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ABSTRACT

Title: Electrode Polarization and Its Influence on the
Electrical Properties of Mineralized Rocks

Author: Theodore R. Madden

Submitted to the Department of Geology and Geophysics
on February 1, 1961 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy
at Massachusetts Instltute of Technology

The electrical properties of mineralized rocks known as the
*induced polarization™ effects, are mostly due to electrode
effects assocliated with the metal solutlon interfaces within
the rocks. To understand these effects one must understand
the electrode polarization phenomenon and the electrlcal
environment within the rocks.

A kinetic model is used to study the factors that should
affect the electrical behavior of electrode-solution inter-
faces. This model incorporates the usual flow equations

for ion motions in a viscous medium, and assumes a linear
dependance of the reaction rates on the changes ln the
concentrations and voltages occurring at the electrode.

The "fixed layer® concept used to describe the propertles

of ideal polarized electrodes is also included. The solu-
tion of the equations derived from this model leads to the
representation of the electrode impedance by an equivalent
circuit. The parameters of this circuit are simply related
to the concentrations and diffusivities of the reacting
species, and the standard free energy change associated with
the reaction barriers. The magnitude of these parameters

is determined experimentally for a number of metal and semi-
conducting electrodes. A general behavior for these electrodes
is established, but several puzzling factors emerge from
examining the magnitudes of the parameters deduced. There
is strong evidence that the reactions occurring at the elec-
trodes are different from those that are often assumed.

The data from the electrode studies is applied to the rock
polarization problem. The results are confusing unless the
importance of surface conduction is appreciated. A model

is developed that agrees well with the measured rock pro-
perties. The parameter values of this model emphasize the

role of minor constituents within the pore structure. Be-
cause of this, and because the principle polarization mecha-
nism is a diffusion phenomenon, there is reason to expect simi-
larities between the polarization due to metalllc minerals,

and that due to membrane effects. The empirical data on induced
polarization in rocks is reviewed, and the most troublesome
samples are examined in detail. Rule of thumb guldes are set

up to help distinguish the two polarization effects, but some
sgmples most pe oonsidered enomalous. ’

Thesls Supervisor: Stephen M. Slmpson
Assistant Professor of Geophysics



PREFACE

During the academic year 1952-53, Prof. Hurley of the
M.I.T. Department of Geology and Geophysics encouraged a
group of graduate students to start investigations on the
induced polarization method of geophysical exploration.
Funds were advanced by the department to carry out a
program of experimentation in Nova Scotia during the
summer of 1953. This was the beginning of a program
concerned with many aspects of 1induced polarization that
has been carried on in M.I.T. Department of Geology and
Geophysics. Some of this work has been sponsored by the
Raw Materials Division of the Atcmic Energy Commission.
Important contributions were also made by the Bear Creek
Mining Company, which supported some of the field work,
and provided equipment for field and laboratory studies.

The problems that faced this program were concerned with
the measurement and interpretation of induced polarization
effects in earth materials. These problems bresk down
into two distinct categories. One category involves an
understanding of the physical-chemical effects that give
rise to the induced polarization properties, and the iden-
tification of these effects in geologlc materials. The
other category 1s involved with the interpretation of field
measurements. This latter one is a difficult problem in
mathematical physics very closely allied to the problem of
reslstivity interpretations. Dr. Phillip Hallof and Dr.
Norman Ness made contributions to this problem in their

Ph.D. theses. The work done on the first category of



induced polarization problems at M.I.T. was largely
supported by A.E.C. contract AT(05-1)-718. Dr. Donald
Marshall and the author were the chief investigators
working on this project. Much of the material for this
thesis is to be found in the reports of this project:

RME~-3150 Background effects in the I.P., method
of geophysical prospecting, 1957

RME-3156 A laboratory investigation of I.P,, 1958

RME-3157 Electrode and membrane polarization, 1959

RME-3160 I.P., a study of its causes and magnitudes

in geologic materials, 1959

It 1s generally realized that induced polarization ef-
fects are caused by metallic or semiconducting minerals
within a rock. The awareness that other causes can also
lead to induced polarization effects, motivated a closer
study of the polarizing effects of metallic minerals,
in the hope that the various causes could be differen-
tiated in the electrical measurements. This 1s the
study the author undertook and which is presented here.
The parallel work undertaken by Dr, Donald Marshall to
investigate all other possible causes of induced polar-
ization in geologlc materials 1s a necessary companion
to this work, and his results will be referred to con-

stantly throughout this thesis,
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INTRODUCTION

There is 1little need to introduce the subject of induced
polarization in great detail, since a good deal of liter-
ature 1s now available on the subject (Bleil, 1953; Madden

et al, 1957; Vacquier et al, 1957, Marshall and Madden, 1959).
A short review is presented here, however, for the sake of

completeness,

During the past 10 years an increasing interest has devel-
oped around the application of electrical measurements, popu-
larly known as "induced polarization measurements.™ These
measurements have been predominantly applied to the problem
of detecting metallic mineral zones, but an 1n¢reasing
‘awareness of the polarlzing effects of non-metallic minerals

has arisen with the development of these methods.

The predominant cause of induced electrical polarization

in geologic materials 18 belleved to be due to the polar-
izing of metallic minerals in the rock. When these minerals
block the pore passages of a rock, and an electric current
is passed through the rock, an electro-chemical barrier must
be overcome by the current flowing through the lnterface
between the metallic minerals and the solution in the pore
passage. The forces which oppose the current flow are sald
to polarize the interface, and the added voltage necessary
to drive the current across this barrier is sometimes known

as the overvoltage., When the inducing current i1s turned off



the overvoltages that were set up decay in time. Obser-
ving these voltages represents one method of detecting the
polarization effects within the rock. Since it also take

a finite time to bulld up these overvoltages, one finds

that the impedance of these zones decreases with increas-
ing frequency so that measurements may also be made in the
frequency domain. Qualitatively then, these effects behave
somewhat as the ordinary dielectric properties of the mater-
lals., These effects, however, occur at audio and subaudio
frequencies which are much too low for the ordinary displace-
ment currents to be of any significance. BRegardless of the
origin of the phenomena, any time-dependent or frequency
dependent behavior of the electrical lmpedance of rock ma-~
terials at these low frequencies is referred to as the'in-

duced polarization effect.®

Several different techniques are used to measure these effects,
and several different parameters are used to describe the
results of these measurements. When the measurements are made
in the time domain, 1t is a common procedure to turn the
current source on for a period, and.then turn it off for a
period, before starting a new cycle with opposite polarity.
The voltage remaining Jjust at the beginning of the "off period®
or at some fixed interval later, is often measured and com-
pared with the "on period" voltage. The ratio of the two
voltages is taken as a measure of the magnitude of the pola-
rization effects, and is usually evaluated in terms of milli-

volts per volts (mv #). Another practice consists of inte-

2.



grating the "off period voltage. The polarization effects
are then evaluated in terms of millivolt seconds per volt

(mv-sec /V).

When measurements are made in the frequency domaln it is
usual to compare the impedance at some alternating frequency
with that at some very low frequency, which is often referred
to as the "D.C. impedance.”™ The effect 1s then evaluated as
a certaln percentage increase in the conductance at the A.C.
frequency. Sometimes phase-shift measurements are made.
These phase-shifts are usually very small, of the order of a

degree or less.

Because time and frequency domain data are related to each
other, when the phenomenon is linear, through the Fourler
transform we can expect to derive frequency information from
the transient measurements or vice-versa. There is not an
exact one-to-one corresponience between a point in a fre-
quency domain and a point in a time domaln, but there is
of ten an approximate one. The percentage frequency effect
and the millivolts per volt parameters are found to be
closely related (Madden and Marshall, 1958). If the per-
centage decrease of the’impedanoe is used instead of the
percentage increase in conductivity the relatlonship is
given as:

/o effect at frequency fj= C.1 x mv /Aolt value

&2



Throughout this work we will keep the convention of refer-

ring everything to the frequency domain.

As was discussed in report RME-3150, it is sometimes ad-
vantageous to welght these parameters so that they are more
dlagnostic. Since the magnitude of the previously mentioned
parameters can be diluted when new conduction paths are
opened up in a rock, 1t 1s sometimes appropriate to weigh
these parameters in a way which better reflects the total
amount of polarizing material within the rock. One such
weighting 1s given by taking the total increase in the con-
ductance of the rock rather than by taking the percentage
increase 1n conductance. This is the parameter which we
have used throughout these reports, and which is called the
"metal facor." When using units of ohm-feet, the metal
factor can be expressed in terms of the DC and AC resis-
tivity as:

m.f. = 2m [R(DC) - R(AC)] x 10° /R(DC) R(AC)
The metal factor is very useful in evaluating the amount
of polarizable material within igneous rocks, but because
the parameter depends on the conductivity of the pore
fluids, 1t 18 not as useful in evaluating the sedimentary
rocks. Some typlcal values of the metal factor encountered

in igneous rocks are given in Table I.1l.



Table I.1l

Common Metal Factor Values (10 cps.)

rock type and mineralization metal factors
unmineralized granites 1
unmineralized basic rocks 1-10
finely disseminated sulphides 10-100
disseminated sulphides (1-3 ) 100-1000
fracture filling sulphides (3-10 ) 1000-10,000
massive sulphides > 10,000

The metal factor is also a useful parameter for evaluating
core samples in the laboratory. Core samples represent a
biased csample of the rocks cored, since the badly sheared
and altered rocks often do not core. For this reason the
resistivity of the core samples is often higher than the
résistivity of the rock aggregate from which the samples
came. The metal factor parameter however is unaffected by
the development of purely ionic conduction paths scting
in parallel with the other conduction paths through the rock.
Thus one can expect the metal factor values obtained from
core samples to represent more faithfully the average pro-
berties of the rock in situ. An interesting test of these
ideas was discussed in RME-3150, which involved an exten-
sive comparison of fleld measurements and laboratory mea-
surements. The resistivities obtained by the two methods
differed by a factor of six, but the metal factor values

were essentlally equal.

When massive metallic mineralization is present in a rock,
the sampling problem for rock cores 1ls greatly increased.

Unless the core samples are much larger than the metallle

5 .



minerals present, the electrical properties measured in the
laboratory can be very misleading. Fortunately, however, such
rocks usually represent such good electrical targets, there

1s 1little need to study their properties in the laboratory.

Although the metal factor values are dependent on the
geometry of the metalllic mineral emplacement, it is seen
from Table I.l that the values are quite sensitive to the
amount of metallic minerals present. This makes the para-
meter quite useful in distinguishing between well mineralized
zones and slightly mineralized backgrounds. Some field ex-
amples showing the increased resolving power of measuring
this parameter to detect sulphide zones were given in Re-

port RME-3150.

The application of these measurements to detecting sulphide
mineralization is not always as straightforward as those

fleld examples cited would indicate. One complication arises
from the fact that other electronic conducting minerals such
as graphlte, magnetite amd pyrolusite also give induced polar-
1zation effects. It also appears however, that polarization
effects can arise without any metallic minerals being present.
Schlumberger, in perhaps the first reference to these measure-
ments, stated that background-induced polarization effects
tended to drown out the effects of metallic mineral zones
(Schlumberger, 1920). This view is somewhat exaggerated,

but several groups have been studying the influence of clay
minerals on induced polarization measurements, (Vacquier et

al, 1957; Henkel and Van Nostrand, 1957; and A.A. Brant -
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personal communication).

Because of the presence of these complicating factors, .the
present study was undertaken. It was hoped that through
an lncreased understanding of the causes of induced polar-
1zation 1n geologic materials, one could better interpret
the electrical measurements. A very general approech to
the problem of electrical polarization in unmineralized
rocks can be set up in terms of the coupling between vari-
ous flows and electric current flow. The efficiency of
these coupling effects in causing an electrical polariza-
tion can be estimated by examining the magnitude of the
conductance terms in the matrix used to describe the flow
properties of a material. This approach was used by D.J.
Marshall in his aforementioned thesis. The data that he
collected on the flow properties of rock samples demon-
strated that although some very prominent cross coupling
phenomena occur, only the diffusion potentials associated
with electrical current flow across a membrane system can
lead to the finite polarization effects that are measured.
A simple mathematical model of this effect was set up and
evaluated in order to obtain a quantitative picture of the
electrical properties of such a system., Laboratory mea-
surements were also used to check these results. These
studies showed that there was an upper limit to the mag-
nitude of the polarizing effect of such systems, and that
the frequency spectrum was limited to very low frequencies

unless extremely fine-gralned materials such as individual



clay particles were involved.

In order to be able to make diagnostic evaluations of the
causes of electrical polarization in natural rocks, a
similar comprehensive study of the polarizing effect of
metallic or semiconducting-solution interfaces must be
undertaken., Such a study is made in Chapter I, A math-
ematicasl model is set up for the behavior of an electrode
which involves the ion motion in the solution, and the
reaction rates assoclated with the sequence of reactions
involved in the charge transfer between the solution and
the electrode. It is shown that the ion motion in the
solution affects the magnitude of the electrode impedance,
but that the greatest control is exhibited by the elec-
trode capacitance and the reaction rate parameters. The
form of the impedance can be very varied, but is repre-
sented by easily assembled equivalent circults. Each ele-
ment of the equivalent circult represents some step in the
charge transfer reaction chain. The limitations of such
a linear representation are also examined, and it is

shown that at reasonably low current densitles the ap-

proximations involved are Jjustified.

In Chapter 11 experimental data on electrode impedances
1s presented and compared with the mathematical models.
The experimental data included a variety of metal and
semiconducting electrodes under different conditions of
temperature and solution concentrations. Some of this

data was obtained from the literature. The comparison

8



of the experimental data with the mathematical models was
generally good. A rather remarkable uniformity of results
with different electrodes under varying conditions was
found. The explanation of thils result remains an open
question. There is little evidence that the reactions
actually taking place at the electrodes are the ones
usually postulated,

In Chapter III the electrical environment in natural

rocks 1s examined in order to try and understand the role
that electrode interface impedances will play in the polar-
lzation properties of such rocks. It is shown that the
conduction is largely due to ion motion through the pore
flulds, but that in tight rocks most of these ions are
excess ions associated with the mineral surfaces. This
conduction mechanism is known as surface conduction, and
when 1t is taken into account, the typical polarization

properties of natural rock samples appear qulte reasonable.

Unfortunately, it was found in studying electrode im-
pedances ﬁhat the dominant factor controlling the impe-
dance in the frequency range of interest for exploration
measurements was a diffusion flow phenomenon. This was the
same mechanism causing polarization effects in membrane
systems, and thus the likelihood of finding dignostic vari-
ations in the electrical propertlies of rocks dependiing on
whether thelr polarization effects are due to electrode or
membrane polarization is reduced. The most promising
difference is that assoclated with the finite limits set
up for the polarizing effects of membrane systems. An

9



examination of this problem of identifying anomalous
samples 1s made in Chapter IV, and rule of thumb gulides
are set up that can be used to distinguish the effects of
significant metallic mineralization in the majority of
cases. Examples are shown that do not conform to these
rules, but the great usefulness of induced polarizabion
measurements in mining exploration is not eliminated by

the existence of such anomalous examples.,

10



CHAPTER I
THEORY OF ELECTRODE IMPEDANCES

Many aspects of the problems of electrode impedances sare
thoroughly treated in the electrochemical literature. The
experimental studies are more limited that the theoretical
studies, especially in the low frequency ranges of interest
in geophysical measurements. The theoretical treatments,
however, also appear in many instances to lnadequately
demonstrate the validity of the assumptions used. In many
references, for instance, the Nernst equation is used to
derive the electric potentials, even though the electrode
phenomenon are, to a great extent, irreversible. The usual
treatments also speclalize thelr conditions by assuming an
excess of inert electrolyte, and simple reaction boundary
conditions. There are reasons to expect these conditions
Will not always show up in actual practice. Therefore,

1t seems worthwhile to undertake a critical review of the
factors involved in controlling the impedance of an electrode
solutlion interface. In developling this review we lean
heavily on combining two approaches that are discussed in
the literature. One approach develops the details of the
ion motion by setting up their equations of motion (Mac-
Donald, 1953 ). - The other approach concerns the electrode
reaction boundary conditions for complicated reactions at

the electrode (Grahame, 1952).

D.C. Grahame gives an excellent review of the concepts



used in describing the electrical properties of ideal
polarized electrodes (Grahame, 1947). The electrode
solution interface 1s divided into two zones. One zone,
called the"fixed layer®, 1s pictured as a compact 1layer
of ions and molecules rather rigidly held in place on the
electrode by chemical and adsorption forces. This zone
often contalns a net charge. The other zone is ad jacent
to the fixed layer on the solution side, It is considerda
to be simllar to the rest of the solution, except that
any net charge in the fixed layer creates an electric
fleld that unbalances the positive and negative ion
concentrations in the zone. This zone is called the

"diffuse layer."

The fixed layer 1is a thin enough zone to have an appre-
ciable electrical capaclitance coupling the diffuse zone
to the electrode. This capacitance is known as the "fixed
layer capaclitance.® When thé electrode is not an ideal
polarized electrode, some charge transfer can take place

across it by means of a chemical reaction at the electrode,

The diffuse layer has an electric field because of a
net imbalence of charge in the fixed layer, and the ion
density in the diffuse layer is derlived by assuming a
Boltzmann distribution . The total electric potential
drop across the diffuse layer 1is called the "zeta po-
tential." It is not subject to direct measurement, but

many experimental electro-kinetic parameters such as the

12



streaming potential are related to it theoretically.

The diffuse layer, by expanding and contracting under

the influence of an applied field, has an effective elec-
trical capacitance acting in series with the fixed layer
capacitance., The value of this capacitance 1is given in
the theory as Cy = € Kcosh ( Y, F/2RT), W, here
stands for the zeta potential,

The theory demands that the dlelectric properties of the
solution in the diffuse layer zone remain the same as
further out in the solution. This 18 probably not very
exact, but the error does not seem to affect seriously
the electrical properties of the diffuse layer. Grahame
has extended the statistical mechanical predictions men-
tioned above, to include a saturation effect in the
dielectric constant (Grahame, 1950). His calculations
indicate that the diffuse layer capacitance 1s negligibly
altered by this effect unless very high zeta potentials

exist,

Diffuse Layer Kinetics

The success of this model in describing many different
electro-kinetlc effects makes it ssemanadequate starting
point for developing the theory of electrode impedances.
The equilibrium assumptions involved in assuming an idesl
polarized electrode and static conditions must be relaxed
to study non-ideal polarized electrodes at audlo and

subaudlo frequencies. Grahame states that the static

13
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capacitence of ideally polarized electrodes 1s equal to

the capacitance determined using high frequencies (Graheme,
1946), This would seem to indicate that the equilibrium
state is reached very rapidly. Wwhen dealing with non-ideel
polarized electrodes, however, the application of an impressed
voltage causes irreversible flows to take place so that one
canmot 8peak of thermodynamic equilibrium even at very low

frequencies.

The treatment of such distinctly non equilibrium situa-
tions will require a more specific model, so that equa-
tions of motion can be set up to describe the behavior of
the system. The simplest such model treats the iomns of
the diffuse layer as point charges moving through a vis-
cous media due to the influence of any existing electric
field and ion concentration gradients (MacDonald, 1953}).

If p represents the ion concentration of the positive
ions, and n represents the concentration of the negative
ions, both assumed to be univalent, the equations of mo-

tion of this model would be given as:

d > 3(PE)
5’%"[)?5‘;'/“" 2 X -

on %N AAnt) [.3
°T Dy Y tMa 5%



There 1s also the condition on E from Poisson's equation:

oF _ ﬁ(P-ﬂ) l.4
X €

/Ll 1s the mobility, and D the diffusivity of the ion

species in question, and € 1s the dilelectric constant

of the solution. It is usually assumed that Einsteins
relationship Al/D = F AT holds, and that D is a constant
Independent of the concentrations. These assumptions appear
fairly safe in our problem when we are interested in relatively
dllute solutions. We shall also assume the dielectric permi-
tivity 1s constant, which is a less correct assumption, but
Wwould probably not affect the basic behavior of the solution

to any large extent, as mentioned before.

This model is not concerned with thermodynamic equilibrium

or disequilibrium, but the solutions of its equations of
motion lead, as we shall see, to results which reduce to

our previous results in the case of ideal polarized elec-
trodes at low frequencies. It would seem therefore to be

an adequate model to use to extend the behavior of the diffuse
layer beyond the simple equilibrium conditions. Inertial
terms have been left out of the equations, but it is well
known that the inertial effects of lons in aqueous solutions

are unimportant until the fredquencies reach the radar fre-

quency range.

The appearance of product terms, pE and nE, makes the system



of differential equations, 1.2, 1.3, and l.4, non linear,

In practice we will restrict our current flows to very low

densitles, so that a linear set of equations can be developed

for the changes in concentration. The only remaining com-
plication is the solution for the static case and the pre-
sence of non-constant coefficlients due to the static E,p,n

being functions of position.

These difficulties also disappear when we treat the spe-
clal case of no zeta potential and no applied DC bias, for
then the static E = 0 and fi =n, = C the salt concen~
tration in the bulk of the solution.

Let

fo + R (X/t> ) ﬁ LR
no + nl (X/I) ) nc & Ne

P
h

Do = 0D = 00
Ahn O_/U(P ‘G/U‘

]

1]

Ignoring products of small terms P1» By, E, 1.2, 1.3, and

l.4 can be combined into:

OF P _ mcF (oo

- o0+ =T (r-n)
Defining
2 .
2 2CF N
= R =5
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We have on assuming sinusoldal time dependence:

d* K2 Kz
e 2Rt '
d’n, K* K?
Assuming solutions of the form
-G X
P = Ape !
-y X
n=Be

which is valid if the solution zone is much thicker than

|
- leads to the conditions on ?P given by the deter-

r}’
minant
K2 K&
Fd A — —
-0tz 2
=0
_ K _g’-‘re_‘,_}gz
2 a ! 2

For concentrations greater than 10-5 moles Aiter, and for

frequencies less than 1000 cps.:
(see Table |.| )

K2 » ¥
This approximation simplifies the results to
~ L2 1+ _ 2
\
- [+0° - 2
AR = K4

1.9

}.10



Substituting 1.9 and 1.10 into 1.7 and 1.8 gives one the
ratio between Al and Bl and between Az and B,

B, = - A (i-5) [ 1)
B, = Az (1+4) BE
A = ¥(0) /KT

The solutions of our original linearized equations 1,7

and 1.8 are now given completely within two arbitrary
constants Al and A2 as follows:

-G X - X
Pz Ae' + A" 113
- - X
n ¢ -A[-8]e™ + A [1Ho]e” 14
. _ -BX
E - -é—? (E-A)A,eﬂx+é—F—r-;AAa€ +Ey IS

The éi' terms represent a charge separations in the diffuse
layer. Actually we assumed that there was no diffuse layer
to begin with, but the voltage associated with the current
flow sets up a weak diffuse layer. The €§@X terms re-

present a typical diffusion equation solutionm:

2
. / E
J(")P:Dd’a
d X
/ ZDPQn
where D is a mean diffusion coefficient =
: Dp+Dn

There is only an incipient charge separation associated with
this diffusion solution when g # 1

18



The boundary conditions that must be coupled with the reactions

at the electrode can be stated as:

MRE _dp _ %ple 116
D d X DF
MME dn . %nle 17
D Ix cDF

Xp Lo/ represents the flow of p into the solution end Xn lo/F
represents the flow of n out of the solution as a result of

the chemlcal reactlions. Lu>stands for the total current

which is equal to the ion current in the bulk of the solution.
At the fixed layer some displacement current will occur across

the fixed layer capacitance, so that in general
(XP'FO(D <-1-
The amplitude coefficients are determined, when Cq, and Xn

are known, from 1,16 and 1.17.
' ~ Lo _ _g_
At 22 [+ -] 5y .18

¢l f2 119

~ L i 12
A, = == | %% t@ | 3y

OF

The approximation sign refers to the assumption of low fre-

quencies as well as the linearization procedure.
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TABLE 1.1

Kinetic Model Parameters cgs.

o K~ freq S 5

§  for c=10"3 for c= 107t
10 10%6 1 3x10° 3x10~7 3x10™7
107t 1oL¥ 10 3x10°  3x10°° 3510”8
1073 1012 100 3x107  3x10”2 3x10"7
1079 1030 1000 3x10°  3x107% 3510~
C in moles /liter
frequency in c.p.S. *
D = 2x107°, €/c, =80, T =25%

When O(P and (,, are both = O, no chemical reactions take
place at the electrode, and the electrode is described as
an ideal polarized electrode. Mercury electrodes in inert
electrolytes approximate this behavior. If J = 1 we have

in this case:

=T ffil? ;o A =0 .20
2DF v
L :
Lo
- - = — + E L )
V = i Edx Der ¥ oo [.2]
The diffuse layer lmpedance is

Zo = b = _ l + solvlien resislance |.2¢2

D loo JWE K

This result means that the diffuse layer can be repre-
gsented as a capacity, CD'- €K, in series with the solutlon

resistance. The fixed layer capacity, CF’ 1s in series with

pal]



the diffuse layer so that the ldeal polarized electrode can

be represented as in Figure l.1l.

} 8 AN
CF CD R solution

Figure 1.1 Equivalent Circuit of Ideal Polarized Electrode.

This capacitance derived from our kinetic model is the same
as that derived from statistical mechanical considera-

tions for the static case for low zeta potentials as given
in 1.1. This suggests that the properties of ideal polar-
1zed electrodes are virtually the same from DC to high audio
frequencies. This result has been experimentally verified
by Grahame (1946). He measured the capacity of the system
Hg /inert electrolyte (KNOB, NaCl, HC1l} at 240, 1000, and
5000 cps., and he also applied a DC blas varying from .5

to - 1.2 volts. The deviation of the capacltance was always

less them 1 %.

When chemlical reactions do take place at an electrode they
usually involve 1lons such as ' which do not represent the
most common ion specles in the solution. The usual treat-
ments of electrode kinetics assume that in the presence

of a high concentration of supporting inert electrolyte,
the electrochemically active ion abeys the simple diffusion
equation in the solution. It is actually not very diffi-
cult to obtain a more correct answer than is possible using

the above-mentloned assumptions.



To simplify the algebra we make the further assumption
that all the ions have the same mobility. This assump-
tion should not materially alter the behavior of the results.
What we are principally concerned with is the magnitude of the
charge separation effect of the changes of the active ion
concentration at the electrode.

Let Py,0, be the supporting electrolyte concentration.

Let p,,n,, be the active ion specles concentration.

DPI: DP?. = Dn' = D
Mp = Mpy 2 Moy oo = M
We defil
e define AR + AR = Ry . P:= R+OP elc.
AN +ANz = N3

The equations for Py and nj are the sum of the flow equa-

tions for Apl and Ap,, and Anl and [_\nz respectively,

giving us: _‘)
¥R _, oGt 23
2—?? = 'g;(;" M 'S?"\‘ |
n 3N 3(nsk
o - D52 4 5% 24
> = £ (g-n) .25

This system of equations has already been solved (1.13, 1l.14,
1.15) so that the results can be written immediately as:

. -G X
R = A,er'x + A€ |26
- - GX
Nas = _A‘eﬁ" + A€ r .27
S ex
E - -f.r.? Ae' + E, 128

- K2 R ¥

ro
T



The solution for E can now be used in the flow equation for

the active ion species, B = AR
R 0 EE _ 3 (RE)
5 - Use M T

The linearized approximation then becomes for sinusoidal

time dependence:

X
. 4%, 2F 4 &f
J 8 Pﬂ = D e 4 -/U. Cp_ '—e—— A! e
Cz = Ra
Assuming a solution E} -QX + N e—f,’X Wwe have:
JwM = MDG
’ . 2
ré e = J_[_C)_") = X = ré
JwN = NDu?-uc & A
N ; 2/(1C3F A'
De K2 >
At low frequencies when Q > (; , l.32 reduces to:
NE 2 A

C = total salt concentration = P1*p2

These results can be summarized as follows:

-0 X —
E = - £ A, e + Ew
c—r ~GX

n3: “A'é + Aa
AP = An(‘"%)é' +( 2"

- X
AR %A,e“" + Mg

M)e @

L)
'

.29

|.30

}.31

.32

.33

.34
1.35
1.36
}.37



This procedure could be used to also esgtablish solutions
for any number of separate ion species. The matter of having
different mobllitles for each specles takes further looking

into, however,

we see from equation 1.37 that the presence of an inert
electrolyte does suppress the space charge separation term
in the solution for ASFE y but we cannot yet say it may be
neglected, since the space charge term, Aq, is usually »4,.

If we suppose that only the pp species reacts at the elec-
trode we can determine the various amplitudes in terms

of O , where X will stand for the complex fraction of the
total current carried across the boundary by the reaction

involving Py

The boundary conditlons will be therefore:
at x = 0, flow of p, = O lw/F
flow of Py = 0
flow of ng = 0]
From. 1.34, 1.35, 1.36 and 1.37 these become:

¢, 2F Ca Loo _C
- Seﬁ A+ M+ EA = B'F:(O( z2) 138

/u (¢ Cz)ZFA + [ (1-2)A, + G (A M) = - o (C-C2) 1.39

Der 2DFC
_y efc A - A - - le 1.40
ADGGA‘JrG‘ 2 M2 >0F



S0lving these equations in terms of O we have:

A A M _
— . .w ) Cz
¢ e = |_lw (C-Ce) [ 4]
'E’Zﬁg 2 ¢ 2DFc
_lw
qg - (2 OJ | ZoF |
giving
A = _._E'_gb__— -] }42
' 2DFGS [o-1]
_ O(Loo
2" 20FG 43
. _ o)
M = o« lw (2~ F
2DF G |44

It 1s interesting to note that the diffuse zone term for Po

can compare with the diffusion zone term for low enough fre-

quencies even though C » C,, since

-\

CAM =T

llny

o

2
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and S-= 0 at low frequencies (Table 1.1)

The voltage drop across the solution is given by

L_ o o=l £
V = -LI:J,)( = leo {D—‘EGY + By L .45
I
Pery  Jywlo 146

Boundary Conditions and Fixed Layer Reactions

From our previous kinetic model calculations a voltage
drop across the solution due to an impressed current was
computed (1.45), This result contains an undetermined
parameter, (X , so that we still do not know the impe-
dance of the diffuse layer and the diffusion zone. This
parameter represents the balance beween the faradaic cur-
rent, which must involve a charge transfer reaction at
the electrode, and the non-faradaic current, which repre-
sents the contribution from the fixed and diffuse layer
capacltance. At the frequencies of interest, no sig-
nificant contribution to the total current results from

the volume displacement currents of the solution.

An even larger contribution to the total impedance will
come from the voltage drop that takes place across the
fixed layer where it is assumed the charge transfer reac-
tions are taking place. Some space charge effects also
oceur in the electrode, but unless the electrode is a
weak semiconductor, the impedance level 18 too low to

contribute to t he overall impedance. Even in this latter



case, the time scale for the usual semiconductor space
charge phenomenon is so short, that the electrode can
be considered a simple resistance at the frequencles of

interest.

To complete the solution for the electrode-electrolyte
system lmpedance, we must investigate the problem of the
reaction rates of the electrode reactions. We can develop
a phenomenological approach by assuming a linear law for
the reaction rates. Later we can investigate the values
of these parameters according to the transition-state

reaction rate theory.

When making actual impedance measurements on t hese elec-
trode systems, it appears that the lmpedance is linear

for small current densities. Thils would imply that the
functional rels#tionship between the faradaic current and
the variables that are affected by the current flow can
be expressed in a Taylor expansion. If the concentrations
of the specles involved in the reactions are given by Cy »
and the driving voltage which is assumed to act across the

fixed layer 1s denoted by V,, the faradaic current rela-

rionship lg = g(?u Ve ) )-47

can be expressed as

: : o o .
lo = lo 2 -a—g NC; F a__l},f \4. + A:,éer order Terms |.48

n



In the electrode systems we are concerned with, the
electrode is considered at equilibrium with the solution
so that ‘
lys = O |49
For very small current densities we can conéider the linear
approximation that neglects the higher order terms. Equa-
tion 1.48 must be coupled with our diffuse layer solutioms,
1,41 and 1.45. If other species besides p, are involved
in the reactlion, equations describing their behavior must
also be set up. For complicated reaction chains, the simulta-
neous solution of all these relationships can lead to a rich
diversity of 1mpédances. We shall see, however, that these
can be broken down quite easily into a finite set of cir-
cult eleﬁents, each element having a simple physical signi-
ficance. To demonstrate thils, several different reaction
chains will be considered and thelr equivalent circults will
be developed below,

ammpem——

Case A FZ = X

In this case we consider that the product of the p, reaction
1s a phase of unit activity, so that the accumulation of

thls phase does not influence the reaction. A direct reaction
between a metal and its ions would be an example of this.

Therefore we have:

X Za) = \47/“9 = (3,% |.50

&
&8



From 1.37, 1l.41, and 1,43 we have:

fz = _fgiggtlz— + X (2' %?> |.5]
loo 2¢DFR & 2DFr {S
The third relationship needed can be obtained from our
assumption that VF acts across the fixed layer. In this
case the displacement current will be given as:
(-a)lw = JwCrVF |.52.
The reaction impedance 1s defined as:
Z, = VE |.53

o low
From the solution of 1.50, 1.51, and 1.52 this can be

expressed as: o
z - R + Pf-2)R .54
c F'{Jco[)

|

R = /o + C2BKCr |55
2C
The first term represents a resistance. The second term
_z . (T
re opresents an impedance proportional to W e /4.

Such an impedance has been called a Warburg impedance, and
is given a representation as a circuit element (Grahame,
1952). This idea of representing such a warburg impedance
as a circuit element (symbol -W-) is a very useful one and
greatly slmplifies the equivalent circuit representation
of our electrode impedances, (Fig.|2). It is always

assocliated with a diffusion phenomenon.



Both the resistive term and the Warburg term represent

two elements in parallel. The two resistances are given

eckF
C2BKCE

The first resistance is assoclated with the energy barrier

by: 6 and

of the reaction, while the second term represents a modi-
fication that results from the space charge term in the so-
lution for py. The modification of the Warburg term is in

exactly the same proportion.

This reaction impedance acts in parallel with the fixed
layer capacitance, so that the combined fixed layer im-

pedance 1s given by:

_ o 1=¢ .56
ZF 7 Jote
From 1.45 and 1.46 we have for the solution impedance:
)_u .
Zs = X 4R 5T
JwCp

Thus we see that the ilmpedance contributlion of the diffuse
zone mirrors that of the fixed layer, so that we can write

for the electrode-electrolyte impedance:

CFk ) |.5
= — + R 08
Zo = Z (1+ & s

This result 1s quite general and does not depend on the form

of ZF'
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Figure 1.2: Equivalent Circult for Fixed Layer Impedance

r——

Case A B = X
11.CF
=
—AM———\—
R w- RBE)
Case B 2FiD
f% N Eiﬁbw

In thls case we can consider X to change its activity as

the reaction goes on, but X Just keeps on accunmulating

because the reactiocn takling its excess away is so slow.

We also consider X to be neutral.

X La;

JoAaX =

Accordingly, we have:

-BR + ¥aX |.53
- —-——-"‘Fi‘” 1.¢O

together with 1,51 and 1l.52,

1.59 and 1.60 can be combined into an equation of the same

form as 1.50:

_\6{; -8R 6]
R
6 I+ JTSF) .62

(3/(1+J—JF |.G63
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Thus we can immedlately write:

_ B(e- )R .64
Z“_R('+JUF) 2F{jwD

This is identical with our previous result, except that

the accumulation of Ax acts like an additional series

capacitance, which is a sort of chemical capacitance:
-1
Coy = FR .65
CH Y

Figure 1l.3:Equivalent Circult for Fixed Layer Imbedance

Case B FZ = X =c=

1.CF
1}

—— W
R W

Cen

% = X‘ d‘:tfdswni

In this case we consider A x itself diffusing off as =

Case C

neutral molecule with dif{gsion constant D',
AX = Be® | 66
The diffusion flow of A x away from the fixed layer will be
glven bvy:
_¢'D'aX
boundarj

o
[



wWe therefore have:

joaX =- %22 - '0'aX 6T
This modifies our previous results when combined with 1.59
to give: ,
viw = LE _@'f | .68
)
o" - e(l+ z ) .69
" Fjo+G'D)

. Y
. @/(H F(juigD > 10

This result is identical with Case B, except that the

chemical capacitance is now in parallel with another War-

W/ = RK/FWD_' 71

Figure l.4:Equivalent Circuit for Fixed Layer Impedance

burg element:

Case C Pz = "X‘ diffosien

>~ coof = D’
W CF
r" 1N
S— W/ I
AW —N—
—j= KW



Case D ole/F - diffusion

f% <— I~ = \1/ coef =

7

D’

In thls case we conslder a model often proposed for the

hydrogen reaction. Py is supposed to
neutral atom, which in turn reacts to
molecule which can diffuse away. The

tions needed to describe the boundary
'.x :-—gA-X_ + QAY

AY de’“ i 6=\ jw/D”

react to form g
form a neutral
additional equa~-

conditions are:

-T2
J.73

These equations can again be reduced until we develbp an

equation similar to 1l.61 or 1.68. The results are shown

as an equivalent circuilt in Fig. 1.5.
Figure 1l.5: Equivalent Circuit for

Case D diffusien

R X =Y

Fixed Layer Impedance

HCF
—
Cecne 5
— 2
i
L-\A/—\;‘U_a _-va——\/\}—-—‘
R W
1l
1r
Ceni
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R, = _5?1, R |74

I

Cene = 5 Can 75
W, - Rin/FsiD’ = Ren /FID" 76

Although there 1s no great difficulty in working out

]

these cases, 1t 1s interesting to note that all these
equivalent circuits follow a simple pattern, amd they
could be written down at a glance. At each point of

the reaction chain the accumulation of the reaction pro-
duct represents a capacitance tothe electrode. The es-
cape of the product is achieved elther by diffusion,
represented by a warburg impedance, or by a reaction,
represented by a resistor. The product of this reac-
tion in turn follows a similar circuilt behavior. The
inclusion of the diffuse layer effects does not change
the equivalent circuit, but it does increase the im-
pedance level by the fraction of the fixed layer capa-
cltance to the diffuse zone capacitance. Typical

values of the fixed layer capacimnce run about lo/xif,knfa
The diffuse zone capacltance depends on the zeta-potential
and the solution concentrations. At low concentrations
the voltage drop across the diffuse layer predominates
over that across the fixed layer, unless very high zeta-

potentials exist.



Table 1.2
(Grahame 1947)

Diffuse Zone Capacitance for Inivalent Electrolyte at 250

zeta potential in volts

conc. .00 .02 .04 .08 .12 .16 20 .24
1071 72 78 96 180 378 560 1790 3900
1072 7 8 9.6 18 38 56 179 390
1077 7 8 1.0 1.8 3.8 5.6  17.9 39

concentrations in moles /liter, Cj 1n/;1f/’cm2
The solution resistance is of course always in series with

the interface impedance.

Relaxation of Constraints

The treatment followed up to now was restricted to a
rather specialized case. It was assumed that only one

ion species was reacting at the electrode, that no zeta-
potential existed, and that all the lons had equal mobili-
ties. Most of these restrictions can be removed now with-

out too much difficulty.

We shall first consider relaxing the condlitions concerning
the reacting ions. The system of equatlons describing the
ion motions, 1.38, 1.39, and 1.40 are still applicable,
only the boundary oondi?ions are changed. If 041 and (Xn'
represent the fraction of the total current carried by

the pland n,y lons respectively, and if Py 15 generalized
to Py and c 1is genei*alized to 5 PL , our boundary condi-

tions become:

La WA
T



F),ow FL = Lgo/F ’77

flow EF = & Xp loo/F |78
J#t J#(
-Flowdgnjz ?9(%'(00/{: [- 13

In place of 1. 42 1.43, and 1.44 we now obtain:

= - .80
_ iw . .
Az 2DFG [JE AL ] -8l
o Loo C¢
M; = aSFFa [2 < 62

To develop the reaction impedance we now use in

place of 1,50, 1l.51 and 1.52:

O(Fc lo = \/F/e - ﬁg AFL |83
. , _ C
S O G A AL S Wt(z'i) |84
lo 2cns 2DF s
- - ‘ - i
(['JZO(% jwnj)tw = JoCrVe |.85
The solution of this set of equations gives us:
C
Zyp = Fp o+ (2 c)fe | 86
2F {jwD
I
_ .87
R?L - o $ Cipfa KC'-
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This solution is identical with our previous one (1l.54,
1.55) and shows that each reaction impedance can be
computed 1ndependently of the other reactions. This is in
part due to our assumption that the concentration of the
other ions did not directly affect the reaction rate of a

particular ion.

If we assume all the reactions take place across the
fixed layer, the reaction impedances can be considered
in parallel with each other and with the fixed layer
capacltance. We therefore have:

Zg = l/(JwCF+ 7 > hé

and using 1.85 this becomes:

Zp = (12w - 5%n;) /joCr 83

When 1.80 is incorporated into l.45 we obtain for the

solution impedance:

25 = )_ 2WFJ _ E qnd + }?Sllotlon ,go
J w Cp

This means that our relation 1.58 is unchanged by the

inclusion of many reacting species and we still have:

Ze = ZF (l""g‘g) + ﬁ)sdoTun

Lo
O



The relaxation of the condition limiting the zeta-
potential is a much more complicated algebralc problem.
Our previous solutions, however, justify an approximation
thet can easlily handle this situstion. This approxima-
tion is simply that the diffuse layer space charge effects
represent an equilibrium with the instantaneous zeta-
potential. The Justification of this assumption comes
from noting that the space charge term in 1,13, Ale"7x
is in phase with V., and lndependent of frequency as

long as <S}Z 1. Thus for the low frequencies of inter-
est to our study, the space charge effects are virtually
the same as those for the DC case, The‘charge separa-
tion that this term brings amounts to a net charge in

the diffuse layer = Qe The diffuse layer capacitance

1s defined as the slope of this charge: zeta-potential

o @p
a(ZeTa PoTenTml)

relationship:

[-9]

Co

The charge in the diffuse layer can only change if a

non faradaic current flows, thus:

d@o _ oy - S, 92
AT - (12, )

. d@e dU

This result leads directly to 1.90, except that it is
no longer limited to a zero zeta-potential situation.

One has merely to use for CD the exact expression based

- 39



on the DC assumptions given previously in l.l. (see

Table le.2).

A similar modification can be made in the fixed layer
impedance on the term involving the charge separation

concentration change. This 1s the term
C[' (EO[FJ + an.) - ) )
2CDFq &
in 1.84. This reduces to

AR = -C VoF/RT 194

at the boundary. This space charge contribution is equal
to the static term in the case of zero zeta-potential,

since for the static case

- . F/RT
o= cé v/ .95

As long as the space charge term is following the diffuse
layer voltage we can handle its contribution to the im-

pedance by using the static solution. Thus we free our-
selves from the zero zeta-potential limitation for low

frequencies, S« ] , by redefining R in 1.87

. e_%F/RTKC e
x c F P
. - ‘ - + — ¢ '96
RF‘ /( S, cCcF ) |
WsF/RT
L | e K CFBni) [.97
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Relaxing the third restriction so that the ion mobili-
ties are constant does not involve any new mathematical
techniques, but 1t does add a great deal to the algebraic
complexity of the solution. It is probable that the re-
sults will not differ very much from our previous results.
A Warburg term would be added to the solution resistance
because of the diffusion potentials set up in the solu-
tion, but the magnitude of thls term would be less than
the solution resistance of a path length equal to the
diffusion length, and is certainly small compared to the
actual electrode impedance., A similar situation is

treated fully by Marshall (Marshall, 1959).

Another constraint that was used to simplify the alge-
bra was the assumption that all the ions were univalenﬁ.
The simplicity of our results is essentially due to the
fact that at low frequencies the diffusion effects are
uncoupled from the space-charge effects, and this fact
is not altered by the modifications we are treating in
this section. The inclusion of higher valency ions does
influence the space charge distribution, but again we
should expect no change in t he general form of the solu-
tion. As an example, if we assumed the posltive ions

to be divalent, 1.2 and l.4 would become:

P _ p,BP _ y, 22PE)
S A T
2E _ F (op.

o5 T e e

<o
ke

|98

1-99 .



1.3 would remain unchanged. The solution of this

system of equations for small perturbations glives us:

Ap = A 4 A e 100
AN = B,éﬁx + B e-r’aX |.10]
r2- K@ (_g+5) 1102
= ¥ [-103
B, = -3 A [.104
B, - 2A; [.105

This solutlion indicates that the diffuse layer thick-
ness 1s inversely proportional to the root mean squared
valency, while the space charge concentrations are di-
rectly proportional to the valency. The diffusion terms
are unaffected, except for the obvious correction for
the greater number of negative ions resulting from a

glven salt concentration.

In most ground waters and in our experimental studies

the preponderance of ions are univalent.



Limits on the Linear Behavior

The restriction that limits the current density to small
values is of course fundamental to the entire linear
treatment. It is observed in practice that the 1mpedances.
are linear for current densities of 10-7 amps/cm2 or
less at the low frequencies (.0l cps.). At higher fre-
quencies more current can be passed without any appre-
ciable non-linearity. Wwe have not as yet discussed

any theory for the reaction rates, but it seems rea-
sonable that 1f the applled voltage is less than 025
volts, which represents the thermal energy at room
temperature, 1t should either represent a small per-
turbation on the activation energy level, or the acti-
vation barrier is so low it does not represent any

significant impedance to the current flow,

The space charge solution (1.94) behaves linearly for

A Py If the diffuse layer voltage Vj is  .025 volts.
Since Vb is usually a fraction of the total applied vol-
tage, thls condition is automatically taken care of if
the previous condition is upheld. At very low concen-
trations 1t may not be possible to approach ,025 volts

too closely.

The linearity condition of the diffusion term Mi cannot
be discussed in terms of voltages untll we know the

values of the reaction rate parameters Ez and}3i .
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We can however, investigate the magnitude of Mi in
terms of the current flow, and make certain that

My « c¢y. From 1l.82 we can put thls condition as:

lo € DF GC;/Q [.106

Assuming that ({; = 1, and using a typical value of D,
this condition reduces to:

le & '@VZC( C; in moes/diTer

when the reacting ion has a concentration of 10'5
moles / liter, our linearity is threatened at .0l cps.

even with a current density of only 10-7 amps //cmz.

Using the reaction rate predictions to be discussed
later, this criteria can be reduced to a voltage
criteria independent of frequency, concentration, and

o « It again leads to the value of ,025 volts as

the voltage level one must keep well under to uphold
the linearization criteria. At higher frequencies, how
ever, the impedance is controlled by the solutlon resis-
tance and the fixed layer capacltance which remain
linear, so that one 1s not so aware of non-linearitles

in the other processes.

Reaction Rate Theory Predictions

Much of the literature in electrochemistry makes use

of Eyring's transition state reaction rate theory
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(Glasstone, Laidler, and Eyring, 1941), and much of the
experimental work on electrodes 1s evaluated in terms

of the parameters of this theory (Bockris, 1954). An
excellent and short discussion of the basic premises and
shortcomings of this theory is given by Denbigh (1955).

The theory is developed around the assumption that the
reacting species at the saddlepoint of the reaction path
form a phase, alled the activated complex, which is in
equilibrium with the reactants. Conversely, the acti-
vated complex when considered as goling from product to
reactant, is in equilibrium with the product. It is
further assumed that the vélocity of the forward and
backwards reactions are proportional to the population
of the activated complexes, and to the vibration fre-
quency of the translationsl motion involved in going

through the reaction,

When it is assumed that one vibration is enough to send
the activated complex over the hump, the theory leads to
expressions for the forward and backwards rate of the

reaction:

X
L& A+ }il3-+u. §::f )% C‘+ Lﬁ D +...

Xt

NS
Tt

[.107



given by

_ AG, /RT
LV 28
forward rate = B‘:’T C(l) be . P [.108
86l /RT

backward rate = .}l;l]— Q;)C afd -

8y, stands for the activity of the 1i'th species.
JAY Gctis not quite the standard free energy change between
the activated complex and the regular phase, because the
contribution from the translational vibration of the com-
plex has been removed. It does, however, include an elec~

tric potential tern.

If the reaction involves a single charge, the electric
potential term for the forward rate would be -aVF/BT,

and for the backwards rate (1-a)VF /BT. aVp represents the
fraction of the total driving potential VF that changes

the relative energy levels of the reactant and the acti-
vated complex, and (l-a)VF the fraction that changes the le-
vel between the activated complex and the product, See

Fig. 1.6.

Figure 1.6: Effect of Applied Voltage on Energy Barriers
of A= C EReaction

Free energy
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At equilibrium the forward rate equals the backward rate.
In electrode processes 1t 1s common to call these equili-
brium rates, the exchange current, 1,. It must be re-
membered that 1, 1s a function of the activities of the

reactants or of the products.

When equation 1.108 and 1,109 are expanded about the
equilibrium value we can Write for a linear approxi-
mation: ' [O 0-1 0(/__[ '

Forward rate = lO"L—l_/a)% da Aaq o —R—_’—_ o VF

a

: . ®-! _
Backward rate = [, + i% ¥ A, Dlc+ - &;L%Flo\/r:
a.-c

net flow [, =1, 1%%_4_&... - I{%ﬁf-....,. %_ZF}
a c

When these factors are matched with the constants in the
linear rate laws, such as in equation 1.59, the reaction

rate theory gives us:
2 RT /F Lo
B= LW, /F
Y = 1Y/x

A similar set of relations would define.g and r) of

1

1

equation 1.72 in terms of the concentrations X and Y,

and another "exchange current.”

. Very often the experimental electrochemists are primarily
interested in the non-linear behavior of electrode pro-
cesses as a function of VF’ and use the reaction rate

formulas to explain their observations. From such

11

1113
1114
[.115



observations they derive values for the parameters of the
theory (1, & , AGT). An xtensive listing of such

' determinations is glven in Bockris (1954) for hydrogen
evolution reactions, metal deposition reaction, oxygen

evolution reactions, and certain redox reactions. 10

is the only parameter needed in the linear case at equili-

1 -16

brium, end the values listed range from 10~ — to 10

amps//cmz. Most of the measurements were made in concen-
trated solutlons, so that the reaction rate formulas would
predict smaller 1o's in more dilute solutions. The dangers
of too rigid an acceptance of the reaction rate theory
predictions 1s pointed out by data on the hydrogen evolution
reaction on Cu. Similar values of i, are listed for the reac-

tion in .1 N HCl and in .15 N NaOH, although the hydrogen

ion concentrations differ by a factor of 1012.*

% Glasstone, Laidler, and Eyring point this out as an indice-

tion that the reaction must simply involve water molecules.
(Glasstone et al, 1941, p.588). This explanation ignores
the fact that OH ions are involved in the reaction they
assume, and that the theory predicts the backwards reac-
tion is dependent on its concentration. This should mean
then that in order to maintain equilibrium the potential
acting across the fixed layer will have to adjust itself
for different OH™ concentrations, until the energy levels
for the activated complex and the reactants result in no
net flow. Unless the activated complex is unaffected by
the electric potentials, this should result in a new value
of 1 .

o}

It is possible, of course, that the surface conditions are
greatly affected by the solution PH, and that the observed
result was due to the changes in the activation energy.

Other factors such as the smoothness or cleanliness of the

surface might have been different for the two measurements

mentioned, for in electrode measurements such extraneous fac-
/
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tors often play a very important role.

Our phenomenological treatment, of course, d4id not depend
on any specific rate theory, but it appeérs useful to use
the rate theory and the listed rate theory parameters to
feel out the relative importance of the various equiva-
lent circuilt elements derived in our previous treatment.
The equivalent circuilts derived from a series of reaction,
such as that given in Fig. 1.5 can beceome quite complica-
ted, but it is very likely that certain elements of the
circult are relatively unimportant in the frequency

ranges that one works with.

The reaction rate formulas 1,108 and 1.109 are written
for reactions taking place throughout the volume; when
the reactions are confined to a surface, one must redefine
the concentrations or activities as surface concentrations.

Inasmuch as the ratio

A Q surface = __A U volume
Q@ surface Q. Volume

is valid, the equations 1,113 to 1.115 defining & , (3; ,
and 5/ in terms of i, are unchenged. The definltion of

io however, must be given with surface concentrations.

Before examining the relative importance of the various
reaction steps of the total impedance, we can investigate
the 1mportance'of the diffuse layer on modifying B and the
Warburg impedance W. From 1.96 and 1.97 the relative
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importance of the diffuse layer term is given by:

Ci T (PQF/RT C
Z:— e };__F_F @L ec'

From 1,113 and 1l.114 this reduces to

Vr RTKCE  + YF/RT
2CF?

If we set Cp = 19/1f,/cm2 this ratio becomes 10™° or

3 et §,F /BT for concentrations of 107> or 1072

10
moles / liter respectively. Thus it would seem that ex-
cept for situations involving large zeta-potentials of
the proper sign, and very dilute solutions, the reaction
resistance can be set equal to & « Of course the

. diffuse zone has a role in contributing impedance, be-

cause of the diffuse zone capacitance, in inverse propor-

tion to the value of the diffuse zone capacitance.

Looking at the individual impedance elements, we can
compare the importance of R and W using 1.113 and 1.114.

, Z
-B- = FrD—(:) s Ej_f_"_&f_oll. C, in moles/bter
\WY, 3 (o

If we assume that the surface concentration is proportional
to the mole fraction of a species, and if we use 1015 mole-
cules per sq. cm. as the water molecule surface concen-

tration, i can be defined, using 1.108 as:

L2 ka(cd /0 )’)“._..E'AG:/RT

© h 33 /0%%

111G
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If we further assume a simple univalent ion reaction, 1.116

can be written as +

7 -8 _46s /RT 18
R Z (greq) 5510 @ :
W

For an activation barrier of 10 K cal /mole the resistance

and Warburg impedances should be about equal & one cycle

per second. The heat of activation AH can be deduced

from measurements at different temperatures, but because

) +
of the entropy term thls does not determine ZSG% . From
the listings of typlecal values of io one would expect R to

be larger than W even at .0l cps.

The warburg impedance W is independent of the activation
energy, and assuming Cy & ¢, and R £ & we have, using
1.54, 1,113 and 1,114:

-2 ‘
W 2 éié%ﬂ%zh ¢y in moles /liter [.119
L (9‘1

The chemical capacitance resulting from the accumulation
of the produce X can be compared to W again independently of
3 Using 1.65 we have: '

W s C.los(gro?)l/é X ))fz ].120

Visla

C: Vx
Unless the concentration X is extremely low, the impedance

OQ

-

of the chemical capacitance is much smaller than the War-

burg term in the frequency range of interest.

When further reactions involve the product X, such as in
Case D, the added circuit elements bear the same relationship

to each other as the elements Just discussed, provided the
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appropriate concentrations and 10'8 are used.

These results can be summarized by redrawing the equiva-
lent circuilts with only the most important impedance
elements., Thege simplified circults are shown in Fig.

1.7 in order of increasing complexity.

Flgure 1l.7: Simplified Equivalent Circuit for Fixed Layer
Impedance
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When other ions also react at the electrode, or when
the electrode is not homogeneous, the impedance representing

these reactions will also be parallel to CF



CHAPTER IT
EXPERIMENTAL STUDY OF ELECTRODE IMPEDANCES

In Chapter 1 a model was developed to explain the elec-
trical properties of electrode-solution interfaces. This
model assumed a linear dependenée of the reaction rates on
the parameters involved, and predicted an impedance equal
to that of relatively simple equivalent circults with
fixed elements. These results are identical to those
discussed by Grahame (1952), By incorporating the transi-
tion state reaction rate theory, and taking account of the
details of the lon motions in the solution, these equiva-
lent circult elements could be evaluated in terms of the
equilibrium exchange current of the reaction, and the
concentration of the ion species and reaction products in
the solution. The derivation of the ion motion was depemi -
ent on an electrode model that has given good results with
ideal polarized electrodes. The reaction rate theory is

probably less certain.

To test these ldeas, measurements on non-ideal polarized
electrodes are needed under many different conditions. ¥For
this reason impedance measurements were undertaken over a
wide range of frequencies on metal and semiconducting elec-
trodes with different solutions and at several temperatures,.
This empirical data is of direct use in the geophysical
applications of induced polarization that motivgted this
study, but electrochemists may balk at the crudeness of

electrode preparation. No efforts were made to secure



ideal conditions of cleanliness and smoothness for the
electrode surfaces. It was believed that our measure-
ments would correspond more closely to the actual condi-
tiona encountered in the polarizing of the naturally
occuring metallic minerals in rocks. The results of our
measurements agree quite closely, we shall see, with
those taken in other laboratories under much more care-

ful experimental conditions.

The experimental data was also compared to the theore-
tical solutions developed in Chapter I. A program was
written for the IBMN 704 to analyze the measured impe-
dances in terms of parameters of the theory. This program
was made flexible enough to handle a wide variety of theo-
retical cases, and to use data given in several different
forms. In this way 1t was hoped that data from other
laboratories could also be analyzed. ®ome very interesting
results were obtained from data published by Jaffe and
Rider (1952). The significance of these results was not
as apparent in their original article due to the form of

their theoretical treatment.

In Fig. 1.7 the most likely equivalent circults for elec-
trode impedances are shown. These were based on reaction
rate theory parameters that were obtained in most cases °
from measurements at high current densities. There is a
good possibllity that reactions that were unimportant in

the high current density measurements, will contribute to

el
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the measured impedance at low current densities. In
almost all the impedance measurements reported in the
literature (Randles, 1947; Hillson, 1954; Jones ard
Christian, 1935; Jaffe and Rider, 1952) the results
could be explained by a simple equivalent circuit of
a Warburg impedance in parallel with the electrode
capacitance, both in series with the solution resis-
tance. Hillson pointed out that these results indi-
cated a highly catalyzed reaction was taking place at
the electrode. This is in agreement with the theory
given in Chapter I, for the reactlon resistance must
be very small to be unimportant compared to the

Warburg impedance at audio frequencies,

Experimental Procedure

The experimental results Just quoted were obtained using
a rather limited frequency range, and were never ex-
tended to the subaudio frequencies that are of interest
in induced polarization measurements. The results

were also obtained using two similar electrodes. Any
imbalance in the relative importance of the parameters
in the two electrodes would require using two equiva-
lent circuits in series to describe the impedance, and
would greatly complicate t he analysis. Such considera-
tions were involved in the design of our impedance
measurements. To obtaln a wide enough freaquency cover-
age, measurements were made using a KronHite Model 400-A

oscillator . This provided a range of frequencles from
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«01 to 1000 cps. To simplify the analysis, one electrode
was a reversible electrode with a large surface area

S0 as to have a low impedance. Silver-silver chloride
electrodes were used for this purpose. To insure a

simple geometry the polarized electrodes were imbedded

in plastic, so that only their front faces were exposed

to the solutions. The plastlic holders were set at a

fixed distance from the reversible electrode. This
distance was chosen to insure no lnteraction between

the diffusion zones of the electrodes at the low fre-
quencies, and yet keep the solution resistance small

so that the electrode impedance at the higher frequencies
could be observed. The separation used was .3 cm. When
measurements at elevated temperatures were made, the elec-
trode apparatus was placed in a pressure chamber to prevent

evaporation of the solution.

The electrodes used included copper, stailnless steel,
nickel, and graphite rods, pyrite, galena, and magnetite
minerals. The magnetite and galena electrodes were not
imbedded in plastic. The magnetite sample was actually a
rock sample with a magnetite zone rummning through it, and

both ends of the rock acted as electrode surfaces.

Because the electrodes were not identical, self-potential
differences existed between them that had to be bucked out
by an extermal voltage source to keep the system at

equilibrium. A few measurements were made with a net DC



current flow taking place across the system.

The output from the oscillator was used to drive a current
across a large resistor in series with the electrode system.
The voltage across the electrode system was compared with
the dfiving voltage by means of a Lissajou pattern on

an oscilloscope, and from this measurement the electrode
impedance was computed. The overall accuracy of the

measuring system was about * 5% .

No difficulties were encountered concerning the stability
of the electrodes during the measurement period provided
the electrodes were allowed to reach equilibrium before
the measurements were started. Care had to be taken

to allow enough cycles of current of a given frequency

to establish the sinusoldal steady state of response of
the electrode system, At the lowest frequency this took
mgny minutes. The absence of distortion in the Lissajou
pattern was used as a check on the linearity of the system.
wWhen proper shielding was used, there was little diffi-
culty in working with voltages small enough to insure a

linear behavior,

Equivalent Circuit Fitting

As wes mentlioned previously, the lmpedance data was com=-
pared to the theoretical solutions by attempting to find
an equivalent circuit having the same 1mbedance as the

electrode. This fitting procedure was done on an I.B.M.
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704 computer. The computer assumed a basic equivalent
circuit as shown in Fig. 2.1, and systematically altered

the values of the clrcult parameters to improve the fit.

Ce
JL
il
Ra wWe RS
AAN—AN—T WV
Cen
‘ W—L
. W
o R, W,

Figure 2,1 Basic Equivalent Circuit

The basic circult could be simplified by merely assigning
open or short circuit values for certain parameters, and
not ad justing them further. The computer could also be
told to test the variation of a parameter over those fre-
quencies where it was felt the parameter contributed
significantly to the impedance. These steps helped speed
up the convergence of the adjustment, and the machine
could handle a case in about 30 seconds. The program
was written to accept data given in any of four different
forms., The four forms were: amplitude and phase values
of the lmpedance, LissajJou figure values together with
the value of the serles resistor and scope impedance,

and bridge measurements with parallel or series RC circults.

Since the circuit parameters are constrained to have only
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positive values, the fitting procedure 1s essentially

a non-linear problem, and a rigorous analysis of the
iteration scheme would be very difficult. The tech-
niques of the Simplex Method could probably be used on
this problem, but the simple trlal and error approach
used worked well enough. Occasionally the scheme would
get off to a bad start and adjust itself to a "meta-
stable" minimum error, but in the great majority of runs

the 1terations worked smoothly.

The general plcutre presented by the fitting results
1s that the equivalent circuits used have a real sig-
nificance. The & verage root mean squared percentage
error of the equivalent circuits was 6.5% . Since
the lmpedances usually varié& throughout the frequency
range by a factor of more than 100:1, the errors in
the megnitude of the impedance of the equivdent circuit
are hérdly noticeable. The errors in the phase of the
equivalent circuit are easy to spot, and a qualitative
Judgement on the closeness of fit could be made from a
comparison of the phase shifts. On this basis 7 cases
were classified as close fits, 6 cases as fair fits, 1
case as a crude fit, and 2 cases as poor fits. Close
fits were also achieved with the 7 cases reported by

Jaffe and Rider.

A comparison of the impedance of the electrodes and the
fitted equivalent circults are shown in Fig. 2,2 through
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IMPEDANCE Ag-Cl ELECTRODE

Z8
SAT NACL
10t 60 T=23°C

S
-
o

Ohms
Degrees

S
~>

~

o
Vot

RMS ERROR

circuIT FIT - 1%
0 ' ' '
.0l A | 10 100 1000 CPS
FREQUENCY
IMPEDANCE GALENA ELECTRODE
28
SAT NACL
|04 60 |- T=23°C

RMS ERROR
CIRCUITFIT

]
IO 1 i | i J

= 9.0%

.01 A | 10 100 1000 CPS
FREQUENCY
FIG. 2.9

68



Z8 IMPEDANCE Ni ELECTRODES
(Joffe' and Rider) .OI N KCL
104 60 |
g ®
S
103 40 k 8 .  RMS ERROR

CIRCUITFIT - 68%

102 20 |

10 ] 1 1
10 100 1000 10,00

FREQUENCY

]
0  CPS

Z8 o .005 N KCL-

h
<&
> Degrees

6 . RMS ERROR

CIRCUIT FIT - &:0%

102 20 F

1

1
10 100 1000 10,000 CPS
FREQUENCY

i0

FIG. 2.10

63



IMPEDANCE Ni ELECTRODES
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Fig.« 2,12, The equivalent circuit impedance is given
by the solid curves, and the experimental points are
given as circles and squares. Both the amplitude and
phase are shown, and the rms. percentage error is also

glven.

Experimental Results

The existence of some sort of an equivalent circuit
representation for the electrode is a natural conse-
quence of the linear assumptions used, It seems very
likely that if enough elements are introduced into the
equivalent circuilt a fit can always be obtained, [This
is not strictly true., For instance, none of the boun-
dary conditions considered could lead to an lmpedance
increasing with frequency.] The real test of the
theory 1s based more on predicting the magnitude of the

circult parameters and thelr dependence on other variables.

The most outstanding result of our measurements 1s the
presence in every case, of a reaction involving essentlially
no reaction resistance., This reaction monopolizes the
current flow over a large part of the observed frequency
range, and leads to the Warburg impedance obtained by

many observers in the audlo frequency range. At the

lower frequencies other parameters begin to influence thé

impedance.

~
From a crude analyslis that had been made on electrode

o
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impedances previously (Madden et al, 1957), 1t was
believed that the electrode capacitance could often

be masked, perhaps by a surface poisening., This

effect did not appear with the present measurements,

using a more accurate analysis, except in two cases.

These cases involved a pyrite electrode, and a copper
electrode at 100°C. In both cases the electrode had
undergone a good deal of oxidation, and such a result

was not unexpected. The occurence of a catalysed reaction

at the electrode was not inhibited,however,

At the low end of the frequency spectrum used, most of
the electrodes began to behave more purely resistive
again. This was the reason for including R, in the
equivalent circult. Such a parallel resistive path is

very necessary to explaln the data.

R, can represent a great memy different reactions, each
with 1ts own activation barrier, just as long as each
reaction impedance is monopolized by the resistive compo-
nent. When factors such as a Warburg impedance or a
capacltive effect become important, one would probably
need a circuit for each reaction. In the frequency
range in which the measurements were carried out, this

did not seem necessary, With the aforementioned exception

of the pyrite sample,

The electrode impedances sometimes showed a new trend
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Table 2.1

Summary of Electrode Impedances

Valuas are given for 1 cm2 of surface at room temp.
Symbols are referred to Fig 2.1

Electrode Beaction Electrode Catalysed Warburg Chemical
Reslistance Capacitance Reaction Impedance Capacltance
RBesistance at 1 cps.

By Ce B " Cen

Stalnless 160,000 3.2 11 3960 247
steel

Ni 8,500 112 3 670 830
Cu 3,080 3.8 19 1270 55,000
Graphlte L9, 500 80 26 2700 170
Pyrite 3,900 15 60 800 150,000
Galena™ 3,800 8.5 6 760 43,000
Magnetite® 222,000 4.8 101 5,870 106

e
area not known
accurately resistances given in ohms

capacities given in/;;f



beginning to appear at the lowest frequencies which

tended to hold back the decay of the phase shift.
CCH and B, were included in the equivalent circuit as

the most likely parameters modifying the catalysed
reaction. Thelr influence on the overall impedance was
usually minor, and thus less significance can be attached
to the values obtained for these parameters. W, and RB

were usually left out of the equivalent circult completely.

In Table 2.1 typical equivalent circuit parameters are
listed for the various electrodes. These represent

room temperature measurements., The table emphasizes

the low reactlion resistance, and shows a rather narrow
range of Warburg impedance valueé. The electrode capa-
cities all appear a bit low, except for the nickel and
graphite electrodes. It is well known that graphite
tends to have a high effective area, and it is possible
that the unpolished nickel rod d4id also. The impedance
levels for these electrodes were not substantially lower
than those for the other electrodes, so that the scale
of any surface roughness must have been very small
(compared to the diffusion length). A more likely
exg}gnation is that the other electrodes had small elec-
trode capacities due to some surface polsening, but this
surface polsening d4id not hinder the charge transfer reac-

tlons,
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In Chapter I 1t was shown how the transition state reaction
rate theory led to an evaluation of these circult parameters
in terms of the concentration of the reacting ion specles
and the activation energy barrier ZXG:-. If we assume a
value for the diffusion coeffeicient the concentration of
lon species 1s derived from the magnltude of the Warburg
impedance using equation 1.119. The reaction resistance
depends both on the concentration and the activation energy,
but the ratio of the reaction resistance and the Warburg
impedance gives information concerning ZXG:° This relation
is given in equation 1,118.

In Table 2.2 the results of such calculations are given

for the catalysed reaction. There is also lncluded in this
table values derived from other experimentors, Randles
analysed his electrode ilmpedances at audio frequencies in
terms of an R,, W,, and Ces but he did not 1ist his electrode
areas. These were calculated, however, by running some of

his computations backwards.

The Jones and Christian data is too limited to derive any-

thing other than the approximate magnitude of a Warburg im-
%

pedance, so that no attempt was made to compute AG .

There is a surprising uniformity of these results, especially
when one considers the usual difficulties in getting repro-

ducible results from electrode measurements. If we can
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Electrode

Table

262

Effect of Electrodes on Electrode Parameters

Solution Concehtration

of reacting ion
in moles / liter

c

Standard free energy Investigator
change of activated
complex in Kecal / mole

1
Stainless steel 014 N KCL 63 x 102 6.5 Madden
Ni .01k N KCL 3.7,x 10_¢ 6.8 : .
Cu .0l4 N KCL 2,0 x 10_z 75 "
Graphite .02 N KCL «93 x 10:5 73 "
Pyrite, .01h4 N KCL 3.1 x 1072 8.5 "
Galens P 3.0 X 10_5 701 »
Magnetite saturated NaCL k,3 x 10 7.6 =
Hg 1 N HGLO), 17.3 x 1079 8.6 Randles
5x1077n v 2t vy 3t
aq /'aq
Hg 1 N KCN " 17.6 x 1077 7.0 '
1x1077N Cr(cN)*/cr(en
Pt 1 N KCL
1x107N Fe(CN)¢™ / Fe(cw)} 5.4 x 1072 6495 "
Ag «1 N AgNO3 12,5 x 10™° (approximate) Jones and
Thristian
Ag .01 N AgNO, 10.7 x 10~ .
Ag -02 N KNO4 4.9 x 1072 "
Ag .01l N KI 17.2 x 10™° "

®electrode area knownonly approximately
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Table 2.2 (continued)

Effect of Electrodes on Electrode Reaction Parameters

Electrode Solution ‘Concentration Standard free energy Investigator
of reacting change of activated
lon C; in moles /liter complex in Kcal fiole
Ni .01 N KNOj .67 x 1070 Jones and
N1 .01 W N1 (Noy)? .58 x 1077 hristien
Pt(smooth) .015 N KCL b6 x 1077 "
Pt °® .01 N KCL 4,9 x 1070 "
Pt(Platinized) .01 N KCL 192 x 10~° »
Ni +«01-,0001 N KCL 55 x 10~ 5-7.6 Jaffe and
Rider
Cu .01 N CuSoy, .27 x307° 6.9 Hillson
Cu 025N *® «30 x1077 7e3 "
Cu +025N o34 x 10“-"‘.5 7.1 \ “
Cu «025N ® Al x 1070 6.6 .

Cu O5 N A x 1070 766 "




It appears to the authors that a positive identificatlion of
the actual reaction at these very low current densitles 1is a
major problem in these electrode studies. One is tempted to
postulate that water must be involved, but this would involve
hydroxyl or hydrogen ions, and would imply a strong dependence
on the solution PHe Such an effect was not found when

measurements were made on the graphite electrodes.

The insensitivity of the electrode impedence to the major
constlituents of the solution 1s very well demonstrated by the
data obtalned by Jaffe and Rider (Jaffe aend Rider 1952) with
Ni electrodes. Their impedance data was qulte extensive in
the frequency renge 18-18,000 cps, and was evaluated along
with the authors! data by the 704 progrém. Because of the
frequencies involved, only Ce, Rs, Wi and Bl were used in the
equivalent circult fit. The results of these calculations
are given in Table 2.3.

Table 2, 3

Effect of solutlion concentration on
electrode impedance parameters

Ni electrodes, KCL solution (Jaffe and Rider)
.
conc of KCL BS CF ﬂl B’.L C1 A G,
moles /liter S-cm? };ﬁ/cmz J}—cmz 2-cn® moles /liter  Kcal mole

.01 16,6 6.0 4,170 1 W6 x 1077 p 449
005 2.4 5.84 4,210 1 595 x 1077 4e9
«002 7642 5495 4,770 6e5 «525 x 195 6a1
«001 152 54 L, 720 83 53 x 10_.5 ‘ 6.2
«0005 290 506 4,380 u5 «57 x 10 -5 7.3
« 0001 1210 3.9 L, 950 85 «505 x 10 7.6

TG



In these results the electrode capaclty énd the Warburg
impedance are essentially independent of the KCL concentration.
The solution resistance depends linearly with the inverse of
the salt concentration as 1s to be expected, The reaction
resistaence is not an important part of the electrode impedance,

but it does show a definite trend with the KCL concentration.

The effect of changing the PH is shown in Table 2,4, Again
those parameters that influence the impedance are essentially
unaffected by drestic changes in the PH, In fact the results
on different days showed greater variation than the results
taken under different éonditions but within a short time of
each other, The first two rows in Table 2.4 represent runs
made on different days, while the two runs at PH 10 and 3,8

were made within the same day.

The RZ values are too small compared to the solution resistance

to be known with any degree of certainty, and little significance
+

can be attached to the A G, values computed.

The vast chenges in the H' and OH™ ion concentrations had such
little effect on the Warburg impedance, it is difficult to

visualize their having any connection with the electrode reaction.

The effect of temperature on the electrode impedances 1is
summarized in Table 24,5, Again in computing C1 a typlcal ion

diffusivity, for the temperature was used,
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solution

«02 N KCL
014 N KCL
«01l N KCL
.01l N KCL

PH

10

. 38

Table 2 oL"

Effect of PH on electrode impedance parameters

Graphite electrode B

reaction
registance

Bz 2
Jl-~tm
460°,000
456,000
136,000

98,000

electrode
capacltance

Ce
i fn?
L3
33
38
41

catalysed
reaction
resistance
R
4
N<om?
31
( 1)
( 1)

( 1)

Warburg
impedance
at 1 cps

.
iy
R-em?

3,980
1,610
1,150
1,210

Beaction rate theory parameters

c, A Goi
moles Aiter Kcal fole
.63 x 10~° 7.l
1.55 x 107 ( 545)
2.2 x 1079 ( 5.5)
2.1 x 10 ( 5¢5)



Table 2. 5

Effect of temperature on electrode impedance parameters

reaction electrode catalyzed Warburg Reactlion rate theory parameters
resistance capeacity reaction impedance
resistance at 1 cps
electrode T Rﬂ. Ce Bz W:L Ci A(}f
C N-en? )uf/émz ” N-én? J-ca® moles Aiter Kcal fole
st, steel 23 160,000 3.2 10,5 3, 960 65 x 1077 65
80 28,600 3.6 1 1,760 9 x 1070 —
Ni - 23 8, 500 112 3.1 670 3.7 x 107 6.8
80 1,700 74 «38 192 8.3 x 1077 | 8.l
Graphite 23 456,000 33 1 1,610 1.55 x 1079 —
80 107 47 1 600 2,6 x 1077 -
cu 23 3,080 3.8 19 1,270 2.0 x 1070 7.5
100 1,670 0 942 500 2,9 x1070 1045
Pyrite 23 3,800 1.5 60 805 3.1 x 1077 8e5

100 370 0423 198 620 24 x 1077 12,9




Some of the electrodes showed So much oxldation at the

elevated temperatures, one would not expect to find much
correlation with the room temperature measurement. This was
especially true of the copper and pyrite electrodes,

The outstanding varlation, however, was the disappearance of

the electrode capacitance for the copper electrode, A

similar result appeared with the pyrite electrode, but the
equivalent circuit fit was poor, and there was a poor electrical
contact to the pyrite mineral itself. There is no evidence

that the oxidation hindered the charge transfer reaction to

any extent,

Conclusions,

Our primary motivation in this study was to obtaln a feeling

for the possible electrode polarization impedance magnitudes,

In this connection our results appear amazingly slmple.,

In all the measurements made or referred to from the literature,
the predominant factor at low audio frequencies was a Warburg
impedance, and this impedance was of the same order of magnitude
for every case. The behavior of the different electrodes

began to diverge more at lower frequencies when other parameters
began to be more important. The explanation of these results

is not'such a simple matter, however, The transition state
reaction rate theéry leads one to the conclusion that the reaction
involves lons with a concentration of about l—lelO"5 mbles Aiter,
and a standard activation free energy level of about 7 Kcal fiole

above the ion energy level,



The theory also leads to the conclusion that the active ion
concentration does not seem to be affected by the salinity,

PH, or temperature of the solution, and the activation energy
barrier is relatively similar on all surfaces., It appears to
the authors that such conclusions are very difficult to accept,
There appear to be two possible weaknesses to the theory we
have been applying in these studles. One posslible weakness is
the use of a linear geometry for the diffusion processes in

the solutionm.

When considering the possibilities of a different geometry,

one should mention the work of Erdey-Gruz and Vollmer (1931),.
They suggest that often the rate determining step is the
diffusion of an activated metal molecule along the surface

from an actlve spot to the polint where it enters into the
crystal structure, Thelr electrical measurements were
essentlially D.C. measurements and our own results indicate that
at the very low frequencies other reactions begin to take over
the conduction process. There is a further difficulty in the
theory as applied to the results given in this chapter, when
one considers the magnitude of the impedance parameters,

First of all, the limitation of the reaction to a few active
spots greatly increases the Warburg term resulting from diffusion
in the solution to these spots, unless the spacing of the
active spots is small compared to the diffusion lengths,
Hillson (1954) in his experiments with Cu: CusSC,, electrodes
assumed that the copper ions were involved in the reaction and
used the magnitude of Warburg term to find the total area of

these active spots.
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His Warburg values, however, were no different from those
obtained 1n very dlilute solutions by other experimentors,
and one would almost expect that, if he had used very dilute
solutions, he would have.been forced to abandon his argument
for active spots, or at least admit their effective area was

large.

The diffusion along the surface also presents a problem insofar
as the magnitudes of the Warburg impedances are concerned,

The geometry of the problem is more difficult, and the results
Will depend on factors such as the size of the active zones
which is not known, and the surface diffusivity. The thickness
of a monolayer of Cu atoms is only about 2x10"8 cm., but this
geometric factor can be offset i1f there exists a large number
of hot spots, The diffusion along the surface of the reaction
product is an impedance which act8 in series with the ordinary
Warburg term. This theory does not seem to offer us an
explanation of the impedance values measured, since the metal
ions in solution should contribute a Warburg term that is too

large. The main problem still appears to be an identification

of the reacting ilons,

The other weakness 1ls, of course, the reaction rate theory
1tself. Before undertaking to change the theory, however, it
would seem worthwhile to make a somewhat more extensive and

better controlled experimental study.

L0
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For instance, most experimentors did not control the amount of
dissolved gases in their solutions, although they represent
, very likely contributors to any electrode reaction. (In our
own measurements, when high temperature runé were made, the
volume of the system was kept constant, so that little change
in the dissolved gases was probably realized. The changes in
PH were made in such a short time that liftle gaseous exéhange
could take place,) The circuit fitting procedure should prove
useful in any extended study, end it is hoped that other

laboratories will be able to make use of it, or similar programs,



Chapter III

ELECTRIC CONDUCTION AND POLARIZATION IN ROCKS
Theoretical Considerations

Simple Model Prediciions

We know from studies previously referred to (Marshall and
Madden, 1959) that only electrode and membrane polarize-
tion can lead to the observed polarization effects in
rocks. The studles Just reported in the first two chap-
ters and those reported in Dr. Marshall's thesis (Marshall,
1959) should give one a fairly complete picture of the
detalled nature of the polarizing mechanisms, but one must
also consider the electrical environment within the rocks
before attempting to predict or interpret their polari-
zation properties. The simplest model of the electrical
environment within a rock could be represented by an
ordinary fluld zone, representing the pore passageways,

in series with electrode or membrane zones, representing
the blocking effect of the metalllc miherals or clay and
other membrane materials, It is further assumed that the
conduction within the pore fluld is ioniec conduétion,
taking place uniformly throughout the pore channels, and
that the electrode and membrane zones complétely blocked
certain of these passages. The electrical impedance of
such a system 1s gliven by two elements 1n series. One

element will be a simple resistance representing the



resistance of the fluid conduction paths of the pore
passages and the other element will be the polariza-
tion impedance of the electrode or membrane zones,

The pore fluid resistance will depend on the lon concen-
tration and the temperature of the fluid, and in Table

3.1 are given some typlical values.

Table 3.1
Resistivity of Common Electrobjes at 25%( in onm cm.)

electrolyte conc  ,001 .01 .05 ol N
KCL 6800 700 150 80
NaCL 8000 840 180 95
HCL 2300 230 50 25

The electrode polarization impedance might be expected
to vary considerably, but the studies reported in Chapter
II show that this was not the case. Throughout much of
the frequency range of interest the electrode impedsnce
was primarily represented by a Warburg impedance. This
impedance is due to a diffusién flow phenomena, snd its
magnitude was found to be relatively independent of the
type of electrode or of the salt concentration of the
flulds., At higher frequencies the electrode impedance
i8 eventually determined by the electrode capacity, and
at the lower frequencies the electrode impedance was
determined by a reaction resistance. These two para-

meters were much more variable for the different elec¥rode
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for the different electrode types. The frequencies at
which these various parameters control the electrode

impedance are shown in Table 3.2.

Table 3 2

Parameters Controlling Electrode Impedance

frequency below frequency above
which electrode which electrode
predominantly Warburg predominantly
electrode resistive behavior capacitive
st. steel .01 150
Ni 005 b
Cu o2 Y 1000
2000 f ' 525cm?
Graphite .01 Z A 7 o6
Pyrite el 150
Galena .04 700
Magnetite .01 ' 25

Because of the predominant role played by the Warburg 1mpedancé
and because of the rather consistent nature of the Warburg
lmpedance, we can use our simple model to predict the impedance
of a mineralized rock. The parameters for such a model would
be the average separation between the metallic minerals block-
ing a given pore passageway, and the salt concentration in the
fluld of the pores, The effect of parallel unblocked paths

can be eliminated by considering the metal factor rather

than the impedance of the rock. The results of such calculs-
tions are given in Figure 3.1, where we have assumed a

resistivity for the pore flulds of 5,000 ohm-cm. In Figure 3.2
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are shown some typical fesults on actual mineralized
rock samples. The rocks were kept immersed in water with

a resistivity of 5000 ohm-cm.

The model results shoﬁn in Figure 3.1 weuld imply that

the frequency effects for the pelarization of a metallic-
mineral-bearing rock should take place only at very low
frequencies. To cause frequency effects in the audio
range 1t was necessary to assume an average pore length

of only .0l centimeters. The actual rock samples, some

of whose results are given in Figure 3.2 show no appre-
ciable tendency for thelr frequency effects to die off

at the higher audio frequencies. It is extremely unlikely
in any of these samples, however, that the spacing between
the metallic minerals amounts to anything as small as

«01 centimeters. It should also be noticed that the metal
factor increases with frequency not as (frequency)l/z,‘
but more like (frequency)l /A4 It 18 quite apparent from
these results that a better understanding of the electrieal
properties of these rocks is necessary before one cen

expect to understand fully their polarization properties.

Porosity, Tortuosity and Effective Pore Conductivity

It has been shown that too simple a model for the electrical
environment within a rock can lead to a very poor prediction
for the polarization properties of the rock., In order to
better aquaint ourselves with the electrical environment .

a short series of experiments were undertaken fe check

f



various aspects of this environment. Studies of the tempera-
ture dependance of the conductivity were made to try and

gain a better insight into the medium through which the
current carriers move. Other studles were made measuring

the rate of diffusion into the rocks to gain an insight into
the geometry of the pore passages along which the current
flowed. Measurements were also made Wl th changes in the
salinity of the interstitial water, to study the effective
conductivity of the pore flulds. These studies are an off-
shoot of our mainvinvestigation into induced polarization,

and therefore we will not develop them in great detail.

The theory of rate processes shows that the temperature
dependance of the rate process gives information concerning
the molecular energy barriers that must be overcome to carry

out the process (Glasstone, Laidler and Eyring, 1941).

If the electric current is carried by lons moving through
interstitial water, we would expect the temperature dependance
of the resistivity to be the same as that of the viscosity
of water. In Figure'3.3 we have shown the results of these
temperature measurements. There 1s a good deal of scatter
in the points shown in Figure 3.3, but there is no reel
indication that the mechanism of conduction is other than
we have assumed. It 1s so well established that the con-
ductivity of & rock at ordinary temperatures 1s due to its
fluld content, that these temperature measurements would
hardly seem worthwhile. The measurements do however, indi-

cate that the physical properties of water within the rock are
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probably not very different from those of ordinary water,
We should therefore expect for instance, that the ion
diffusivity within the rock pores should be the same as

in ordinary water.

One sample, marked®Z]1" did show a rather anomalous high
temperature conductivity which could be duplicated on
repeated measurements. This sample is a limestone sample
with no apparent metallic minerals, exhibiting polarization
properties, and also posessing rather pronounced membrane
properties, (Madden et al, 1957)}. It is believed that

an explanation of its high temperature conductivity might
come from assuming that the sample lost its ability to
discriminate'agalnst the passage of negative lons at higher
temperatures. The evidence that the sample lost its
membrane properties at higher temperatures comes from the
observation that the polarization effects were also lost.
The remaining samples however, appear entirely normal.
Their polarization effects were independent of temperature,
but this is to be expected as long as the polarization is
due to diffusion effects and is controlled by the viscosity
of the pore fluilds,

-

There is some indeterminancy in evaluating thesé temperature
results, as the surface ion concentrations can also vary
as a function of temperature. When the temperature runs -

are made rapidly however, the ions do not have time to

diffuse in or out .of the sample, and the measured effect can

Rk



be considered due to the viscosity changes.

Oﬁce we have established the diffusivity of the ions within
the pore flulds, we can use diffusion studies to tell us
something about the geometry of the pore passageways, Dif-
fusion measurements were made by coating cylindrical rock
samples so that only the end surfaces were exposed, and
immersing these samples into a fluld of high salinity. The
rate of diffusion of salt into the rock was then measured

by measuring the resistivity of the rock as a function of
time. The analysis of this problem is identical to the

heat flow problem, and is treated in standard texts such

as Carslaw and Jaeger,(1948), Their analysis shows that the
conductivity after a brief rapid initial change, approaches
the final conductivity exponentlially, the exponent being
proportional to the diffusivity of the medium, and inversely

proportional to the square of the dimensions.

- 0N qmiT/1?
T: Toa - ASRE 3.1
N —Dqﬂzf/).z LZ
0= Usa - Ae ) t->iZE§hz 3.2

An exactly similar analysis can be made to study the de-
salting of these specimens. In this case the conductivity
would be given by:

- DAL/ )*
c: o+ e | 33
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If several different independent pore systems existed
within the rock, each with a characteristic geometry,

this expression would apbear as:
2
. - D4T*T /L
V= G—o + 2 B‘Q
In these equations Ly represents the effective length
of the pore passageways. Ly 1s invariably greater than
L, the sample length, and i1t is usual to attribute this

difference to the tortuosity of the pore passageways.

A typical result is shown in Fig. 3.4, the solid curve
here represents a fitting using two independent pore
passagewgys whose geometry was determined by a gra-
phical fit to the data. 1In Table 3,3 1s listed a
summary of these measurements giving the pore geome-
tries calculated by means of these diffusion studies.
It 1s seen from this table that a good deal of the
conductivity of these rocks 1s assoclated with pore
passageways showing an extremely large effective
length. A different explanation for these very slow
diffusion times might be that there exists a good many
dead-ended passageways which do not contribube to the
flow of the ions but do contribute to the total volume
of the pore fluids. In Fig. 3.5 are shown the two

extreme interpretations for tortuosity.

One might expect that the two geometries can be
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Rock no.
+ type

19 met.
32 ign.
30 1ign.
S-2 met,
M-3 met.
M~33 met.
M-21 met.

M~5 met.

S-51
M=27
S-6

21A
21B

16
F19

met.
met.
met.
ign.

ign.
met.

sed.

l.1

3.“'

3.6
o Sl
3.1
1.6
2,6
3.0
2.8

2.1 .

1.4

2.6
2.6

3.0
k.o

Tortuosity and Porosity Data on Typlical

3.1
11.2
9e2
8.9
5.8

e
8.2

10.6

7.0 .
5.5 -
500 :

8.1
8.3

Ay A,
oi5 «55
<94 .06
.96 Ol
«50 « 50
+ 50 .50
.67 <33
«98 . .02
«95 .05
.6l .36
.+ 58 A2
.93 .07
.98 .02
.98 .02
1.00 -
1.00 -
Table 3.3

(Drock Saturated compﬁted
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differentiated by making resistivity and porosity
measurements on the samples, but the relationship
between the diffusion time and the resistivity-porosity
ratio are not independent. The porosity 1is given as;

= Z A F-172

Ai = fraction of conduction associated with
tortuosity T

F = resistivity factor = 63rock
@solution
whether ﬁ* 18 considered as the excess length of the

L
pore pasaages or 1:3 is considered as the excess volume

of the pores.

If a more detalled investigation is made of the transient
flow through such porous media, it can be shown that the
two models behave differently during the early stages of
the transient, (Fatt 1959,1960). Unfortunately, the data
collected does not allow us to attempt such an analysis,
end we can only deduce the same generalized tortuosity

that appears in Fig. 3.6

A comparison of this computed porosity with a measured
porosity 1is helpful, however, in checking the reasonableness
of the assumptions made in computing the tortuosity. The
porosity measurements were made by weighing the samples
when saturated with fluid and then heating them for a
period of several hours at a temperature of about 120° c.

allowing them to cool in a desicator and then welghing the
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samples dry. Estimates of the porosity can also be made
from resistivity measurements with the saturated solution
by using equation 3.6, and the diffusion-determined tor-
tuosities. The aggreement 1s reasonably good, and in-
dicates that in many samples a large fraction of the total
fluld volume is associated with high tortuosity pore
passages., The most likely interpretation of these high
tortuosity values 1s that there exists a good deal of
interconnectivity between the pore passageways, and that
these intercomnecting ways represent excess volume. This
of course 1s quite reasonable when we consider the pore
passageways to consist of the interstices between the
rock-forming minerals. This picture also presents more
possibilitlies for any metallic minerals present in the
rock to be blocking passageways capable of passing current.
The comparison between the measured and computed porosities
1s, of course, further evidence that the diffusivity of
the ions is assoclated with the properties of ordinary

water.

A great many studies have been made of the porosity-
conductivity ratios of porous sedimentary rocks, and the
picture is somewhat simpler. The tortuosity values ob-
tained are much smaller and do not vary very much. They
appear reasonable for the geometry of a loosely packed

sand.

These measurements also showed up another very important
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aspect of the rock conductivities. As the salt diffused
into the rock, the rock conductivity increased, but

the increase never amounted to the expected increase
when comparing the salinity of the interstitial fluids
before and after the salt diffused. In Fig. 3.6 is

shown a histogram summarizing the measured increase

of the rock conductivity for a thousand-fold increase

of the pore fluid conductivity. We are assuming here
that the pore fluid is identical with the fluids in which
the rock specimens are immersed. The results shown in
Fig. 3.6 are a clear indication that something is wrong
with our assumptions, and that the effective conductivity
of the pore fluids in a tight rock is considerably greater
than 2 x lo-szqh(' even when immersed in water of that

conductivity.

Surface Conduction in Rocks

The results shown in Fig. 3.6 seem to indicate that the
conductlvity of the pore paths within the rock are higher
than can be expected when only considering the specific
conductivity of the fluids within the pores. This is in
sharp contradiction to the assumption often used in ana-
lyzing the resistivity of the sedimentary rocks, and from
this deducing the salinity of the pore fluids. One should
notice however, that the samples used in obtaining the

data of Fig. 3.6 are of very low porosity, so that the pore
passages, which probably represent the intergranular spaces,

are extremely narrow., When such is the case we could expect
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the interface zone between the rock minerals and the

pore solution to become an important part of the pore
passages. We have been concerned previously with the
electrical properties of such interfaces when treating

the problem of electrode polarization. An excellent
review of thes properties has been given by Graham (1947).
An important property of these interfaces 1s the fact that
the minerals usually retaiﬁ a net charge in equilibrating
themselves with the solution, and this charge in turn
attracts a diffuse layer of oppositely charged ions in
the solution which 1s immediately adjacent to the minerals.
The space-charge zone in the solution is known as the
"diffuse layer®, and the concentration of the ions within
the diffuse layer is assumed to follow a Bolzman distri-
bution, wherein the energy levels are governed solely

by the electrostatic energy of the charged ions. There-

fore we have: -
_Fo /R

- e
i Fo/RT 31
n < noe

positive ion conc.

negative ilon conc.

Faraday constant = 96,500 coulombs /equivalent
absolute temp. in degrees Centigrade

gas constant = 8.314 absolute joule /mole degree
electrical potential in volts

cwHaEEY
AR ERER

If the potentlal existing at the point of nearest approach
to the mineral surface where the ions stlll retain their
lateral mobllity, is designated as the Zeta potential, we can

compute the totalexcess charge cmcentration in tems of the Zeta potential.
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This excess charge represents an addition to the current-
carrying capacity of the pore passage, and 1is known as
a surface conductivity. In Table 3.4 are shown some
specific surface conductivities for different Zeta
potentials and different concentrations of the pore
fluids.
Table 3.4
Specific Surface Conductivity in mhos

conc. Zeta potentials 50 mv. 100 mv,. 250 mv.
1N 2 x 1077 1078 2 x 1077
.001 N 2 x 10°10 1077 2 x 1078
.00001 N 2 x 10711 10710 2 x 1077

The pore sizes at which surface conductivity becomes as
important as the fluld conductivity can also be computed.
These values are shown in Table 3.5 where it 1s assumed
that the pore passageways are planer, and that the mobllity
of the ilons in the diffuse layer is the same as those
bithin the bulk of the solution. This assumption seems
Justified by the temperature dependance of the rock con-
ductivity, which was mentioned previously.

Table 3 . 5
Critical Pore Width in cm.

conc. Zeta potential 50 mv. 100 mv. 250 mv,
- _ _ -5
107t n b x 107 2x10°% Hx10
1073 x b x106 23x107° 4 x107*
00§ b x100 2x107% 4 x1073



Values such as these could easily be obtalned for the pore
thicknesses in a tight rock, so that we have a fairly
rational explanatidn for the observed electrical properties
of the igneous rocks shown in Fig. 3.6. It is well known
that the high electric conductivity of clay is essentially
a surface phenomena, but it is not so well known that this

is also true for a great many ordinary rocks.

PolariZzation Impedances

The realization that the effective conductivity of the
pores 1s increased by the surface conduction helps in

part to explain the results of Fig. 3.2 which showed the
polarization effects in metallic bearing igneous rocks
extending to much higher frequencies than expected. When
the surface conductivity predominates however, one must
re-examine the whole 1dea of the blocking of pore passages
by metallic minerals, since some surface conductivity

undoubtedly takes place around the metallic mineral grains.

If we examine the problem of passing current along an inter-

face between a solution and a metallic surface we see it

is quite similar to the transmission line problem. An

equivalent circuit for the conduction along the interface

is shown in Fig. 3.7. Zl represents the resistance to

the lons moving salong the lnterface, Zl = 1 , and
surface

Z, represents the interface or electrode impedance. The

equations for such a system can be given as

I _ XY ,
ox % 38
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oV

IZ/ -7 X 39
leading to

RV _ Ziy 3.10

oX?% Z,

If we choose the center of the zone as our origin, the

solution exhiblting the proper symmetry 1s given as

V = A sinh (1272, X) 3.1

From this we have

T = \%%; Cosh (Y277, X) 3.12
7z . o2&z (21272 313

L = total length of surface along metallic mineral.
At low frequencies if Zo > 47, /LZ
Zzs ZL 314
and 1s purely resistive
At higher frequencies if 27, L 4Z s
Z xp EZ 315
and 1s independent of the surface length.

Typical values of Z; would run eround $)p?_ & /o°sfor a

cm. wide strip.

N 3 -%
In the frequency ranges normally used, , = 210 Fftcm for a

cm. wide strip.

§21/72

!

(15 s0°)F A’ 316

e
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This value would indicate that for all but the smallest

mineral grains we would consider py
~ Cp-
zxolzz, = (200 f 7 n 317

It should be noticed that this impedance 1is inversely
proportional to the 1 /4 th power of the frequency as
opposed to the 1 /2 power of a Warburg impedance. It

must also be pointed out that this lmpedance 1s less than
the blocking impedance of the front of the metallic mineral
for a pore passageway 10-4 cm. thick, even at 10,000 cps.

if we use:

_ 3/
Zblocking =2 x 107/

Thus i1t would appear that in tight rocks we could expect

% Lem for cm. wide strip.

the blocking impedance to behave as the 1 /4 th power of

frequency instead of as a Warburg impedance.

In Fig. 3.2 it 1s seen that some typical metal factor values

g1/

do indeed incresase more as .
A more extensive investigation of this point was made by
computing the power law that the metal factor values listed
in RME-3156(Madden and Marshall, 1958) followed in the
frequency range of 0.1 to 10 cps. The results of this
compllation are given in Fig. 3.8, and again we see the

1/4

predominance of an f behavior.
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The simplest equivalent circult that we could use to
represent the electrical impedance of a minerallized

rock should, according to these ideas, be represented

by the circult of Fig. 3.9. In this circuilt Ro

and R‘ are simple resistances representing the resistances
of the unblocked sections of the pores, while Z\ 18

the impedance associated with flow along the metallilc
mineral interface. The frequency dependance of ZM

in the rgnge of .01-300 cps. 18 expected to follow a

(frequency)'l/ b lazw. Thq) frequency dependance of the
Ro R} + 20’\
rock, ZR = m , Will depend on the

relative magnitudes of the parameters in the circuit.
If we use K, /K, , end ZM (ﬁo)/Ro as parameters, where
gb is a fixed frequency in the range of interest,
and if we further assume Rl + ZM (0¢) > Ro , the frequency

behavior can be expressed as

l/q
R, Zm (L) (4
NCAN R S o <) 318
2z (4) R z (g) h o
Boombgy

R Zy (22)
o ™ Rs

the frequency effects at two frequencies. If the model

The parameters can be determined from

has any validity in representing actual rock impedances,

these values can then be used to predict the fréq‘ﬁency
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effects at other frequencies. Examples of such extra-
polations are given in Table 3.6. The extrapolations
in this table are bésed on data taken at 3 and 30 cps.,
which are only a decade apart and are used to predict
results of up to three decades beyond. In view of the
simplicity of the model, the results are remarkably
good. The only systematlic errors of any significance
occurred at the high frequency end for the more resis-
tive samples where the model 1s expected to break down.
Further discrepanclies can be expected from the effect
of errors in the data.

Table 3.6

Impedance Parameters and Extrapolated Frequency Effects
in Bock Samples

Sample no. 3 13 325
Rock type gabbro dolerite uarﬁite reenstone
/rz ?graphitlc) %pyritic)
5450 2.18 4,03 2.83
B1/Bo 40 1.15 b2 Lo
Freq. meas. pred. meas. pred. meas. pred. meas., pred.
effects
3 CPSO lol? - 1030 - 1023 - 1-31 -
10 1.23  1.22 1.34 1.36 1.29 1.29 1,40 1.40
30 1029 - 10’4‘2 - 1037 - 1050 -
100 1.35 1.37 1.48 1.48 1.47 1,48 1.65 1,64
300 .42 1,47 1.56 1.55 1.56 1.59 1.77 1.78
1000 1.52 1.59 1.70 1,60 1.71 1.7 1.94% 1.95
3000 1.71 1.73 1.92 1.65 1.88 1.88 2.12 2.11
10,000 2,04 1,89 2,42 1.69 2.05 2.05 236 2,30
Cinam 7000 9000 1700 5500
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The effects of temperature and salinity changes on the
polarization properties of these rocks can also be studied
by means of the equivalent circuit parameters. In Table
3.7 are shown some results of the effects of temperature

on the electrical properties.
Table 3.7

Temp. Effect on Polarization Parameters

Temp. 80°¢c 60°C 40°¢c 24°¢ 0°c
Sampl? no. 13
3
Z 3.0 1.9 1.70 1.80 2.32
M /R,
R, /R, 2.0 1.43 1,42 1.42 1.25
Cin 2-M 2600 3400 4600 7000 17,000
Sample no. S25
R, /B, 33 .48 .23 A2 Sl
Cin M 2200 4600 4700 5500 10,000

There is some scatter inthe parameter values, but compared
to the changes in the resistivity they are relatively
small changes, and are probably within the limits of the
accuracy of the data. This result is in keeping with the
model, as every impedance element is expected to follow

a temperature dependance equivalent to the HyO viscosity

temperature dependance. Other measurements o the
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temperature dependaence of rock sample electrical properties
reported in BRME-3150 showed this same behavior, with the
exception of one tremolite limesatone sample, Thls sample
which has been referred to prevliously as Z-1, lost 1its
polarization properties at the higher temperatures and showed
a proportionally higher conductivity. It is believed, how-
ever, that this sample did not posess any metallic minerals
and that what was observed was a reversible deterioration

of its membrane properties at the higher temperatures. The
results of measurements on the effects of changes in pore
fluid salinity are given in Table 3.8. It i1s more difficult
to predict the resulls of such measurements because of the
unknown balance between the pore conductivity and the surface
conductivity in the various conduction paths. One would
expect the 2, /B, ratio to increase as well as Zy/R,.

This latter expectation was not born out by the measurements,
Since the conductivity balance among the varlous possible
paths could not be expected to remain constant, one would
interpret these result as showing that the pore passages
with wider-spaced mineral grains were favored when sallne
solutions were used. Considering the very large changes

in resistivity that occurred, the changes in the polari-

zation properties were minor.

LN
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Table 3.8
Salinity Effects on Polarization Parameters

Sample normal salinlty high salinity
no. 13
z33) /& 2,18 4,00
R, /Ry 1.15 2,25
Cin M 9000 720
no., 16
zISIB) /R, 4.03 2.76
Rl/Bo 42 2.8
Cin M 1700 330
s25
zr?) AR, 2.80 4,95
R, /R, A2 2.20
Cin M 5500 Lo

The consistant behavior of this equivalent circuit
encourages one to accept 1t as a realistic model of the
conductioh effects within the rock. The parameters of this
model, however are rather surprising in view of the

large ratio predicted between Zy and B;. From 3.15

and 3.17 we would expect

(3) 6
Zl (105")4‘05) X 10 3.19

R, (5-50) x 10° L

where L is the average pore length between the blocking

mineral grains. Since our model parameters gave values
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of ZM(B)/’Rl ranging from 2-14 we would predict values

of L ranging from 3 x 1077 - 5 x 1077 cm.

It was partly our disbellef in such short distances
between the metallic minerals that led us to undertake
this analysis, and yet we are again forced to this con-
clusion., There 1s some leeway when one considers the
limitations of a simple model and the extrapolations

from laboratory studies, but one cannot really escape

the conclusion that the polarization properties are
Strongly influenced by minute mineral grains emplaced
within the pore structure of the rocks. This conclusion
is essentially based on the study of the frequency
structure of the induced polarization effects, but it
also helps explain the magnitudes. For instance tight
basic rocks are often found to have thelr resistivities
change by over a factor of 2:;1 with different frequencies,
when thelr magnetie content is only a small percentage.
The presence of a few magnetite minerals among the other
minefals of the sample would never explain the electrical
effects, But 1f assoclated with these larger minerals
There is a fime-grained magnetite dissemination within
the pore structure, very large electrical effects are
posslble. When the mineralization of the rock takes the
form of veinlets, there is little difficulty in explaining

the large frequency effects that are observed,
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The realization that small amounts of metallic minerals
strategically located within the pore structure can mono-
polize the polarization effects of a rock, poses difficulties
with the lnterpretation of induced polarization measurements.
It helps to Justify the weilghting of the frequency effects
by the conductivity, as is often done in evaluating fleld
measurements. It points out however, the necessity of
collecting empirical evidence concerning the polarization
properties of natural rocks, since the factors controlling
the electrical properties are so difficult to observe by
other measurements., The same conclusion could be made
concerning the polarization effects resulting from other
causes than metallic or semiconducting minerals. In his
studlies, Don Marshall showed that only membrane polariza-
tion effects are important, but that the membrane effects
are maximized when the selectlve zones are separated by
non-selective zones. Thus, a sparse distribution of clay
minerals within the pores of a rock could produce the
largest membrané polarization effect possible, but the
total amount of clay involved would be so small as to

be difficult to detect. For these reasons a study of

the electrical properties of a large number of natural
rock samples was undertsken, using both laboratory mea-
surements and field measurements, and a summary of these

results is given in the following chapter.



CHAPTER IV

MEASURED POLARIZATION PROPERTIES AND ANOMALOUS BACK-
GROUND EFFECTS IN GEOLOGIC MATERIALS

Summary of lMeasured Polarization Properties

The ideas discussed in the last chapter show the impor-
tance of collecting empirical data on the electrical proper-
ties of natural samples. Although the electrical properties
are complex, simple models can predict quite well the
polarization effects to be expected from mineralized rocks.
The parameters of such models aré'difficult to predict
however, as minor constituents may play a prominant role.
The model consisted of a simple resistance R, , in parallel
with a series combination of another resistance Rl and an
impedance ZM‘ The resistances represent the pore conduc-

tion paths, while Z, represents the conduction paths along

14

M
a metallic mineral imnterface, and varies as (frequency)”

The frequency dependance of the model impedance can be
described in terms of two parameters. In the previous
chapter the parameters ZM(freql/’Ro and B, /R,, Wwere com-
puted for a few samples. The high ratio of ZM/’El seemed
to indicate that a fine dissemination of metallic minerals
was present in the pore structure of the rocks, and this
dissemination was necessary to produce significant polari-
zation effects at audio frequencies. Since it is difficult
to observe these disseminations directly, the existence of
induced polarization effects in mineralized rocks needs

experimental verification.

Under the sponsorship of the AEC, laboratory measurements
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of the polarization properties of a large number of rock
samples were undertaken, and the data was listed in AEC
report BME-3156. Other measurements have been made in the
fleld, and a continuing program of laboratory measurements

1s s8till providing data. The results show that measurable
polarization effects are always found in samples contalning
metalllc minerals. To indicate the character of these polar-
ization effects, some of this data has been systematized in
Figure 4.1, using the model parameters as variables. 1In this
figure thé average properties and the standard deviation of
groups of samples are plotted. The parameters plotted were
computed at 1 cps., but by moving along the Bl/’Ro contours
the parameters to be expected at other frequencies can be
predicted. The frequency scale can be determined by noting that
each ZM/RO contour interval represents a frequency change of
about a factor of 100:1. The vertical scale was actually

determined by the measured ratio

Z.(DC) Z.(DC)
R -1 B -1 4.1
z"R('i o) “"T‘Y‘ZR .

and the ZM,Rl scale adjusted to fit. According to the model
there is an upper limit to the value of the ratio given in

Fig. 4.,1. This value was exceeded by some samples, but the
deviations do not appear to be statistically significant in
view of the errors of the frequency analysis. No standard
deviation was given for t he Ontario samples, as these samples
did not represent any single rock group. Most of these samples

represent typlcal disseminated mineralizations. The White
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Pines and Keweenaw samples contained copper mineralization;
the quartz latite porphyry, the Dakota sandstones, and the
metamorphics from Ontario were pyrite-bearing, while the
Duluth gabbro was highly magnetic. The andesites and tuffs
were not obviously mineralized, and their electrical proper-

ties are somewhat anomalous.

Intensely mineralized samples have been excluded from these
summaries, as the core sample boundaries influence the

measurements in an exaggerated fashion.

The points plotted in Fig. 4.1 show the same general pattern
found in Chapter III when we first examined the model para-
meters, and the ZM/Bl ratios are all high. These results
lead to two conclusions that are of some importance to the
problems of using induced polarization measurements in
exploration work. One of these conclusions is, that although
some Information is to be found in the details of t he frequency
structure of the polarizgtion effects, this information will
be limited, as the model parameters computed showed little
spread, and as the success of the model extrapolations in-
dicate few frequencies are needed. The other conclusion

18 that since very minor constituents appear to be controlling
the polarization effects, care must be taken in interpreting
the electrical measurements. The use of the parameter which
we call the "metal factor" and which is a measure of the
actual conductivity increase with frequency, rather than the

percentage increase, would appear helpful in this respect.



In Fig. 4.2 metal factor values measured in the labor-
atory and in the field by our own and other groups are
summarized, It 1s seen from this figure that in a
general way induced polarization measurements do pick out
mineralized rocks., There 1s little difficulty in iden-
tifying heavlily mineralized rocks, and metel factor values
of well over 1,000,000 have been measured in the field.
As the sulphlide mineralization becomes less massive the
metal factor values decrease sharply, untll the values
merge into those values assoclated with the slightly
mineralized host-rocks. The geometry of the metallic
minerals, and the way they are placed within the rock

and the rock pore system, plays a very important role

in establishing the induced polarization properties.

The high conductivity of sedimentary rocks makes the
metal factor parameter somewhat less diagnostic with

these rocks than with the igneous and metamorphic rocks.

On an empirical basis we can state a general rule of
thumb: significant mineralizations of over 1 or 2%
sulphides are assoclated wlth frequency effects of more
than 53% and metal factor values of over 50 at 10 cps.
We shall consider as anomalous all those minersl ized
rocks whose polarization properties exceed hese values,
or mineralized rocks whose polarization properties are
smaller than these values. Since We are aware that
polarization effects can arise from membrane effects
without metallic minerals being present (Marshall,1959)

the greatest interpretation problems arise from anoma-
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lously high polarization effects. There are occasional
mineralized samples which show abnormally low polarization
properties. Such rocks are usually very tight rocks

whose mineralization appears as dlisseminated. In view

of the results discussed in the prewious chapter, their

low polarization properties are not too surprising.

Some examples of such cases, listed in RME-3156, were the
minerdized quartzite from Rhodeslia, and the copper ores
from the White Plains area in Michigan.

In order to acquaint ourielves with the difficulties in
interpreting induced polarization results, we assembled

all the rock sample data that appeared to have anomalously
high polarization effects. This data included measurements
on flow rocks from Michigan, andesite flows and tuffs from
Arizona, and a large number of conductive sedimentary

rocks from Colorado. Because of the high conductivity of
some of these samples, delicate polarization measurements
were necessary as some of the frequency effects were very
small., An analysis of the measuring system showed that
small polarization effects could be introduced by the
measuring electrodes, unless proper switching and locating
of the electrodes were used. A discussion of this problem
is given in Appendix A, These changes were incorporated in
the measuring system, and the samples were remeasured.

Some of the anomalles disappeared when.the measurement
errors were corrected, but we should like to discuss these
rocks in more detail, as theyrepresent the most troublesome

sampies that we have come across. Some result of Dr.

}"‘.’,
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Vacquier's studies on clays are also included in order

to help evaluate the natural rock samples.

DIRTY SANDS

We know from our theoretical discussions and our experi-
mental studies that polarization effects can be associ-
ated with membrane properties. Clay minerals have very
pronounced membrane properties, and therefore it is to

be expected that some polarization effects should be
assoclated with the presence of clays within a rock. Clay
minerals are often found in sedimentary rocks and in al-
tered rocks, and careful attention should be given to the
possibility of such rocks causing anomalous polarization
effects. Geometric studles on membrane polarization
would lead one to expect less polarization from a massive
clay zone than one might perhaps obtaln from a slight
scattering of clay particles such as one would find in

a sedlmentary rock whose gralins are coated with clay
minerals(Marshall, 1959). For this reason, many people
are suspicious of the polarization properties of dirty
sands. In the work done at New Mexico Institute of
Mining and Technology under Professof Vacquier, artifi-
cilal dirty sands were formed by mixing sand and clay,

or by flushing clay slurries through the sands. A large
number of their results have been listed (Vacquler et

al, 1957) but the form in which these results are presented
is different from that which we have been using here. By

comparing decay curves we can extrapolate their results
into the form that we have been using here. It is found
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that the 5 second millivolt /volt IP response which is
listed by Vacquler and his workers for a 20 second exita-
tion time, when divided by two gives approximately the
percentage frequency effect at 10 cycles / second. Unfor-
tunately they do not list the resistivity of their sand-
clay mixtures, but we can make estimates of this resistance
using the given resistivities of the solutions and
assuming the pore geometry for the unconsolidated sands.
These estimates will represent upper limits for the
resistivity since no allowance for any surface conduction
has been made. A summary of these results 1s shown in
Table 4.1.

Table 4.1

Polarization Propertieé of Artificial Dirty Sands
(extrapolated from Vacquier et al, 1957)

frequency
effect at  ©/M(max) m.f.(min)

clay electrolyte 10 cps. in R -ft at 10 cps.

2.5% montmorillonite  NaCL 1.7% 70 2l

natural state sample o

saturated with CaCly 1‘356 65 20

electrolyte solution ALCL, 1.3/ 65 20
Na, SOy, 1.7% 70 24
Caso, 1.5% 80 19
ALy(S04)5  1.5% 100 15
NaPO, 3.9% 70 56

2.5% electrodialyzed NaCL 200 70 30

montmorillonite 0

saturated with CaCLy 1'5é6 65 20

electrolyte solution ALCL- 16 65 15
Na, 50y, 2% 64 30
Caso,, 2% 75 25
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Table 4.1 Cont.

Polarization properties of Artificial Dirty Sands
(extrapolated from Vacquier et al, 1957)

frequenc
clay electrolyte effect ag c‘)/ZT\'(max) m,f,(min)
10 cps. inQ-ft at 10 cps.
2.5% montmotillonite  CaCL, 9% 320 27
saturated with .1N 9
solution, then washed  “LCL3 ‘7o 320 12
with distilled water, CaS0,, 10 A 320 30
and percolated with 0,
electrolyte solution AL2(804)3 5’% 320 15
Caso,, 164 1300 13
Cas0,, 11% 310 35
Casoy, 5% 80 60
Casoy, 2% 25 80
K550, 2%, 310 6
l(,)/otele;:;:.{odi%lyzed Caso,, 3% 1200 3
montmor on. e O,
saturated with Cas0y, 356 280 11
electrolyte solution Cas0y, 256 70 30
Casoy, 1% 23 4o
K,50,, 2% 60 33
(o)
K,50, 3/0 260 12
5% kaolin,electro- A1C14 1% 280 n
dialyzed and s}
percolated CaCL, 100 300 3
NaCL 14 325 3
5% kaolin, ion A1C1, 0.6% 280 3
saturated amnd o
percolated CaCly 236 : 300 6
NaCL 0.8 /% 325 3

The results shown in Table 4.1 poiht out differences between
the different clay types in their polarizing properties, but
they also show the influence of the treatment which the clay
has undergone, and the type of solution percolating through



the sands. The montmorillonite clays gave significantly
larger polarization effects than the kaolinite clays dlda.
The results also showed that clays treated by presatura-
ting them with strong salt solutions gave stronger pola-
rization effects than clays used in their natural state,
Frequency effects as high as 16% and metal factor values
of 100 were achieved in some of their measurements. ¥With
natural rocks, however, the clays should be more in
equilibrium with the pore solutions, and we should not
expect such large frequency effects, although the metal
factor values may be as high, since the surface conduc-
tivity could give us much lower resistivities. For this
reason it seems 1ﬁportant to seek out natural dirty sands
and to measure their electrical properties. It turns out
in practice however, that it i1s difficult to find such
specimens which do not contain pyrite, graphite, or other
electronic conducting minerals which are known to cause
polarization effects in themselves. Thus 1t 1s usually
necessary to back up the polarization measurements with
studles on the mineralogy of the samples before attempting
to classify their electrical properties as being anomalous
or not. In Table 4.2 is shown one sequence of such rocks
that were suspected of being anomalous from the results

previously reported in RME-3156.



Table 4,2
Polarization Properties of Naturally-Occurring Dirty Sends

Dakota Sandstone Sequence - Lower Cretaceous Age

sample no. Tfreq.effect é;{ZTT m.f. carbon remarks
10 cps. -t 10 cps. content
dirty sand o
7002 2.5/ 26 95
alternating sand and shale
7003 0.9% 35 26 beds parallel
to current flow
7011 1.7%6 30 57 beds parallel
o o to current glow
7007 2.54 34 91 1.1% -
O il T
7009 2,754 264 10 0.596 current flow

dirty sand, carbonaceous material

7010 3.3% 9 36 0.85%
This group consists of well-core samples from t he muddy sands,
a part of the Dakota sandstone sequence., They are dirty
sands and shales with some carbonaceous material. Several
of these samples contained appreciable amounts of carbon,
readlily observed in the hand specimens. Its presence was
confirmed by spectrographic analysis kindly carried out
for us by Professor Demnen at the M.I.T. Cabot Spectro-
graphic laboratory, and the results of this analysis in
weight percent of carbon are listed in the above Tgble.
No pyrite was visible in sample 7009, and 7010 under the
binocular microscope. DTA analysis was made an 7009 and
7010 which indicated a slight amount of clay in 7009,

but no measurable amount of clay in 7010.

The frequency effects listed in Table 4.2 are considerably

reduced from those given in the earlier report, but the
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high conductivities for these samples led to metal factor
values that are still quite high. Some of these results
may be due to the carbon content, for undoubtedly some of
this carbon is of a conductive form. Nevertheless, in
view of our studies and Vacquler's work, we cannot over-
look the fact that one or two percent frequency effects

can be assoclated with their clay content.

Another sandstone sequence was suspected of anomalous
polarization properties and is shown in Table 4.3. This
group of samples, supplied to us by the Atomic Energy
Commission, consists of core samples from drill holes in
Edgemont, South Dakota. When it was thought that the
samples might be anomalous, DTA and heavy mineral analysis
were carried out on them. Pyrite is easily identified in
sample 9001, but other samples did not contain obvious
pyrite, though slight rusting was observed on some of them
after prolonged soaking. The DTZ analysis showed a strong
exothermic reaction with sample 9001, which was undoubtedly
due to its pyrite content, but little, beyond the quartz
peak, appeared with other samples. The heavy mineral ana-
lysis that was also carried out 18 capable of detecting
smaller amounts of pyrite, although an appreciable amount
of the sample is lost in the fines during separation. If
the fractionation occurring in the fines 1is not too pro-
nounced, the other samples can probably be stated to have
less than .2% pyrite content. None of the samples show

any indication of a large clay mineral content on the
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Table 4.3

14

Polarization Properties of Naturally Occurring Sands

Sandstone from Uranium Prospect, Edgemont,
South Dakota

sample no. freq. effect ©/ 2 m.f remarks
JL-ft 10 cps.
poorly consolidated sandstone
9001 14.4F 52 275 2% pyrite
9002 2.0% 20 100  0.2% pyrite
9007 0.4% 8 52 0.1% pyrite
90072, 0.9% 14 66
9007b 1.0% 15 68
9009 0.1% 17 6  0.2% pyrite
mudstone
9008 3.5% 120 30
9003 0.9% 134 7

very fine sandstone, calcareous streaks
9005 0.8% 20 41

impervious aandstone
9006 5.4% 643 8
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thermogram, but Fhis does not exclude the possibility of
a very minor clay content. The electrical properties
listed in Table 4.3 appear consistent with these results.
The only large frequency effect 1s associated with sample
9001, and thls sample contains obvious pyrite. There are
some fairly high metal factor values in the other samples,
but these are associated with their high conductivities

and not with pronounced frequency effects.

Colorado Plateau - Uranium Bearing Sediments

Most uranium ores are not found in the form of metallic
minerals, so that we would not expect them to present
induced polarization targets. The ores, however, are
often associated with sulphides, 80 that electrical
measurements may prove useful as guides, in the prospecting
for such ores. The environment of many of these deposits
1s such that we can expect clay mineralization to be
present, and the usefulness of induced polarization
measurements might be limited by the magnitude of the
anomalous background effects. For this reason, several
sultes of rock from uranium prospecting areas were sent

to us by the Raw Materials Division of the AEC. A summary
of these results is given in Table 4.4. These results

are quite similar to our previous ones. Most of the
sulphide-bearing rocks are easlly ldentified from their
weak electrical propertiles, although occasional ones gave
very wak polarization effects. Again, some of the sand-

stones without sulphides gave qulite high metal factor
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values, but these samples had high conductivities and rather

small frequency effects.

These results show us, however, that

1t 18 always possible to obtain 2 or 336 frequency effects at

10 cps. from rock samples whether or not they contain electronic

conducting minerals. Because of this 1t would seem necessary

to compute metal factor values only in terms of frequency

effects in excess of this 2 or 336 background value.

This

puts definite limitations on the resolving power of induced

polerization measurements, but appears unavoidable in light

of our knowledge of the electrical properties of rocks.,

Table L"o“‘

Polarization Properties of Naturally Occurring Sandstones
Sendstones from Uranium Prospects, Colorado Plateau

sample no.

Chinle

9010
9036

9015
9016
9034

9029
9031
9032
9033
9035

freq. effect CLr

barren, no pyrite

3.6% 35
3.4% 200
ore, no pyrite
5% 100
5.2% 61
2.1% 243
ore + pyrite
12.7% 71
219.5% 5
96.2% 15
131% 6
7.4% 455
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m,f,

10 cos.

103
17

50
85
10

178
L6, 600
6, 230
21, 800

remarks

.236 pyrite



Table 4.4 cont.

Polarization Properties of Naturally Occurring Sandstones

Sandstones from Uranium Prospects, Colorado Plateau

sample no.

Morrison

9010
9020
9022

9018

9023
9030

9012
9014

Moenkope

9027

9017

9040
9041
gok2

9046
047

remarks

no apparent pyrite

freq. effect ©/2w m.f.

10 cps. SL-ft 10 cps.
barren, no pyrite

1.8% 525 3

1.3% 38 34

0.5% 184 3
ore, no pyrite

4,4% 81 57
barren + pyrite

3.9% 760 5

2.2% 230 10
ore + pyrite

2.3% 16 140

21.4% 19 1,150

barren + pyrite

0.2% 33 6
ore + pyrite

4.7% 35 134

unidentified Colorado Plateau sediments

sandstone, no pyrite

2.8% 32 90

3.9% 47 83

3.7% 4s 83
poorly consollidated sandstone, uranium bearing,no pyrite

1.7% 12 141

1.8% 21 84

1.5% 6 250

9048
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Flow Rocks

In severd localitlies flow-rocks, not directly assoclated
with the ore minerals, gave susplciously high polarization
effects, and some of these were studied in the laboratory.
Among these rocks were andesite flow-rocks from a porphry-
copper area in Arizona that were previously reported in
RME-3156. These rocks are altered and it was believed
that perhaps thelr anomalous properties might be due to
clay minerals. When they were measured again, however,
with the improved equipment, they were found not to be
anomaloué, as is shown in Table 4.5. Sample 71C3 and
7113 gave large frequency effects, but these were found
to contain metalllc minerals, and are not to be considered
anomalous elther.
Table 4.5
Polarization Properties of Andesite Flow~Rocks

sample no. frig.cggfect E;C?:t 15‘258.
7104 0.7% 64 11
7107 1.4% 89 16
7114 3.2% 82 4o
7123 1.4% 56 25

Quite high frequency effects were observed in ophytlc trap
samples from the Keweenaw flows as was shown by sample

1205 and 1206 (RME-3156). Somewhat similar values were
obtalned in the field when measurements were made in the
same area. Professor Lloyal Bacon, of the Michigan College
of Mining and Technology, has been making a study of the

electrical properties of such rocks, and he kindly sent us

some additional samples of anomaldus electrical ﬁréperties.

135



There was some suspicion that chlofite minerals might be
the cause of the induced polarization effects, although
laboratory analyses indicate that there was some magnetite
1lmeﬁ£te and copper mineralization in a very finely divided
state (Bacon , 1959). In Table 4.6 is shown the results
of the measurements on these new samples.

Table 4.6

Polarization Properties of Ophytic Trap Rock from
Keweenaw Peninsula

freq.effect (/2T

el TG ALY g tgmue s
A-3 48.4% 670 70 0% 2.5%
A=k 48.5% 510 95 0.5% 3.0%
A-8 35.6% 685 53 0.3% 1.0%
B-12 12.1% 140 87
C-10 30.8% 210 148
c-11 22.0% 260 85

It is seen that the frequency effects are very large, and
when the measurements are carried out at even higher fre-
quencies it is possible to get effects of over 10036. Pro-
fessor Bacon's studies are not completed, but on the basis
of our measurements we believe the polarization properties
are due to metallic minerals and not to membrane effects.
The fact that the metallic minerals are in =z very finely
divided state probably helps to contribute to the very high
frequency effects, as the current flow is forced to pass
through many interfaces. The electrical properties of these
samples are somewhat unusual, but they cannot be classifled
a8 anomalous. Insofar as these samples turn out to be not

of ore grade, they will prove extremely bothersome when
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attempts are made to use electrical measurements in t he area.

Tuffs

s.ome of the most ouzzling electrical properties which we
have observed have been assoclated with a group of crystal
lythic tuffs from Arizona. These rocks are made up of ex-
tremely fine grained minerals and are quite conductive, un-
doubtedly duetomther large surface conductivities. Some

of these samples had falr frequency effects resulting in

metal factor values of over 500.

When these samples were

remeasured with more accurate equipment the values were

modified a bit, and are shown in Table 4.7, but the basic

results are not changed significantly.

Table 4.7

Polarization Properties of Volcanlic Tuff

sample no. frfg'ciﬁf%t J'E)-/fiw ?(')féps . gt %Fe %S
7111 11.6% 111 105 1.2 0.13
7117 2.2% 23 95 .51 1.3 0,06
7124 5.9% 50 116 1.6 0,14
7129 9.4% 18 530 .72 1.3 0.04
7131 3.4% 59 58 1.5 0,05
7133 1.0% 25 4o 1.1 0.1k
7134 1.6% 28 57 1.1 0.14
7136 6.4% 59 108 0.8 0.13
7139 5.3% 79 67 0.8 0.13

These rocks appear to be devoid of sulphide mineralization

and this was verified by an iron and sulpher analysis.

Some

of these rocks are slighlly magnetic, so that some of the
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iron may be in the form of magnetite. The amount of
magnetite present, however, hardly seems capable of
explaining the metal factor values. DTA8 were run on
several of these samples, but they gave no obvious clay
peaks. As we have mentioned before however, the sensi-
tivitles of the DTA analysis is not high enough for a
negative result to be really significant. Transference
measurements were made on sample 7117 and sample 7129

to look for membrane properties. As 1s shown in Table

4.7 the transference properties of 7129 were quite pro-
nounced, but sample 7117 did not show a very stong mem-
brane effect. Two of the samples, 7124 and 7129, were
heated to 600°C. in an attempt to destroy the chy minerals
Without destroying the magnetite minerals. In Table 4.8
i1s shown the electrical properties of these samples before
and after the heat treatment.

Table 4.8

Effect of Heating on Polarization Properties of Crystal
Lythic Tuffs

freq. effect (21  n.f.

sample 10 cps. JU=-ft. 10 cps.
before 7124 5.9% 50 116
after 600° heating 5.1% 181 28
before 7129 9.4% 18 530
after 600° heating 3.9% 74 53

The heat treatment tended to destroy most of the metal

factor values for these samples, but this was accomplished
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due more to a decrease in fhe conductivity of the samples and
only slightly due to a decrease inthe frequency effect.

lore work should be done on these rocks to clarify the ex-
act causes of their measured properties, but it may turn
out that the effect is a combination of electrode polari-
zatlon and high surface conductivity. In any case some

of these tuffs have to be classified as anomalous in their

electrical properties.

These tuffs represent the most anomalous samples that
have been covered in our measurements. One isolated
sample that was reported in RME-3150, a limestone sample
from Arizona labeled Z1, produced the largest frequency
effect observed from samples without metallic minerals,
but its conductivity was low and its metal factor value
was only about 10, This sample is of interest because
it reverslbly lost its polarization properties at more
elevated temperatures; we bellieve this to be due to a
decrease in the efficiency of the membrane zones acting
within the sample as the temperature is raised. Other
limestone samples from the same area showed no particular
polarization effects. The uffs, onthe other hand, have
been reported by others to be troublesome in their elec-
trical properties, so that the results reported here may

not be isolated samples.
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Frequency Spectrum of Polarization

In our evaluation of the polarization effects of the rock
samples we have been using a very crude criteria which is
simply a magnitude criteria. It was hoped when the
investigations were begun that the study of the polarizing
mechanisms might lead one to expect certain characteristic
diffefences In the polarization effects of membrane zones
as compared with the electrode polarization effects of
metallic minerals. Unfortunately the theoretical inves-
tlgation showed that the principal factor contributing to
the electrode impedance is a diffusion phenomenon, and
this is the same factor involved in membrane polarization.
Furthermore, the géometric complications that arise in
natural rock samples tend to smooth out the frequency
spectra of the polarization effects so that the impedances
show a wide and gentle frequency variation, making any
discrimination on this baslis very difficult. This result
was born out in the measurements on rock and clay samples,
The phase shifts of the metal factor, which should re-
present approximately the phase shift of the impedance

of the blocked conduction paths, were computed from an
analysis of transient measurements at .1, 1, and 10 cps.
for hundreds of samples. Although the results were often
qulte characteristic of a given rock or clay type, there
seemed to be no clear separation between those samples
with electrode polarization and those with membrane

. polarization. Some typical values are shown in Table 4,9,
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The highly magnetic altered ultra-basics listed 1n the
Table cannot be considered as representative samples,
a8 the magnetite zones were solid throughout the length
of the samples, and the impedance was all due to the
solution electrode interface at the end of the sample.
The phase shifts indicate that the impedance was almost a
pure Warburg impedance.

Table 4.9

Metal Factor Phase in Degrees

Sample type frequency cps. 1O 1 O,1
Kaolinite clays 9 14 22
Mica clays 8 12 19
Ion exchange resins 13 29 ' 51
Sediments from Colorado Plateau
with sulphides . 12 20 30
little or no sulphides 9 15 21
Sedimentary copper ores 12 18 19
Rhodesian copper ores 18 27 L3
Field data
porphyry copper body 18 B
Lithic tuffs
little or no sulvhides 12 22 34
Graphitic sandstones 13 16 22
Dirty Sands from Dakota 11 17 30
Manganese ores 9 : 14 22
Highly magnedc altered ultrabasics 42 L1 L7
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These results represent only a somewhat limited frequency

range, and a wider frequency analysis might prove to be

more dlscriminating. There are severe practical difficulties in
attempting this analysis from fleld data however, and there-

for we have not tried to extend the analyses. With the

field measurements the higher frequencies become influenced

by electro-magnetic coupling; the lower frequencies, while
measurable in principle, become masked by the natural earth cyr-

rent molse.

The success of the simple model shown in Fig. 3.9 in extra-
polating the frequency effects is further evidence that

very diminishing returns are to be expected from more de-
tailed frequency measurements. If any further information

is possible from I.P. measurements 1t is most likely to be
found in the low frequency end of t he spectrum where the

model breaks down. Such measurements are very tedious to carry
out however, and under field conditions are difficult to

achieve because of the telluric noise.
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SUMMARY AND CONCLUSIONS

This study was undertaken in order to better understand

the factors controlling the induced polarization proper-
ties of mineralized rocks, and thus to help in interpre-
ting geophysical induced polarization surveys. The know-
ledge developed about electrode polarization when combined
with considerations of the electrical environment in rocks,
led to a qualitative understanding of the observed polar-
ization effects. There were two factors however, which
create certaln difficulties in a quantitative evaluation
of induced volarization measurements. One of these factors
is the dominant role of diffusion processes in the electrode
polarization impedances. Since diffusion processes also
cause polarization effects in membrane systems, 1t becomes
difficult sometimes to identify the cause of polarization
effects in natural samples. The other factor is the in-
ferred role of metallic disseminations within the pore
gstructure of some mineralized rocks. This concept implies
that in some cases, very minor constituents of a rock may
be responsible for the observed polarization effects.
Because of t hese factors it is very difficult to infer much
from observations of small polarization effects. Membrane
polarization effects are more limited in magnitude than
electrode polarization effects, and this seems to be the
easiest criterion for making a distinction. The empirical

evidence is that with most natural samples the frequency
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effects due to membrane polerization are less than 3,06

at 10 cps. Many of these samples are quite conductive
however, so that fairly large metal factor values may still
result. It 1s therefore recommended that menl factor
calculations should be based on frequency effects in ex-
cess of 2 or 335. This will not materially affect the
results for a large number of sulphide mineral zones, but
does eliminate the possibility of detecting certain types
of mineral occurrances. We can set up a rule of thumb
for evaluating the polarization results which seems to
hold in the great majority of cases. If a rock contains
more than 1 or 2,8 sulphides or other semiconducting
minerals, it should have a frequency effecf at 10 cps.

of greater than,S% and a metal factor of over 100.

There are some types of mineralization that present very
poor electrical targets and do not come up to this cri-
terion. There seem to be very few unmineralized rocks
however, which would ever exceed this criterion. Of all
the rocks measured in our study, 1t would appear that

only the tuffs represented such an anomaly.

The probléms raised In the understanding and application

of induced polarization measurements have not all been
solved, as the previous reference to anomalous samples

so aontly points out. Wwhere the interest is in the explor-
ation applications of these measurements, it is the author's
opinion that the most useful advances can be made 1n the

quantitative evaluation of the field measurements. Wwhen
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making the field measurements the targets are usually se-
parated from the measuring equipment, so that the observed
polarization effects are only a fraction of the polarization
properties of the mineralized targe zones. The dilution of
the observed polarization effects by this geometric factor
is very pronounced, and there is a great need for good

quantitative methods of taking this into account.

More work can also be done on analysing the polarizatior pro-
perties of certain rock types, such as the tuffs, which we
must still call anomalous, since thelr properties are not
fully understood. And a detailed study of the correlation

of the metallic minerals, their size distribution, their

mode of emplacement, and their relationships to the pore
structure of the rock, with the polarization properties

of the rocks, should enhance our ability to interoret

induced polarization measurements.

A large part of the effort here has been devoted to point-
ing out the problems entailed, but this should not detract
from the Zact that lnduced polarization measurements can be
very useful, especially in mining exploration for metallic
minerals; and these techniques should occupy a firm place

in the battery of tools for exploration geophysics.

These studles on electrode polarization were done with a
very practical and limited objective, but some very interest-
ing possibilities arose to further our knowledge of electrode

phenomena. The success of the electrode model in fitting
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the observed electrode impedances would indicate that one
can establish quantitative measures flom electrode impedance
measurements, that have direct physical significance. These
measures will be very helpful in systematic studies of elec-
trode phenomena. It i1s already apparent from our own mea-
surements that the electrode reactlons at low current den-
sities are not the ones postulated from the usual high
current density electrode studies. In fact, it may well

be that in none of the electrode studies made at low

current densities reported in the literature, were the
postulated reactions actually taking place. If all the ele-
ments of the solutlion were varied, and the electrode impedance
parameters determined for each case, the varlations of the
warburg impedance should indicate which elements were in-
volved. Other studies of a similar nature seem possible
using these techniques, but since they deviate quite widely
from the author's field of geophysics, they were not pursued

further,
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APPENDIX A

Laboratory Measurements of Small Polarization Effects

The measurement of 1induced polarization effects either in

the laboratory or in the field is quite easy as long as

the polarization effects are pronounced. It was mentioned

in the introduction that the measurements could be made
elther in the time domain or in the frequency domain. The
choice of methods 1s essentially an instrumental problem,

and both methods are used in practice. Practical numeri-

cal techniques to derive frequency information from transient

data, or vice versa, are discussed in AEC report RME-3156.

When the polarization properties to be studied are very
small, much more care 1s needed in making measurements,
and certain procedures must be avoided to prevent intro-
ducing extraneous results. A discussion of a simple but

workable laboratory system is given below.

Although the frequency and time domain data are equiva-
lent to each other in theory, in practice they involve
qulte different aspects. In general the techniques for
eliminating extraneous nolse are easler to achleve in the
frequency domain, and equipment for field measurements is
simpler if frequency techniques are used. There are two
Important exceptions however, where time domain measure-
ments involve a greater simplicity. These exceptions are
measurements at very low frequencies, and measurements of

very small polarization effects. This last factor is the



one that concerns us here.

The difficulties with the frequency domaln measurements
are the extreme accuracy required, and the errors intro-
duced by the polarization of the measurement electrodes.
If we wish to extend our analysis to rocks with polari-
zation effects as small as 0.1%, the relative accuracy
of the impedance measurements must approach 0.01%.

The same accuracy can be achleved in the time domaln
with equipment accurate to only 1035. If we use a
current system that is on for a time interval, off for

a time Iinterval etc., the voltages appearing across the
sample during the off cycles is a differentisl measure
proportional to the polarization effect. The only res-
trictive instrumental requirement is the sensitivity to
detect these polarization voltages. Since one can
usually develop more than 1 volt across the sample with-
out introducing non-linear effects, a sensitivity of

1 milivolt is adequate for observing O.l% volarization

effects.

A greater difficulty with the frequency measurements is
the effect of the polarization of the measuring electrodes.
The 1lmpedance of the electrodes causes small errors in

the measured voltage, and these errors are frequency de-
vendant. This results in an apparent negative polari-

zation effect in the sample, or a lessening of the actual
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polarization, unless the input impedance of the measuring
system is very high. In the time domain meashrements that
were outlined above we can achieve an effective high input
lmpedance by merely open-circulting the receiving electrodes
during the on-current cycles. Under these conditions the
input impedance of the measuring system has only modest
requirements, A switching circuit that accomplishes these
ends is shown in Fig. A.l1l. The time intervals used depend
on the frequency range of interest. In the measurements used

for this thesis; t = 7.5 seconds, which allowed the

n+1”bn
computation of frequency effects down to 0.1 cps. The de-
lay,gﬁa should be as short as possible when turning S-3 on,
as this determines the high frequency 1limit 6f the polariza-
tion iInformation. By using fast mechanical relays, such as
the Stevens-Arnold milisec relay,cgt can be made less than
1l milisecond, and the polarizati&n spectrum can be extended
as far up as 10 cps. Solld state relays are much faster,
but unfortunately to date none have been developed with
open circuilt impedances high enough for our purposes. Such
devises can be used however, to replace S-1 and S-2 with
some simplification ' in circultry, since present day silicon

-4

switches have leakage currents 10 x their conduction

currents.

Since the conductivity of the rocks 1ls predominantly due to
theion current through the water-saturated pores of the rock,
it 1s mnecessary that an electrolytic contact be made with

the end surfaces of the samples being measured. This can be
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achieved quite easily by using moist blotting paper or felt
between the electrodes and the éample. The sample holder that
was used 1s shown in Fig. A.2. This holder incorporates three
features that are also important for achieving a high sensi-
tivity in polarization measurements. First 1t should be

noted that the receiving electrode is separated from the
sending or current electrode. The discharge of current from
the sending electrodes affects the chemical environment in

the vicinity of the electrode, and these environmental changes
would affect the receiving electrode votentials 1f they are
located too close to the sending electrodes. It has also

been noted that unpredictable polarization effects occur

if the current passes through the receiving electrodes. To
prevent these effects the receiving electrodes are placed
outside the sending electrodes. Lastly, a small separation

is used between the sending electrode and the sample, be-
cause the blotting paper itself has some polarization pro-

perties, and its imoedance must be kept as small as possible.

The sample 1tself should be kept saturated as this is the
usual condition for rocks in situ. Some rock samples are
very poorly comnsolidated, and coating the outslide of such
samples with a thick plastic coating is helpful in preventing
the sample disintegration.

The electrodes should bave as small an impedance as possible,

for this lessens all the difficulties of detecting small
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polarization effects in the sample. Thelr potentials should
also be stable, as drifts make the measurements very difficult.
This means that reversible electrodes are needed. We have
found that Ag-AgCl electrodes work very well in dilute solu-
tions. When silver gauze 1is used as a base, these electrodes
are 1ldeally sulted for the apparatus shown in Fig. A.2, The
AgCl is formed on the electrode by electrolysls, the electrode
being set up as an anode in a chloride solution., Only a thin
layer of AgCl is desired, and the electrodes should be per-
iodically recoated.

With this system polarization voltages of less than 1 mv. and
frequency effects of 0.136 can be studied, although very few
rocks are found with such small effects. A good check on the
system is to have a sample exhibiting low resistivity and

low polarization, and to use thils sample occasionally as a

atandard to test the reliability of the system.
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APPENDIX B
Equivalent Circult Fitting for Electrode
Impedances - 704 Program
The evaluation of the measured electrode impedances 1is
difficult because so many factors are involved. For this
reason it was decided to analyze the impedances by adjusting
the parameters of the theory to give an optimum fit of the
model predictions to the measured values. Such an attack is
quite feasible with the avallabllity of high speed computing
machines, and a program was written to carry these computa-

tions out on an I.B.M. 704,

The model that was used can be represented as an electrical
circult, and is shown in Fig. 2.1. The parameter values are
all restricted to positive, but their magnitudes can vary over
wide ranges. The form of the equations relating the impedance
as a function of frequency to the parameter values 1s non-
linear, so that linear programming techniques cannot be
applied. The standard techniques of steepest descent appear
poprly suited to handle the wide variations in parameter va-
lues that are possible, as well as the restriction on the

sign of the parameter. These two difficulties can be coun-
tered however, if one works with the log. of the parameter
values instead of the parameter values themselves. The
algebraic complexities become quite involved with this
approach however, and the author decided to use a similar

but simpler concept.

In all least squares fitting problems, one can envision the



error measure mapped in the parameter space as a surface.
This surface is always above the error = 0 plain, and

for well-formulated problems one should have a clearly
defined low spot. The location of this spot is the fitting
problem. Difficulties arise in the solutlon of this problém
if metastable low spots occur, or if in the viecinity of
the true-minimum error point the surface slopes gently.
The s tandard numerical methods of solution find the direc-
tion of the surface, and estimate the distance down-slope
to the bottom. Because of the algebraic’complexities
involved in our particular problem, it was decided to

hunt for the bottom point by a simple trial-and-error
technique. The parameters can be varied and the new error
terms comnuted to see if the change is up-slope or down-
slope. Aaude analysis indicated it should be most effi;
clent if only a few error spots were computed for each
parameter variation, and the parameters were varied
cyclicly. The adopted scheme started with a preliminary
set of parameter values. One of these parameters was then
altered. If the parameter change reduced the error, the
change was adopted and the next parameter varied. If the
error was increased, a change in the opposite direction
was ried. If thls change reduced the error it was adopted,
if not,the parameter was left unchanged. The next vara-
meter was then varied. Because of the wide variation of
the measured impedance as a function of frequency, the sum

of the percentage errors squared, was used as the error measure.
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In order to accomodate large changes in the parameter values,
and in order to maintain the sign of the parameters, the
parameter changes involved elther a multiplication or a divi-
sion of the parameter by a constant. This constant started
as 10 for each parameter, but was systematically reduced for
each parameter every time it was found that both parameter
variations increased the error. The subsequent factors were
3, 1.5, 1.25, 1.10, 1.05, 1.025, 1.015, and 1.01. This last

factor was the finest variation used.

If the solution progressed to the point where a 133 change
in every parameter increased the error, the mimimum error
was assumed t o have been reached, ahd the iterations were
stopped. The iterations were also stopped after a fixed

number of steps, even 1f the mixnimum had not been reached.

In Fig. B.1l the flow chart of the I.B.M. program that carried
out these computations ise shown. The data input could accept
four types of data, which encompassed the usual methods of
determining the electrode impedance. These were: amplitude
and phase values of the impedance, Lissajon figure values,
together with the value of the series resistance and scope
impedance, and bridge measurements with parallel or series

RC circuits. The data input also included the frequencies
involved, the starting parameter values, and special instruc-
tions. These special instructions gave t he program flexi-

bility and helped speed up the computations. By freezing

certain parameters, and assigning them open or short circuit
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values, the equlvalent circult could be simplified in
any way desired. Instructions could also be given to
test the variation of any parameter only over those fre-
quencies where 1t was felt the parameter contributed signi-
ficantly to the impedance . These steps lowered the usual
computation time to about 30 seconds per case. The max-
imum number of iteration cycles was also an instruction,
but the program could not handle more than 30 cycles.

{This limitation could be easily changed were it deemed
desirable. ]

The output of the program not only gave the final parameter
values and the error measure, but it also printed out the
impedances of the electrode and of the equivalent circuilt
for direct comparison. The progress of the iterations

were also listed, so that one could see which parameters
the error was sensitive to, and how rapidly the corrections
converged to a solution. This information was helpful in
evaluating the general character of the solution and in
determining if simplifications or complications in the circult
were desirable. If large errors were obtained, metastable
solutions were suspected, and different starting parameters
were tried. Only one clear cut case of a metastable solu-
tion was encountered however., This case was using the most
complicated circuit, and the fit involved an osclllation of
the circuit impedance about the measured impedance. Un-

fortunately there are few analytic guldes to such problems,

10




and the investigator's feeling for the problem is called
for. The consistency of the solution for different starting
parameters is perhaps the best test of a solution. In the
cases reported upon in Chapter II, the solutlons were
mostly well behaved, and the errors of fit were for half

the cases about equal to the measurement errors.

A duplication of the 704 program and full instructions for
the data format may be obtained from the author by refer-

ring to program }N335-206-6, General Electrode Impedance.
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