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To Julie



All people dream: but not equally.

Those who dream by night in the dusty recesses of their minds
wake in the day to find that it was vanity:

but the dreamers of the day are the dangerous ones,

for they may act their dream with open eyes,

to make it possible.

T.E. LAWRENCE



The field determinations of crustal electrical conductivity/depth
profiles show anomalously high conductivities in the lower crust.
This has yet to be explained by a consistent theory and
interpretation of field results is difficult due to the lack of

laboratory conductivity measurements of saturated rocks at lower
crustal temperatures.

A cell was designed to measure the electrical conductivity of
saturated rocks up to the lower crustal conditions of; confining
pressures of 1 GPa, pore-fluid pressures of 1 GPa and
temperatures of 900°C. This complex exercise required the use of
a metal sleeve and the use of gquard-ring techniques to remove
leakage currents induced by the sleeve. The development of the
cell involved several years work and is a breakthrough in
measurement techniques as it has enabled the measurement of
saturated rock conductivities at lower crustal temperatures and
~ high pressures for the first time.

The conductivity of 14 samples of acidic and metabasic rocks was

measured at a variety of confining pressures (<0.2 GpPa), pore-
fluid pressures (<0.2 GPa), temperatures (<900°C) and saturation
fluids. |

The pressure variations showed that the basic rocks had a
conductivity too high to be explained by conduction through

saturating electrolyte alone. The temperature variation showed a
dramatic difference between acidic and basic rocks. The acidic
rocks showed large decreases in conductivity above 350°C after
initial rapid increases in conductivity. The basic rocks showed
no such reduction in conductivity indicating that a conduction
mechanism in addition to pore-~fluid conduction was present.

Results indicate that saturated - rocks at high temperatures have
conductivities sufficient to explain the high conductivity layers
in the upper lower crust whereas acidic rocks do not. The results
also demonstrate that graphite may be an important additional
conduction mechanism possibly accounting for the moderately high
conductivities in the lower lower crust even in the absence of
electrolyte conduction.
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NOTATION

SYMBOLS

SYMBOL DESCRIPTION UNITS

Absofbed fluid content

o ~

o Thickness aspect ratio -

o /T variation factor -

a Archie constant -

A Area | | m’, cm®, mm?

A Radiogenic heat production of 4w m3
surface rocks per unit vol

b Archie exponent -

B Clay counterion mobility S gm?

C Additional conduction term S m™t

d Depth km

d Clay cation charge density @ C m™?

D Heat flow characteristic km
depth

> Crack density parameter 3¢/8E(K)a

e Charge on charge carriers C

E Electric field strength Vot

E Youngs modulus N nm?

E(k),K(k) Complete elliptical integrals -

E Activation energy eV

¢ Porosity -

Y Planform aspect ratio ~

g, g{x) Acceleration due to gravity m s~}

G Conductance S

I Electric current A

i (=1)*7/* -

J Electrical current density A m™?

k Hoeniqg k parameter (1-v?)?

k Boltzmann’s constant 8.6171°10°% ev K*

kK, disassociation constant -

L Length mm, cm, m, km

L Crustal thermal conductivity g m~! k=1

L Displacement, Length mm, cCm, m

u Charge carrier mobility m* vi og?

n ionic number density m~3, em™®, m3

n Effective pressure law factor -

N Amount of a substance M

P Pressure GPa

q, Reduced heat flow LW e °

Q surface heat flow LW 2

Q, Cation exchange capacity meq/100g, m* g=*

0 Resistivity Qm, ohmm

r pore geometry ‘constant’ -



NOTATION CONTINUED:

SYMBOL DESCRIPTION UNITS
R Resistance Q
p,p(x)  Mass density g em®, kg m"
o Conductivity S m?
T Temperature °C, K
v RMS charge carrier velocity m s™*
vV Vvolume m’, cm’, m
V Potential difference \%
Q Saturation factor -
W Anqular frequency rads s}
W Weight g, kg
W, Initial weight g
W, Dry weight g
W, Saturated weight g
X Depth variable km



NOTATION CONTINUED;
SUPERSCRIPTS AND SUBSCRIPTS

All sub- and superscripts are given relating to a variable X which
is defined in the section on symbols.

SUBSCRIPT DESCRIPTION

Relating to pore fluid or pore pressure
Relating to confining pressure
At infinite temperature

At temperature T

Relating to the whole rock
Relating to the rock matrix
At 0°C

Critical value

Evaluated for depth d

i*®? term in summation

1st value etc.

Hydrostatic value

Effective value

Relating to clay conduction at temperature T

Relating to clay conductivity at infinite T

Measurement between or across the emitter and the
guard-ring electrodes of the measurement cell

2=
2.

t 3

I'P< l'l>¢l."}>dﬁ><=|><i-?4 lr-"?1 e Nﬂxaxﬂxﬁﬁﬂxﬂx

GR

Xecn Measurement between or across the collector and
H thee1 quard-ring . electrodes of the measurement
cel
X e Measurement between or across the collector and
the emitter electrodes of the measurement cell
X . Measurement across or between the emitter and the
collector electrodes of the measuremnt cell
X o The value at the guard-ring electrode
- The value at the collector electrode
X The value at the emitter electrode

SUPERSCRIPT DESCRIPTION

X Measured value
) & Real part of complex variable
X" Imaginary part of real variable
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CHAPTER 1 : INTRODUCTION



l1.1. THE LOWER CRUSTAL HIGH CONDUCTIVITY LAYER

During the last fifteen vyears there has been a steadily growing

body of data concerned with the electrical conductivity of the
earth’s lower continental crust. The data has broadly fallen

into two groups depending on its source:

1. Magneto-telluric and controlled source
geomagnetic deep sounding measurements.
2. Laboratory measurements on rock  samples

subjected to lower crustal conditions.

The results of these studies have not been particularly well

combined by any theory of lower crustal electrical properties of

a global relevance.

Magneto-telluric and geomagnetic deep sounding measurements have
been done in many parts of the world (Ingham and Hutton, 1982a;
Jones, 1982; Beamish, 1986). These commonly reveal a 2zone of
high electrical conductivity (around 0.01 - 0.1 S m—*) within the
earth’s crust. This value should be compared with the avarage
conductivity of the more resistive upper crust (around 10-S
S m—1). The high conductivity zone appears at depths of
around 10 -~ 20 km (Jones, 198l1) and seems to be a world-wide

phenomenon. Constable (1984) refers to 23 locations where
measurements have indicated a high conductivity zone of regional

scale.

Many theories have been advanced to explain such observations.



All theories require there to be an interconnected film or
network of highly conducting medium. One medium that has been
suggested is that of a partial melt (Waff, 1973). Others include
metallic ores and non-metallic graphite (Stesky and Brace, 1973;
Alabi et al, 1975). One of the most enduring theories suggests
the presence of an aqueous electrolyte (Gough, 1986; Jones, 1987;
and many others). Although the presence of water as a
sufficiently conducting medium was initially suggested many years
ago, it recently has seen many refinements. These enable it to
overcome some of the criticisms that have been used to discredit

it. These criticisms are briefly that:

1. Rocks become non-porous ddé to cracks closing
under high pressures and temperatures thus
excluding a fully interconnected pore £fluid
network (Brace, 1971).

2. The presence of water would instigate
retrograde metamorphism in the anhydrous
granulite grade metamorphic rocks that are

thought to be dominant in the lower crust

(Yardley, 1986).

3. A source for the water needs to be found.

Some solutions to these problems will be dealt with in greater
detail in Chapter 3 it being sufficient to say in introduction
that the hypothesis of an aqueous medium is still the most

credible one available to explain the field data.



l1.2. LABORATORY EXPERIMENTS UNDER SIMULATED CRUSTAL

CONDITIONS .

Ultimately the resolution of the apparent problem of lower
crustal conductivity depends upon greater understanding of the

electrical properties of the rocks and minerals in those areas.

It is obviously impossible to make such measurements in situ.
Measurements must be made upon samples thought to Dbe

representative of that part of the crust of interest. These
measurements have to be made in an environment carefully created
to mimic that thought to exist at these 1evéls in the c¢rust.
Such measurements are potentially of very great value as they not
only accurately characterise each individual sample’s electrical
behaviour and set bounds on the overall behaviour of the lower
crust, but conditions can be accurately controlled. In fact in
such an experiment the conditions of temperature, pore pressure,
confining pressure and saturation state must all be carefully
controlled to enable a lower crustal environment to be as close
to reality as possible. The method is open to uncertainties due
to unrepresentative sampling arising from the uncertainty as to
the composition and mineralogy of the rocks existing in the lower
crust, and the problems in obtaining such types of rock
considering that the only possible access to such samples has

been in uplifted lower crustal exposures and xenoliths (Brodie

and Rutter, 1987; Fountain and Salisbury, 1981; Kay and Kay,
1981). Nevertheless, simulated high pressure and temperature
measurements have produced a large body of electrical property
data on many types of rocks and minerals under greatly varying

conditions. However, none of the laboratory studies  attempted



so far have succeeded in controlling all the conditions necessary
to enable direct measurements of electrical conductivity in lower
crustal conditions. Some laboratory experiments have been done
to extreme pressures or temperatures on dry and wet rocks but
never has a simulation of lower crustal confining pressure, pore

pressure, temperature and saturation state been attempted. some

form of extrapolation of data has always been necessary to obtain
speculative electrical conductivity measurements in true lower
crustal conditions (Brace, 1971). The lack of unextrapolated
measurements taken 1in a carefully controlled lower crustal
environment has been due to the extreme difficulty in designing
an experiment that recreates lower crustal conditions in the
comparatively  wvacuous and cold conditions of a surface
laboratory. Experiments that have been done have been directed
towards the interpretation of the field data without attempting
to control so many parameters that the experiment  became
technologically complex. These studies have been on low porosity
crystalline rocks which are dry or have been saturated with an
electrolyte of known molarity. Most of the experiments
controlled the confining pressure and sometimes the temperature
but rarely has the pore pressure been controlled and then only up
to- upper crustal conditions (Lee et al, 1983; Evans, 1980). Some
studies have also concentrated on the specific mechanisms that

may go some way towards explaining the 1lower crustal high

conductivity zone (Jackson, 1984).



1.3. CRUSTAL ROCK CONDUCTIVITY - AN OVERVIEW

It was realised at an early stage that most commonly occurring
rocks are very highly resistive even at high temperatures and
pressures. The addition of a pore fluid makes even rocks of
quite a low porosity relatively highly conducting. Thus the

action of a changing pressure and temperature environment upon
the properties of the fluid filled cracks controls the bulk rock

conductivity (Brace et al, 1965).

Consequently the magnitude of the electrical-conductivity of a
rock sample has been modelled in the following simple way. The
rock matrix is assumed to be an electrical insulator. All
conduction occurs due to ion movement in an electrolyte that
fills the pores and cracks of the rock matrix. In this model the
bulk rock conductivity is a function of electrolyte conductivity

and rock porosity (Archie, 1942).

This model works very well for some of the more unweathered and
unmetamorphosed acid rocks (Evans,1980). More basic rocks tend
to diverge from this simple model by being more conductive than
the model predicts (Jackson, 1984; Lee et al, 1983). This extra
contribution to conduction, that is unaccounted for by the simple

model, suggests that there is an additional conduction mechanism

opperating in the suite of more basic rocks.

Increasing the confining pressure on any saturated rock reduces
its electrical conductivity. This is because increasing

confining pressure cuts off conduction pathways due to pore and



crack closure. This decrease in conductivity is far less marked
in basic rocks than in acid rocks. The acid rocks undergo a

decrease consistent with closure of their high aspect ratio

o

cracks and the model outlined above. The basic rocks tend to
have more low aspect ratio cracks and would be expected to

undergo a (greater decrease in conductivity as the confining
pressure is increased. As this is not so an additional mechanism

for conduction must be inferred (Jackson, 1984).

Increasing the temperature of a saturated rock held at high
pressure produces an increase in the electrical conductivity of
the rock due to the increase in the conductivity of the
electrolyte (Drury, 1373). The conductivity of basic rocks rises
much faster than would be expected from the rise in conductivity
of the electrolyte alone (Lee, 1977). This is also suggestive of

another conduction mechanism.

Further unmodelled 1ncreases in the conductivity of the more
basic rock types as temperatures and pressures equal those found
in the lower crust may well explain the observed lower crustal
high conductivity zone. More data is needed at these higher
temperatures and pressures to enable models of the enhénced

conduction apparent in basic rocks to be formed.

The awareness of the different electrical responses of acidic and
basic rocks to changes in pressure and temperature has resulted
in a twofold classification defined by Evans (1980) and used by

Jackson (1984) and throughout this thesis.



The enhanced conduction has been attributed to mineral conduction
(Evans, 1980; Parkhomenko, 1982), crack structure (Lee, 1977),
hydrous minerals and clay alteration products (Jackson, 1984) and

magnetite in veins (Stesky and Brace, 1973).

1.4. OBJECTIVES

==

Much of the data collected so far is extrapolable to the lower
crust. Such extrapolations are, however, no replacement for
measurements made in true lower crustal conditions. These
measurements involve the accurate control of confining pressure
and pore pressure up to 1 GPa, temperatures up to 800 <C and the
saturation state of the sample. The control of these parameters

involves building an electrical conductivity measuring cell that
will withstand such conditions. This requires the solution of

many problems in Physics, Metallurgy and Materials Science.

The data from such studies may be combined with what is already
known about the electrical properties of crustal rocks and
crustal models to produce a theory that effectively explains the
mid-crustal high conductivity 1layer. It is hoped that the
extension of confining pressure, pore pressure and temperature
conditions will enable more sense to be made of the high

conducting areas of the continental crust.

Bearing this in mind, the main objectives of this work were to:



1. Design, test and build an electrical conductivity
measuring cell to work.- up to the following
specifications;

- Electrolyte saturation
- Confining pressure, P 1 GPa
- Pore pressure, Pp 1 GPa

- Temperature, T | 800 <C

2. Redesign drying and saturating apparatus to enable
better control of the saturation state of the

samples.

3. Arrange an experiment to measure the electrical
conductivity of a limited number of rock samples

including some collected from the Ivrea Zone, N.
Italy by Dr. K. Brodie and Dr. E. Rutter

using the measurement cell and controlling;
- Confining pressure, Pe
- Pore pressure, P,
- Temperature, T
- Saturation state

- Time

4. Interpret the measurements of conductivity
in relation to the physical processes occurring at

differing values of pressure, temperature etc.

5. Attempt- to correlate the measured electrical

conductivities to their composition



using;
- Scanning Electron Microscopy (SEM)
- Enerqgy Dispefsive X-Ray Analysis
(EDS)
- X-Ray Fluorescence (XRF)
- X-Ray Diffraction (XRD)

- Optical Mineralogy

The experimental cell was designed to the specifications stated
above. It was hoped to extend the pressure from 0.4 GPa (Lee,
1977; Jackson, 1984; Evans, 1980) to 1 GPa and the temperature
from 250 C to around 800 ©C. 1In effect the inability to obtain
a sufficiently large gas pressure vessel has restricted the use
of the cell. Although the cell has been tested up to 0.45 GPa
and 250 <C in an oil pressure vessel, it has not been used above
0.2 GPa in measurements of electrical conductivity at high
temperatures (800 ©C). This is not as large a disadvantage as it
first may seem because the sensitivity of rock conductivity to
temperature is considerably greater than that for pressure and
hence much more important to understand in any study relating to
lower crustal high conductivity layers. Accurate extrapolation
for increased pressure has been possible using measurements taken
at high temperatures (800 <©C) during variation of confining
pressure. These measurements show considerably less change in
conductivity takes place as confining pressure is varied at
progressively higher temperatures. Confining pressure zruns of
saturated rock samples at such high temperatures have never been

done before and have provided data that should enable more

accurate extrapolations for confining pressure to be done in

10



future. It is important that the rock is under some confining
and pore pressures to ensure that the pore fluid remains in the
fluid state at very high temperatures, this has been possible

using pressures up to 0.2 GPa. High temperature studies have

previously been restricted to measuring dry rocks due to this
requirement for an applied pressure. The cell should be able to
be used to its full design specification when a large gas
pressure vessel becomes available. The values of electrical
conductivity obtained using this equipment under the high
temperature, moderate pressure and full saturation will be

closest to the values existing at depth so far measured once the

simple extrapolation for pressure is done.

This introductory chapter is followed by a chapter on the basic
theory of rock conduction and related research and a chapter
reviewing the current state of thought on the lower crust.
Chapter 4 describes sample preparation and analysis and 1is

followed by three chapters concerned with the experiment design,

cell design and experimental procedure. These are followed by
the results, their discussion and a final chapter in conclusion.
A full list of references can be found in the rear of this volume
and a table of symbols can be found at its beginning. S.I. units

are used throughout.
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CHAPTER 2 ¢ BACKGROUND THEORY AND RELATED WORK
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2.1. TINTRODUCTION

This chapter is split into three sectiéns. Firstly there is a
brief description of electrical conductivity and different types
of conduction mechanism. Secondly there is a more detailed
description of the conductivity of rocks in simulated crustal
conditions. Finally there is an outline of how the electrical
conductivity of rocks is affected by changes of pore pressure,
overburden pressure and temperature and the various hypotheses

that may account for such behaviour.

2.2. ELECTRICAL, CONDUCTIVITY - A THEORETICAIL BACKGROUND

The nature of electrical conductivity and its mechanisms must be
discussed before there can be any detailed analysis of 1its

functional relationship to pressure, temperature and other

factors.

The electrical properties of a material depends on the response
of that material to a change in the electromagnetic environment
in the space around or within it. The electromagnetic
environment 1is defined by either a distribution of static
electric charges or by a distribution of dynamic electric
charges. The arrangement of static charges in a space gives rise
to an electric field within that space. The distribution of
dynamic charge flows (current flows) through a space defines a
current density in that space (Lorraine and Corson, 1970). The

electric field strength and the current density are related by

13



Maxwell’s equations.

All materials contain charged particles. In some materials these

charged particles are free to move about in a random fashion.

This movement is a result of the thermal energy of each particle
and -increaces as more energy is introduced into the systemn. If a
steady electrical field, E, is present there is a biasgfing in the
direction in which the charged particles move. This movement of

charged particles forms an electric current. The electric
current density, J, describes the effect of this flux of charged
particles. For one type of charge carrier carrying a charge, e,

the electric current density, J, is given by:

J = nev E2.1.

where n = number of charged particles / unit volume
e = charge on each particle

v = particle drift velocity

Obviously each particle will have a different drift velocity.
The velocity distribution of the particles is usually described
by a root mean square velocity which defines the average
behaviour of the particles. Rigorous consideration of Boltzmann
distributions of charge carrier velocities and energies is beyond
the scope of this thesis.. Subsequently it will be assumed that
particle drift velocity means root mean square velocity with all

that implies.

For k types of charge carrying particle each of charge, esi, and

14



J = I Ni€sVs E2.2. -

Subsequently it will be assumed that the only charge carrier

responsible for charge conduction is the electron with charge, e,
although the following analysis is just as valid for any positive

or negative ion of charge, e.

The drift velocity of charge carriers is usually proportional to
the magnitude of the applied electric field. . The constant of

proportionality is called the charge carrier'mobilify, T

v = uE E2.3.

From E2.1. and E2.3.

¥
I

ne MUE E2.4.

In circumstances other than in the presence of high field
strengths the charge carrier number density, n, and the charge
carrier mobility, p, are independent of the applied electric

field strength. The charge, e, is constant. Thus it is possible

to write:

oE E2.5.

.
I

where

C = nep E2.6.
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and the constant of proportionality, o, 1s known as the
electrical conductivity and is measured in siemens per metre, S

m-1t. E2.5. is known as Ohm’s Law and can be rewritten:

o =4J E2.7.
E
E2.5. has been derived assuming the application of a steady

electric field. If the steady field is replaced by one which

varies with time the current flow may not be in phase with the

field. If this is the case then the current can be represented
by two components, one component in phase with the alternating
applied field. The other part in quadrature to it. The
representation of this situation mathematically requires the
introduction of complex numbers into the solutions of Maxwell’s

equations and requires the electrical conductivity to be a

complex number.
o = o' + 1 ¢o" E2.8.

where i is the square root of minus one. o’ represents the in-
phase conductivity that gives rise to the conduction component
c’'E. The term i o" 1s the quadrature, displacement (dielectric),
current  component of conductivity that gives rise to the
displacement current, iw€, where w is the angular frequency and €

1s the dielectric permittivity.

Only the real part of the complex conductivity has  been
considered and measured in the following work. Subsequently

whenever the term ’‘conductivity’ is used it is to be considered

16



synonymous with the real part of the conductivity, ¢’, in E2.8.

In normal measurement technique it is more usual to measure the
electric current, I, passing through a sample than the current

density, J. If a current, I passes through a space of area, A,

then the current density is simply the current per unit area

normal to the current flow. This can be written as;
I = J"“'A E2-9-
where -~ indicates the cross-product of two vectors.

The potential difference across a space, V, is related to the

electric field and the displacement between the two points, L,

across which the potential difference is measured. This can be

written as:;

v =EiL E2I10l

The ratio of electric current to the applied potential difference

is called the conductance, G. This is measured in siemens, S.

I =GV E2.11.

Conductivity and conductance are related by the geometry of the

sample through which the current measured is passing. The
relationship between measured conductance and conductivity of a

sample of regular dimensions is given by;

o=0GL E2.12.
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where o¢ 1s the conductivity of the sample
G is the conductance of the sample

L is the sample length

A is the normal cross-sectional area of the sample.

2.3. THE MODES OF ELECTRIC CONDUCTION

This section is concerned with the main mechanisms of conduction

and the classification of materials according to the extent to

which each mechanism operates.

The electrical properties of a material depend on the number and
type of charge carriers as well as their mobility. It is this
last parameter that is the most important as a material may

contain an abundance of electrons, protons and ions but if they
all have a relatively 1low mobility it will require a high
electric field to form a current. Solid méterials may be
classified into three main groups each of which has a different

response to an applied electric field.

A. Metallic conductors
B. Insulators

C. Semiconductors

These three groups cover a conductivity range of 10:© - 10-*° S

m-—<,

18



Each mode of conduction will be dealt with in turn and described

using ’‘Band Theory’.

A. METALLIC CONDUCTORS undergo metallic bonding in which the
valence electrons have such a high enerqgy that they no longer

remain within the sphere of influence of the parent atom. They
are free to roam around the space lattice of the metal in a

diffuse electron cloud. This can be described by band theory in
the following way: In a solid crystal lattice the energies of
electrons can be envisaged as forming bands in which each
electron is distributed according to its energy. The valence
band covers the range of energies that an electron has when

occupying the bonding energy level. These electrons take part in

bonding but are not usually able to move freely away from their
parent atom to take part in conduction. To take part in
conduction they need to enter the higher energy conduction band.
In the case of metals the conduction and valence bands overlap,
see figqure F2.1. (Ashcroft and Mermin, 1976). Ssome of the
electrons in the valence band already have sufficient energy toO
be involved in conduction as they are already in the conduction
band. Other electrons can gain energy by being excited by an
applied electric or thermal field. These electrons can freely
move into the conduction band. As there is no gap between the
two overlapping bands promotion of electrons is easy and there is
no threshold energy that the electrons need to acquire (Kittel,

1971).
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The conductivity of metals at room temperature and pressure is
typically of the order of 107 S m—*. A few naturally occurring

minerals such as graphite and pyrites are good conductors but
these are usually so dispersed within rocks that they make
negligible difference to their overall conductivity. They will

be discussed with other more commonly occurring minerals in

section 2.8.

B. INSULATORS are materials in which there is a large forbidden
energy gap between the conduction and valance bands. This
situation 1is portrayed in figure F2.2. An external electric
field cannot sufficiently excite electrons to push them from the
valence band 1into 'the conduction band unless it is extremely
large. The energy required to do this is called the Activation
Energy, Eo. Tﬁe lack of charge carriers within the conduction
band ensures that there is no conduction in a pure insulator in
laboratory conditions. The presence of impurities 1in an
insulator can give rise to small ionic currents. These small
ionic currents increase as the temperature is raised and are
helped considerably by the presence of lattice defects which

enhance the ionic mobility (Ashcroft and Mermin, 1976).

The majority of crustal rocks are composed of minerals that fall
into this group, if pure. Such minerals are Quartz, Calcite,
Feldspar and Olivine. The conductivity of insulators 1is

typically of the order of 10-2°© S m—-* and less.

C. SEMICONDUCTORS are materials in which the activation energy

is not too great to prevent the promotion of some electrons into

20



the conduction band. Thermal excitation of electrons enables

them to overcome the band gap and be available in the conduction
band for conduction provided that an electric field is present.
These materials are known as intrinsic _semiconductors. See

figure F2.3.

If an insulator or semiconductor contains a significant amount of
impurities or lattice defects then enerqgy levels within the

forbidden band become allowed. This can be seen in figure F2.4.
Ssome of these levels may be sufficiently close to the conduction

band to enable small electric fields to excite enough electrons
to the conduction band -to cause conduction. These materials are

called extrinsic n-type semiconductors and can be artificially

produced by doping semiconductors with other elements. Extrinsic
p-type semiconductors cause conduction in a similar way but rely
on the movement of positively charged 'holes’ which can be

understood as the space which an electron occupied.

Most ores such as galena, magnetite and sphalerite  are
semiconductors but although they may be found in economically
workable quantities the location of such sites is widely spread
throughout the crust. They have no overall effect on the bulk
electrical conductivity of the crust even if they produce some
local electrical anomalies that may be exploited by the use of

electromagnetic prospecting methods. Typical conductivities of

semiconductors range from 105 S m—-2* to 10-7 § m-1.
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2.4. THE ELECTRICAL CONDUCTIVITY OF SOLUTIONS

The electrical properties of liquids depend on the type, number
and mobility of charge carriers. All liquids consist of randomly
moving molecules which are dissociated into ions to some extent.

It is the extent of this dissociation that determines the number
of charge carriers available for conduction. The mobility of

particles in  liquids 1is significantly greater than  the
corresponding particle mobility in most solids. It is not only
the mobility that constrains the electrical properties of liquids

but type and amount of charge carriers as well.

Pure covalent liquids consist of covalently bonded molecules with
no nett charge. Individual atoms within the molecule may appear

as slightly positive or negative due to bonding electron bias

towards different atoms. This is usually particularly the case

for hydrogen and some particularly electrophilic atoms. These
charges give rise to weak inter-molecular forces which are often
called hydrogen bonds. These covalent liquids undergo a small

amount of dissociation to ions even at 25 <(C. Pure water has a

dissociation constant of about 10-24 at 25 (. It dissociates

into hydrogen and hydroxyl ions.

H20 &—— H* <+ OH- E2.13.

This implies that the concentration of both hydrogen and. hydroxyl
ions is about 10-?. This small concentration of ions gives rise
to a small conductivity. The conductivity may increase up to

five times as much if gases such as carbon dioxide from the
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atmosphere dissolve in it. Carbon dioxide will dissolve in water

to give HCOs—~ and hydrogen ions.

H20 + CO2 = HCOs- + H* E2.14.

Even when pure the conductivity of water 1is sensitive to
increasing temperature. The addition of heat to the liquids
increases the dissociation of molecules and increases the

concentrations of both hydrogen and hydroxyl ions.

The conductivity of a covalent liquid may be further enhanced by
introducing more ions into the system. An ionically bonded solid
material such as sodium chloride is electrically neutral on a

macroscopic scale due to the gross summation of an equal number
of positive and negative ions arranged in a three dimensional
lattice. It dissociates into its oppositely charged ions when it
is dissolved in a covalent 1liquid such as water. Sodium
chloride, NaCl, dissociates into sodium ions, Na*+, and chloride

ions, Cl-.

These ions can move around in the relatively free environment of
the liquid in which they are dissolved. The conductivity of such

a solution is given by E2.6.

C = nepu E2.6.

where n 1is the total number density of ions
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e is the charge on each ion

p is the ionic mobility

The chemical equation E2.15. represents how the salt dissolves in
a solvent. The extent to which a salt dissolves in a solvent and
hence the availability of ions is dependant upon pressure and

temperature. The relative amounts of ions in solution can be

described by a dissociation constant, ka.

The mobilities of 1ions commonly found in groundwater are all
approximately the same (Parkhomenkho, 1967). The dominant salt in
groundwater is sodium chloride. The content of different salts

in groundwater 1is conveniently expressed in terms of the

equivalent content o0f sodium chloride alone (Dunlap and

Hawthorne, 1951).

For a constant temperature and pressure the mobility, n, of all
ions is approximately constant. The charge carried by each type
of ion is always constant. It can be seen from E2.6. that the

conductivity is directly proportional to the number density of

ions in the liquid.

O an E2.16.

And for k types of ions each of charge, e+ and number density, na

'-l
Il
w

o) = H ) Nies E2-17-

i=1
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E2.17. does not hold for very high concentrations. This 1is due
to the mobility of the ions being reduced by ionic interactions

(Horne, 1969). This can be seen in table T2.1.

T2.1. NaCl Aqueous Solution ( After Lee, 1977 )

Molarity Conductivity

/moles /X100~ S m—1

The electrical properties of aqueous solutions are "affected by
pressure and temperature changes by several mechanisms. The
effect of temperature upondissociation constants has already
been discussed. Once 1ions are in the solution it is the
variation of mobility with pressure and temperature that causes
conductivity variations. A good overview of aqueous solution
transport properties and;££ekéffec£16n themfgffvafjing rpressure
and temperature 1s given by Horne (1969). Little data is
available on the pressure dependence as this effect is small and
there has consequently been little work done on it. Much Qreater
amounts of work have been done on the temperature dependence of
electrolytes but much of this is quite old and does not usually
involve measurements above 100 =C, Quist and  Marshal1 (1968,
1969) have studied the properties of electrolytes to pressures of

0.4 GPa and temperatures of 600 <C, Figure F2.5. shows the
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pressure and temperature variations in conductivity of a 0.1 M
solution of NaCl. The behaviour shown in F2.5 has been described
by Quist, Marshall and others in the following way. Initially
the electrolyte viscosity decreases rapidly as the temperature
increases (Bird et al, 1963). The mobility of ions increases.
The electrical conductivity increases in step with the ion
mobility. This increase is linear at the lower temperatures and

can be described by the following equation.
Cp = Go( l + o T) E2.18

where Or 1s the conductivity at T <C
Oo is the conductivity at 0O =C
T is the temperature

QL 1s a constant

According to Parkhomenkho (1967), « = 0.0022/=C for a 1 M NaCl
solution. At temperatures of 350 °C and greater the rate of
viscosity decrease with increasing temperature diminishes. This
ensures that the ionic mobilities increase at a much lower rate
than at lower temperatures. Isobaric density has been decreasing
steadily as the temperature has been increasing. This has
reduced the ionic number density. = The higher temperatures has

also increased the probability that interaction and association
between oppositely charged ions will occur. The previous three

points collude to ensure that a conductivity maximum occurs
between 300 and 400 <C. The temperature at which  the
conductivity maximum occurs represents the temperature at which

the increase in ionic mobility is offset by a decrease in the
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ionic number density due to inter-ionic association and

diminishing isobaric density. Note that F2.5. shows no pressure

dependence below 250 <C.

A graph of logec against the reciprocal of temperature, measured
in kelvin, gives a straight line if the conductivity can be
represented by an expression of the form of equation E2.34.
Section 2.7. discusses the representation of conductivity data in

this way and how the straight line gradients can give an

indication of the activation energy of a particular conduction
mechanism at a particular temperature. Figure F2.12 is obtained

if this is done for a solution of 0.5 M NaCl. There are two
values of effective activation energy depending on  the

temperature range (Jackson, 1984; Waxman and Smits, 1968);

0.16 - 0.20 eV -~ for O - 80 <C

0.14 for 80 - 190 <=C

It can be seen from Table T2.l1l. that even dilute solutions of
NaCl have a much greater conductivity than most dry crustal
rocks. A 0.1 M NaCl solution has a conductivity of
12X10~-* S m—-* whereas dry crustal rocks are of the order of 10-3

to 10-8 S§ m—*, The presence of even small quantities of
groundwater in dry crustal rocks will significantly modify their

conductivities.
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2.5. POROSITY, CRACKS AND MICROCRACKS

The following section will deal with the type and amount of
voidspace within dry crustal rocks and its effect upon electrical

conductivity particularly when filled with pore fluids.,

In section 2.4 a comparison was made between the conductivities
of 0.1 M aqueous solution of NaCl and that of dry crustal rocks.

It was recognised that the presence of electrolytes in voidspace s

within the rock will have a significant effect on the bulk

conductivity of the rock. The bulk conducfivity of the rock

depends on;

1. Conductivity of the rock matrix
2. Conductivity of the pore network

3. Surface conduction along associated

grain boundaries.

The way in which these parameters can be used to describe the
bulk conductivity of the rock in a quantitative way will bebe dealt

with in section 2.6.

The volume and arrangement of airspace within a dry rock has an
effect upon the amount of electrolyte that the rock may take up
when saturated and hence upon the bulk conductivity of the rock.

The following pore parameters have an effect upon the bulk rock

conductivity.
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. Overall porosity

. Size distribution of pores

1

2

3. Shape distribution of pores

4. Percentage saturation of pores
5

. Connectivity of the pores

There 1is a characteristic and large pressure dependence 1in the

physical properties of crystalline crustal rocks at relatively
low pressures (up to 0.1 GPa). This has been attributed to the
closure of many small ’‘microcracks’ within the rock. These

microcracks have been classified according to their shape.

The shape of a microcrack is considered to be that of an ellipsoid.
with orthogonal semi-axes a, b and c. The size of these axes

defines the overall size of the microcrack. Their relative sizes
define the shape of the microcrack. Two ratios are defined

(Evans et al. 1982);

o = ¢/b  -~Thickness Aspect Ratio E2.19a

Y = b/a -Planform Aspect Ratio E2.19b

A spherical microcrack has a=b=c and hence @ =1 and Y=1, a coin-
shaped microcrack has a=b>>c so o <<1 and Y =1 and a cigar-shaped

microcrack has a>>b>c and therefore o <1 and Y<<l. A microcrack

which exhibits a high degree of sphericity has and close to

unity and is called a high aspect ratio microcrack (HARC). A
flattened of elongated microcrack has either or or both of

these ratios significantly less than unity and is called a low

aspect ratio microcrack (LARC). The crack structure of a rock
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can be described by a crack spectrum in which the amounts of

porosity in each of a range of aspect ratio are given.

It was first suggested by Walsh (1965b) that the closure of
microcracks under pressure was related to the aspect ratio and
the inherent strength of the rock matrix. He suggested that the
closure of a particular microcrack might occur at a critical

pressure, P wWhich is related to the aspect ratio and the rock

matrix strength in the following way.

Pc::r.:' a E | E2 ® 20-
where E 1is the Youngs modulus of the rock.

Initially, for rock matrices of the same Youngs modulus, only the

low aspect ratio cracks close as pressure increases. Walsh
argued that it was the closure of these 1low aspect ratio
microcracks at pressures below 0.1 GPa that was responsible for
the large change in the physical properties of the rocks. The
closure of the microcracks effectively repairs a weakness in the
rock. This implies that as the confining pressure is increased
even further the measured physical properties of the rocks

approach those of a microcrackless crystalline crustal rock.

The cause of microcracks is considered to be the presence of high
local stresses within the rock. Microcracks occur in certain

small volumes within the rock where the local stresses exceeds the

local strength of the rock (Simmons and Richter, 1974). The

existence of localised high points within the stress field is due
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to anisotropy of crystal properties. Localised high stress areas
occurring when there is a change in the pressure and temperature

environment cause anisotropic expansion or contraction.

Theoretical studies o0f c¢rack closure and its effect upon
conductivity and seismic velocities have been done by only a few
workers. Most of the studies have concentrated upon modelling
the crack distribution by inversion of seismic velocity data.

O‘Connell and Budiansky (1974) and Budiansky and O‘Connell (1976)
have shown that a crack density parameter and crack saturation
percentage can be derived from the values of compressional and
shear seismic wave velocities as a function of pressure. Their
'self-consistency theory'’ assumes a low concentration of randomly
distributed coin-shaped cracks. The crack density, essentially a

function of the surface area of the cracks, controls the seismic

velocities. Although some good agreements between predictions

made by this theory and observed conductivities have been found
(Evans, 1980) difficulties arise as the theory only indirectly
relates porosity to pressure. The theory is also limited in 1its
usefulness as it does not give the relative concentrations of

microcracks of different aspect ratios.

Another theory was postulated by Ruster and Toksoz (1974). They
developed the work of Walsh (1965a; 1965b) to produce a 'non-
interactive theory’ which predicts the effect of a range of
concentrations of different aspect ratio oblate spheroid cracks
on seismic velocities. The ’'non-interactive theory’ assumes no
interaction between neighbouring coin-shaped cracks and so 1is

only applicable to rocks with sufficiently low porosities.
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Further work enabled the ’'non-interactive theory’ to be used to
invert seismic velocity/pressure data to provide the pore aspect
ratio spectrum of a rock (Cheng and Toksoz, 1976; 1979). This

inversion technique has been successfully used to provide rock

pore aspect ratio spectra of a range of rocks (Jackson, 1984).

The effect of crack distribution and high pressure crack closure

upon the conductivity of a saturated rock has also been modelled
but not as extensively as in the case of seismic velocities
(Greenberg and Brace, 1969; Shankland and Waff, 1974). The only
detailed analysis so far has been the Hoenig Theory (Hoenig,
1979) which is a development of the ’‘self-consistent theory’ of
O’Connell and Budiansky (1974). The theory of Hoenig 1s

described in greater detail in section 2.9.

The effectiveness of these theories has been tested by using them
to produce predicted rock conductivity/pressure variations which
were compared with those observed (Evans et al, 1982). This work
involved the simultaneous measurement of compressional and shear
wave velocities and electrical conductivity. The seismic
velocities were used with the ’'non-interactive theory’ to
calculate the crack spectrum for each rock studied. These rock
crack aspect ratio spectra were combined with the theoxry of

Hoenig and with Archie’s Law to predict the electrical

conductivity of the rock as a function of pressure. The
predicted electrical conductivities were found to be in good

agreement to those observed. It was, however, necessary €tO

assume the cracks to be in the form of a cigar-shape for use with

Hoenig’s theory as this theory seems to produce unreasonable
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results when used with a coin-shaped crack despite the theory
being a development of the ’'self-consistent (coin-shaped crack

assuming) theory’. More work needs to be done in this area to

develop further the quantitive theory of pressure on a cracked

solid.

2.6. THE THEORY OF SATURATED ROCK CONDUCTIVITY

The conductance of a rock sample is made up of two contributions,
one from conduction through the rock matrix and the other from
electrolytic conduction through the pore fluid. It can be seen
by comparing table T2.1. and the conductivity range of dry
crystalline crustal rocks (table T2.4.) that the major

conductivity contribution in saturated crystalline crustal rocks

will be from pore fluid conduction.

The measured conductance, G*, of a saturated rock can be

expressed as;

G" = Gu + Gp E2.21.

where G* 1is the measured conductance
G 1s the rock matrix conductance

Ge is the pore fluid network conductance

All individual pore paths through a sample can be expressed as a

single, regular pore of cross-sectional area, Arg and length, L,

through a sample of normal cross-sectional area, Ax and length,
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L, as shown in fiqure F2.6. (Lee, 1977).

From E2.12. G = Om Am E2.22.
| I

And Gp = Op Ap E2-23-
L

From E2.22. and E2.23.

E_M- = GM AM E2-24-
Gp Or Ap .

Reference to section 2.4. shows that an average value for om/0s

is about 10-S. Bearing this in mind E2.24 implies that a value
of Ap/Am of only 10-% is required to ensure that the the bulk
conductivity is dominated by the pore fluid conduction
contribution. For values of Ax/Am greater than 10- domination
by the pore fluid term in the conductance equation, E2.21,
effectively makes the rock matrix term of negligible significance
except in the case of some rocks where an anomalously high

conducting mineral content is present.

The values of Ge and G for a particular rock can be obtained by
measuring rock samples in both their dry and saturated
conditions. This usually shows that Ge >> Gu. Bearing this 1in

mind and from E2.21. and E2.23.;

G = G = Op Ap E2.25.
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And as A >> Ap E2.26.

G* = oY Am B2.27.
where o 1s the measured conductivity of the saturated
sample.

From E2.25. and E2.27.
U* -~ UP AP E2:28-

-

The porosity of the sample, ¢, is given by the ratio of pore

volume to the total volume and as Vexorar. = Arorarls ® Vu = AmL;

Am L A
and therefore;
o* = Oopd E2.30.

The previous treatment is valid only for the simplified case of a
single regular pore. The three dimensional networks of pores of
irregular cross-section found in real rocks cannot be treated
using equation E2.30. The most common way of relating the

measured conductivity of a rock to the pore fluid conductivity 1is

by the relationship;
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g” = a Op (bb E2.31.

where a and b are empirically derived constants for a particular
rock type. The pore parameter, b, depends in a complex way upon
the pore parameters mentioned in section 2.5. For compacted
crystalline rocks the constant a can be taken as unity and the
constant b as 2 (Brace et al, 1965). E2.31. is known as Archie’s
Law (Greenberg and Brace, 1969). It was originally derived for
use in the oil industry to describe the conductivity behaviour of
highly porous sandstones and limestones. Brace and others
discovered that it was also valid for many rocks with very low
porosities (Brace et al, 1965; Brace and Orange, 1968). The

validity of Archie’s Law for all rock types, especially those

that are severely altered or carry a significant ore content, has
been questioned recently (Patinode and Wyllie, 1950; Duba et al,
1978; Barker, 1979). It has been suggested that in some cases

mineral conduction is a significant contributor to the bulk
conductivity and should be included in a modified form of
Archie’s Law (Patinode and Wyllie, 1950).

CY = a op P + C E2.32.

where ¢ is a contribution from mineral conduction.
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2.7. THE CONDUCTIVITY OF DRY ROCKS AND MINERALS

The electrical conductivity of a rock depends on the individual
electrical conductivities and quantities of the various mineral
components present in the rock. The conductivity also depends to
a lesser extent upon the arrangement of different minerals within

the rock. Anisotropic conductivity can be related to the rock

texture. In any research into mineral aggregates it is important

that the bulk physical and electrical properties of the

individual minerals are understood as fully as possible.

Table T2.2. shows the range of conductivities which rocks and
minerals possess. It can be seen that rock conductivities cover
a wide range of orders of magnitude. Common rock forming

minerals are also spread over many orders of magnitude but on the
whole tend to be more highly resistive than the rocks which they
make up. This is perhaps only to be expected as small amounts of

conducting impurities in rocks will make them slightly more
conductive than expected purely from their majority composition.
If the rocks are wet they have conductivities that are
considerably higher than the sum of their mineral constituents
would indicate. Clearly, and as we have already said in section
2.4., the most important factor affecting the overall rock

conductivity in wet rocks is the presence of conduction through

the pore fluids.

The effect of small amounts of water on the electrical

conductivity of otherwise dry rocks has been studied by Olhoeft

(1975; 1976; 1982). He found an increase in conductivity of over
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T2.2. THE RANGE OF CONDUCTIVITIES OF SOME COMMON ROCKS AND

MINERALS. (After Jackson, 1984 and Parkhomenko, 1967.).

CONDUCTIVITY/S m-2 ROCKS MINERALS OTHER

108 METALS

106
GRAPHITE

10* GALENA, MAGNETITE

102 TELLURIUM

10° SULPHIDES SEA WATER

- GERMANIUM

10-2 WET BASALT CARBONATES SILICON
ZINC ORES

10~ PERIDOTITE

10~ QTZ DIORITE METAL OXIDES ICE

LIMESTONE IRON ORES, ALBITE
10-8 GNEISS GARNET
SANDSTONES

10-1© DRY BASALT IODINE

10-22 PYROPHYLLITE | SILICATE MINERALS | POLYTHENE
OLIVINE

10-14 - QUARTZ PARAFFIN

PTFE
10-16 DIAMOND

two magnitudes upon the addition of a very small amount of water
to the dry basalt in dry air, figure F2.7. Pore fluid conduction
is the dominant conduction mechanisn. The variations of rock
matrix conductivity with pressure and temperature are now of very
limited importance compared with the variations of conductivity
due to the effect of pressure and temperature upon the pore
fluid. A review of the effect of pressure and temperature upon

aqueous pore fluids can be seen in section 2.4.

The published data concerning rock electrical conductivities

exhibits a large degree of scatter. In many cases the value of
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conductivity measurements on reportedly identical mineral
aggregates produces values that vary by several orders of
magnitude. Some of such cases are documented by Parkhomenko
(1967). One possible reason for such a spread of measured values
is anisotropy. In most published data there has been no

determination of the direction of measurement relative to the

texture of the rock. The geometry of rock texture relative to

the measurement direction varies from measurement to measurement
producing a scatter in the conductivity value obtained.
Conductivity anisotropy in minerals is due to charge carrier
funnelling along crack planes as has recently been shown in core

flooding experiments carried out at B.P. . research. laboratories

- - P

il

in Sunbury. Rock conductivity anisotropy is similarly due to

greater charge carrier mobility along bedding or cleavage planes

or along foliations. Some examples of anisotropy are given in

Table T2.3.

TABLE T2.3. CONDUCTIVITY ANISOTROPY IN VARIOUS ROCKS AND MINERALS

CONDUCTIVITY/S m~2 REFERENCE

PARALLEL TO NORMAIL, TO
LAYERING LAYERING

MATERIAL

Biotite mica

Enstatite

Shaly Slate

Galena

Crystalline
Slate

REFERENCES: 1 - TOLLAND (1973); 2 - DVORAK and SCHLOESSIN (1973);
3 - PARKHOMENKO (1967).
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Another source of discrepancy between different measurements of

apparently identical dry zrocks is the degree of their
dessiccation ., It has been shown that samples measured in a vacuum
are much less conductive than samples measured in the relatively
humid air of the laboratory. This can produce a very significant
error in rocks of very low conductivities (St Amant and

Strangway, 1970).

Even 1in the absence of the two effects hitherto mentioned it is

hardly surprising that there is some scatter in the electrical

conductivities of seemingly identical rocks as small variations

of grain size and amounts of impurities will have some effect.

In a small number of rocks conducting minerals may play a

significant role in conduction. The relatively highly conducting
mineral graphite may have a large effect on the conductivity of
the bulk rock even if it is present only in small amounts.
In this case the distribution of the highly conducting mineral
within the fabric of the rock may cause a certain conductivity
anisotropy. Other relatively conducting minerals such as
metallic oxides and clay minerals in general do not have a

significant effect upon the bulk saturated rock conductivity
unless they are present in such a critical concentration that

continuous or near continuous conducting pathways are formed
(Tolland and Strens, 1972). At concentrations near the critical
concentration small changes in the percentage volume  of
conducting mineral has considerable effect on the bulk

conductivity, figure F2.8 (Madden, 1976).
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A recent study of rock conductivities has indicated that there is
a rise in conductivity with rising content of the metallic oxides
FeO, Fe=20s3, TiO2 and/or with increasing content of Ni, Cr, Co
(Lastovickova and Kropacek, 1980; Lastovickova, 1984). Cermak
and Lastovickova (1987) have applied percolation theory to a set
of alkaline and calc-alkaline rocks of a wide range of TiO-

content (0.1 - 6.0 %wt) and FeO + Fe20s content (2.5 - 17.0 %wt).

They report the success of percolation theory up to 500=C where

it breaks down due to electronic conduction through the heated

mineral, mentioned above, becoming significant (Lastovickova and
Kropacek, 1983). The electrical conductivity of Fe-Mg-Ssio;
minerals, the main rock forming minerals of basaltic rocks, has
been investigated by Kropacek and Lastovickova (1980). They
found that as a general rule the electrical conductivity

decreased with increasing oxidation.

Table T2.4. shows the room temperature conductivity of some dry

rocks, ores and minerals.

The effect of confining pressure upon the electrical conductivity
of dry rocks 1is very limited and is related to the rock
incompressibility (Dvorak, 1973). The effect of changes df
temperature upon dry xrock conductivities is much  greater.
Raising the temperature of a metal decreases its conductivity due
to scattering of charge carriers by metal lattice vibrations.
Raising the temperature of insulators and semiconductors,
however, increases their electrical conductivity by increasing

the number of charge carriers. The electrical conductivity of

insulators increases exponentially with temperature (Ashcroft and
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TABLE T2.4. THE CONDUCTIVITY OF SOME COMMON ROCKS AND MINERALS.
(After Parkhomenko, 1967 and Keller, 1966)

MATERIAL CONDUCTIVITY/S m—*

GRAPHITE 1.0X10°
GALENA 4.0X10¢ - 3.0X10°
BORNITE 4 ,0X10% - 1.2X10—=
PYRITES 3.0X10* - 6.0X10-%
MAGNETITE 1.2X10% - 1.0X10%
IRON ORES 2.0X10° - 3.0X10-7
ZINC ORES 1.4X10° - 7.0%X10-3
PERIDOTITE 1.5X10-4

QUARTZ DIORITE 5.0X10-S

DIABASE 3.0X10-¢ - 6.0X10-33
GNEISS 3.0X10-7

GARNET 3.0X10-7

ALBITE 2.5X10-7

BASALT - 3.0X10-©
PYROPHYLLITE 1.0X10-22

MUSCOVITE 1.0X10-22 — 1.0X10-24
QUART?Z 5.0X10-15

Mermin, 1976; Kittel, 1971). Most common rock forming minerals

can be considered to be insulators and to undergo  this
exponential rise 1in electrical conductivity with temperature.

The conductivity at a temperature, T, o« is given by;
Op = Cw@ (—BQ/XkT) E2.33.
where Ow is the conductivity at infinite temperature and is
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assumed to be temperature independent, k is Boltzmann’s constant,

Ec is the activation energy and T is the temperature in kelvin.

A graph of loge o0r against 1/T gives a straight line whose
gradient is -Eo/k (Nakhromenko and Mkrtchyan, 1974). The value
of ~Eo/k is a measure of the movement of charge carriers, figure

F2.9. Different conduction mechanisms give rise to different

values o0f -Eo/k. A change in the slope of the loge or against

1/T graph at a certain temperature indicates that a change in
conduction mechanlism has occurred near that temperature. If a
graph such as that shown in figure F2.9. has more than one slope

E2.33 has to be modified and becomes:

Cp = 031 €~EQ’'/ kT 4+ g, e—EQ’ kT E2.34.

The first term relates to the 1low temperature conduction
mechanism and the second to the mechanism that becomes dominant
at higher temperatures. In some cases more terms are required
each corresponding to a single conduction mechanism. It can be
seen that it is therefore very important to quote the temperature

regime whenever an activation enerqgy is reported.

Figure F2.10. shows loge or / 1/T graphs for various rock types

(Cermak and Lastovickova, 19387).

Comparison of the log conductivity against 1/T graphs for rocks

of differing origins and composition shows that there 1is an
overlap of the conductivity/1/T regimes of granites  and

granodiorites, figure F2.11. (Volarovich and Parkhomenko, 1976).
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The range of conductivities for both types of rock at low

temperatures is quite great but decreases considerably as the

temperature 1is increased. As the temperature increases the
amount of overlap tends to increase as the activation energies of

the more mafic rocks (0.6 - 0.8 eV) tends to be less than that

(0.7 - 0.9 eV) for the more acidic rocks.

The various specific mechanisms of the conduction process 1in

rocks are still largely unexplained. Two good general reviews

have been done by Parkhomenko (1967, 1982) and Keller (1966)

provides a more dated but comprehensive guide to the subject as
understood at that time. Much more recently there has been a

pooling of Eastern Bloc research by Cermak and Lastovickova
(1987) but this data seems to be solely for dry rocks with no
attempt to control saturation state and hence pore pressure.
There have been a number of studies of the electrical
conductivity of rocks and its variation with  pressure,
temperature, saturation and frequency. Some of the more useful

ones are summarised below in table T2.5.
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TABLE T2.5. SOME MAJOR REFERENCES AND THEIR COVERAGE.

AUTHORS

Dvorak

Dvorak and Schloessin
Parkhomenko

Parkhomenko
Parkhomenko and Dvorak

Duba

Duba et al

Duba et al

Duba et al
Bradley et al
Stesky and Brace

Tolland

Tolland and Strens
Nakhromenko and Mkrtchyan
Bondarenko et al

Katsube and Collett

Katsube and Collett
Olhoeft et al

Bondarenko

Budzinski et al

Kropacek et al
Lastovickova

Jelenska et al
LLastovickova and Kropacek
Lastovickova et al

Cermak and Lastovickova

DATE

1973

1973
1967

1573
1971

1972
1973
1974
1978
1964
1973

1973
1972
1974
1976

197 3a
1973b

1973
1972

1985
1985
1984
1978
1983
1985

- 1987
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NOTES

Mafic and ultramafic rocks
High P and T

High P and T

Mafic and ultramafic rocks
High P and T

High P and T
Frequency dependency
High P and T

High P and T
Pyroxene and olivines
Pyroxene and olivines
Quartz

Pyroxene and olivines
Serpentinites

Surface T

High T, Surface P
High T, Surface P
High T and P

High T and P |
Frequency dependency
Surface T and P
Frequency dependency
Surface T and P
Frequency dependency
High T, Surface P
Frequency dependency
High T, Surface P
High T

High T - ’



2.8. THE EFFECT OF TEMPERATURE UPON THE ELECTRICAL CONDUCTIVITY

OF SATURATED ROCKS

Increasing the temperature of any insulator produces a
corresponding increase in its electrical conductivity as has been

discussed 1in section 2.7. This also applies to rocks whatever

the state of thelir saturation.

Little data 1s available concerning the effect of temperature
upon the electrical conductivity of rocks held at high pressures.
Lee (1977) and Evans (1980) have measured the electrical
conductivity of rocks as a function of temperature up to 250 <C
at a confining pressure of 0.4 GPa. Jackson .(1984) has extended
this work by'making'measurements up to 240 <C at 0.35 GPa and up

to 900 <C at atmospheric pressure on dry rocks. All this

research has found increases in the electrical conductivity as
temperature 1is Hincreased. Maintenance of hiéh pressures and
temperatures produced a transient decrease of the electrical
conductivity.ﬂ‘ Once the transient decrease has occurred
subsequent temperature cycling produces repeatable conductivity
values. The effect of%the transient conductivity decrease 1s
noticeable in ‘bgth” saturated and unsaturated rock samples,

although it is smaller in unsaturated samples. Lee (1977) and

Evans (1980) attributed the decrease to a transient creep

process. It 1s conpeivable that the presence of an aqueous
solution ﬁay be able to iubricatgasuch a processiand hence make
it more exténsive. This:could account for the dgcrease seeming
to be more marked in saturated rock samples. ‘A‘genegalised view

of the electrical conductivity of a rock sample as a functionh*of

46



temperature is shown in figure F2.13.

The range of activation energies obtained by Lee (1977) was from
0.1 to 0.4 eV. Pyrophyllite gave a valué“arouna 0.13 eV whereas
amphibolites of various types gave values of around 0.4 eV. Lee
found that the average value for the activation energy of the
rocks he neasured was around 0.2 eV. This value can be compared
with the values of the activation energy quoted for '’brine’ of
0.2 eV (Parkhomenko, 1982) and 0.5 M NaCl of 0.14 eV (Waxman and
Smits, 1968). The activation energies of dry igneous rocks have
been studied some while ago by Parkhomenko and Bondarenko (1962).
They found that the activation energies of dry basic and
ultrabasic rocks (diabase, Dbasalt and peridotite) measured

between 100 <C and 800 <C varied between 0.6 and 0.8 eV. The
similarity between the activation energies of saturated rocks and

an aqueous solution of 0.5 M NaCl in comparison with the
activation energies of dry rocks suggests that the presence of
the conducting fluid is the major factor in influencing the

electrical behaviour of the saturated rock.

Lee (1977) has found that some rocks exhibit a more sensitive
variation of- conductiviﬁy as-a function of- temperature than
saturation with a salt sélutiop might suggest. This effect has
also been observed by other authors (Evans, 1980; Drury, 1976;
1979; Stesky and Brace, 1973 and Parkhomenko, 1972). The
activation energies of - these basic amphibolites - and- basic
gneisses are around 0.3 to 0.4 ev.ﬁ It is possiﬁle thét this
effect is caused by additional conduction through rock minerals

as well as through the pore fluid. There have been some
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suggestions that the presence of enhanced conduction is as a

result of conduction through clay minerals or through deposits of
magnetite along grain boundaries. The partitioning of the
saturated rock conductivity into two groups is shown in figure

F2.14. (After Lee (1977)) and diagrammatically in figure F2.15.

Interestingly it is the rocks that exhibit a conductivity similar
to that of a molar salt solution that have room temperature

conductivities predictable by Archie‘’s Law (Evans, 1980).

2.9. THE EFFECT OF CONFINING PRESSURE UPON THE ELECTRICAL

CONDUCTIVITY OF SATURATED‘ROC&S

The conductivity of a saturatéd rock is a sensitive function of
additional electrolyte especially at low concentrations of added
electrolyte. As we have said in section 2.5. the electrical
conductivity is dependent upon bore parameters. %It~canhbe summed
up by stating that the electrical conductivity is largely
contrdiled by the percentage volume of the saturated part of the
pore cross-section perpendicular to the current flow as well as

the pore connectivity.

1.:4 + '—'-'.3 -
— Ty | rFo- r T [ Vi 1Y - . = TR

In considering a rock matrix/poré f;p;d égstem.with no conduction
mechanism apart from electrolyte conduction it may be said that
providing each elemenp does ndtqintéract'with“the other that its
conductivity should lie between the low conductivity of the rock
matrix and the conductivity of the pore fluid. This is not

particularly useful except to define the absolute limits in which
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the conductivity of the system must fall.

It is usual to consider the rock conductance as made up of two
parallel contributions, one due to the relatively high
resistance of the rock matrix and the other due to the relatively
high conductivity of the pore fluid. This relatively simple but
quite effective method has been fully discussed in sectién 2.6.

and was used by Lee (1977) to obtain:

0'* = O'Pt (b;‘l:' E2135-

where o* is the rock conductivity

O 1S the pore fluid conductivity
¢ is the porosity

r is a pore geometry constant

This was also confirmed by the data of Jackson (1984). It 1is
also useful to compare this result with that obtained by Archie

(1942), Patinode and Wyllie (1950) (E2.32), Waxman and Smits

(1968) and  Clavier et al (1977) (section 2.11).

The change of electrical conductivity of a typical electrolyte
saturated rock as a function of confining pressure is shown as
figure F2.16. As pressure initially increases (A-B, F2.16.) the
electrical conductivity decreases swiftly. The rate of decrease
lessens as the confining pressure gets higher. This variation is
caused by the reduction of porosity dué to the increasing closure

of pore fluid pathways through the rock matrix.
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At higher pressures (>0.3 GPa) the conductivity of low porosity
crystalline rocks depends on the square of the porosity (Brace et
al, 1965). This is the pressure regime where all the long thin
cracks have closed and only high aspect ratio cracks remain
decreasing the overall porosity (Walsh, 1965). Lee (1977) and
Evans (1380) have found that this form of Archie’s Law (r = 2) is
effective in descibing electrical conductivity of acidic
crystalline rocks at high pressures. They found that the
correlation was especially good for those rocks which were

quartz rich. There is a discrepancy when this model is applied

to basic and ultrabasic rocks.

There is also a difference in the behaviour of acidic and basic
rocks as confining pressure increases. Figure F2.17. shows the
relative variations of the electrical conductivity of basic and
acidic rocks with confining pressure. The basic rocks seem to
have a linear dependence of loge(conductivity) with pressure -
compared with the non-linearﬁbehaviour of acidic rocké. This has
been attributed to differences in crack distribution between
acidic and basic rocks (Lee, 1977). Acidic rocks were assumed to
have a ”gfeatef pfbportioh of ;bﬁ'éspect ratio cracks compared
with basic rocks. Work by 'Jackson (1984) has indicated that  the

converse situation  exists. Jackson has used data - from
conductivity and seismic velocity measurements to produce crack

porosity distributions. .He used iﬂversions derived frﬁmbHoehig's
equation (Hoenig, 1979) and the non-interactive theory of Cheng
and Toksoz (19373). Jackson found that a high proportion of the
total. porosity of quartz rich rocks is in the form of high aspect

ratio cracks compared with more basic rocks. Jackson attributes
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the discrepancy between the conductivity/pressure variations of
acidic and basic rocks to the presence of an enhanced conduction
mechanism in the basic rocks which is less sensitive to pressure
than the closure of pore fluid conducting cracks. In the case of
basic rocks an enhanced conduction mechanism should make the
overall conductivity proportionably less reduced compared with

acidic rocks where no such mechanism is important. This can

produce the required conductivity/pressure characteristics.

It has been demonstrated that a value for the Archie’s Law pore
geometry exponent of unity is associated with low aspect ratio

cracks (Shankland, 1975). A value of this parameter closer to
2 has been shown to be more applicable to higher aspect ratio
cracks such as those that are still open at higher pressures

(>0.4 GPa) (Brace et al, 1965; Lee, 1977 and Evans, 1980).

There have been only a few theoretical studies of the electrical
conductivity of saturated rocks which match the detail attained
in the theoretical modelling of seismic velocities. Such
theories as there are (e.g. Hoenig (1979) and Walsh (1975)) are
based upon the self-consistency theory of 0’Connell and Budiansky

(1974).

Thei ﬁsuéiﬂ approach involves ideéiisiné a*wcrack shépe. Walsh
(1975) used thin cracks, tubes and spheres to producé a theory
which was difficult to apply. Hoenig’s work was based upon a
spectrum of ellipsoidal cracks such as that shown in figure
F2.18. in iwhich a, b and c are the ellipsoid’s principal semi-

axes. Hoenig used coin-shaped ellipsoids, where a = b >> C,
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FIGURE F2.18. The ’'penny-shaped’ cracks with semi-axes a, b and
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embedded 1in an elastic matrix. Two aspect ratios were derived

from a, b and c¢ and these were able to be varied to give a

spectrum of different shaped cracks.

Thickness aspect ratio o =c¢/ b - E2.19a

b/ a E2.19b

Planform aspect ratio | Y

Hoenig kept Y =1 (a = b) and varied «.

The size of the cracks was altered by changing the overall volume

of pore space with respect to matrix. Hoenig obtained;

ox = 1 - BE(K)E 1 B
o 9 . (0¥/om Q + Y2 {k2(K(k) - E(k))}}|
+ - 1
(o*/om @ + 1/{k=2(E(k) - Y2K(k))} © E2.36a

where; o~ = effective conductivity
OM -qmatrix cohductivity
Op = pore fluid conductivity
S - crack density parameter
¢ - porosity
9. - saturation factor
K(k), E(k) - complete qglliptical integfaisfkéee O'éonﬁell and
Budiansky (1974)) R a

y = planform aspect ratio

a - thickness aspect ratio

. s F

and: - k2 = (1l=Y2)2/2 - E2.36b
- € = 3¢ /8E(k) | E2.36C

Evans et al (1982) showed that-a modified form of this. - equation

specific. to. cigar-shaped cracks predicted:  the observed
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conductivity at around 0.4 GPa better than Archie’s Law. Jackson

(1984) has discussed the theory modification in detail.

Reference to figure F2.16. shows the subsequent variation of
conductivity with pressure after the initial wvariation (F2.16, A
- B). If the saturated rock is kept at high pressures for a

number of hours then there 1is a drop in the electrical

conductivity (F2.16, B - C). Lee (1977) attributes this drop to
a compaction process resulting from motion along grain boundaries
and better alignment of crack edges. Jackson (1984) has
subsequently shown this motion to be partially reversible but on
a longer timescale than the original compaction. sLe; (197%) and
Jackson (1984) showed that subsequent cycling of%hconfining
pressure produced repeatable electrical conductivity curves of a
slightly different geometryﬁtp the original (F2.16, C - D). This
is considered to be the post-tranéient elastic respon;ehétate of

the rock.

2.10. THE EFFECT OF PORE PRESSURE UPON THE ELECTRICAL

CONDUCTIVITY OF SATURATED ROCKS

The variation of pore pressure has a large effect. upon the
electrical conductivity of all saturéted rocksl An increase in
the pore pressure produceé an increase in the electrical
conductivity whatever the value of confining pressure. This
variation can be seen in figure F2.19. The knowledge that pore
pressure and confining pressure act in opposition to each other

has 1long been recognised. Increasing the confining pressure
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tends to reduce the conducting pathways available for conduction
whereas an increase in the pore pressure tends to increase the
number of conducting pathways available by opening up healed
cracks. If the rock system acts in an elastic manner to changes
in both pore pressure and confining pressure then the opposition

may be stated quantitively as an effective pressure law (Robin,

1973);

where Pa- 15 the effective pressure’
Po 1s the co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>