately 800 �C recrystallisation took place, while at
temperatures above 900 �C the conductivity was increased due to the charge
transport in the partial melt. Above the solidus the conductivity was increased
by about 1.5 orders of magnitude when the melt fraction was sufficiently high.
In terms of dielectric properties the formation of partial melt means that the
dielectric constant should be enhanced. Parallel with the electrical data crys-
tallographic structural data were obtained using the synchrotron source
(DESY, Hamburg), with energy dispersive X-ray diffraction techniques in a
multi-anvil high-pressure cell. Pressures and temperatures were identical to
those of the conductivity measurements. The formation of a melt phase was
detected as an increase of the background intensity in the diffraction diagrams
at temperatures above 900 �C, up to 1350 �C. Above 1350 �C themelt fraction
approaches 100% by volume; this correlates with the electrical data that
indicated the existence of a fluid phase in the same temperature interval.

5. Conclusions

Some main conclusions of this paper may be summarised as follows:

(1) Electrolytic conduction:

• The rock fabric causes anisotropy of the conductivity,
• an interconnected network is required for electrolytic charge transport,
• the results of measurements of electrolytic conduction can give estimates
on the transport properties of rocks,

• surface conductivity is important in tight rocks that are low in porosity
and permeability,

• electrochemical fluid–solid interactions can be measured using imped-
ance spectroscopy.

(2) Electronic conduction:

• Stress or tectonic movement favours graphitisation at low p,T condi-
tions,

• transport and graphitisation of biogenic carbon (solid phase) are fairly
well understood,

• the process of abionic (gas-phase) graphite precipitation and transport
needs to be studied more thoroughly.

(3) Semiconduction:

• Figure 20 presents a most important result,
• the conductivities of olivine and peridotites must be measured under
controlled thermodynamic conditions and controlled oxygen fugacity,
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• semiconduction depends on extrinsic and intrinsic defect concentrations,
• the temperature dependence of the conductivity follows an Arrhenius
behaviour,

• stationary (equilibrium) conditions require long reaction times to be
established,

• the pressure effect on the conductivity is low, if no phase transitions
occur,

• single crystals exhibit an anisotropy in regard to the crystallographic
orientations x, y, z; polaron hopping dominates in the [0 0 1] direction,

• no reliable data on the olivine–spinel transformation are available.

(4) Partial melts:

• Partial melting starts from grain boundaries,
• fluid (water) content decreases the melting temperature,
• conductivity decreases when charge transport is possible through an
interconnected film coating the grains,

• complex impedance is sensitive to partial melting prior to network
formation (detects the shift due to dielectric change).
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