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ABSTRACT 

Work is reported of the development of clay and resin 

model soil systems for the observation of induced polarisation 

phenomena. A measuring technique is developed to determine 

impedance spectra of such models over the frequency range of 10-3 

~ to 10 Hz, and a variety of model cell s tested varying such 

parameters as temperature, electrolyte type and concentration, and 

bead size of resin. 

An increase in impedance with decrease in frequency is 

observed, consistent with field observation of the induced 

polarisation phenomenon associated with moist, non-mineralised 

soils, and a number of empirical observations of t he f orm of 

this are made. 
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INTRODUCTORY MATERIAL 

CHAPl'ER 1 

INTRODUCTION TO INDUCED POLARISATION 

i) Background 

When an electric current pa ssing into the earth through ground 

electrodes is suddenly interrupted, a potential can be measured between 

these or nearby electrodes for some time after the applied current 

stops (12). This decay is not exponential but roughly fits a hyperbolic 

expression (~). 

V 
K 

= (C t)X + 

where V is the induced voltage 

t is the time 

C, K and x are constants. 

Nevertheless a time constant is often assigned and this is observed to 

have an order of seconds or tens of seconds. 

Such a polarisation effect was known to Schlumberger as early as 

1912 (51) and called by him " provoked polarisation", however when 

attempting to use this effect to prospect for the metallic ores he 

believed responsible, Schlumberger found that the effect of wet soils 

completely masked the effect he expected from metallic sulfides. 

Over t he years this phenomenon has come to be known as the 

Induced Polarisation (I.P.) effect from an analogy with polarised 
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electrodes, but in confirmation of Schlumberger 's observations, an 

electrode polarisation like model is now known to be responsible for 

only some observed I.P. phenomena. The term "over-voltage" again referring 

to an analogy with polarised electrodes has been used by Brant (7), 

and the perhaps more nearly correct term "Interfacial Polarisation" 

was recommended by Von Hippel (56) but is little used. 

Investigators subsequent to Schlumberger(5,8, 38, 58) have found 

that while all soils do display a so-called "Normal effect" this 

background effect rarely is of the same order of magnitude as the 

polarisation effect of commercial metallic sulfide bodies. The I.P. 

technique has been used extensively since about 1950 to prospect for 

such deposits, the primary advantage of I .P. over resistivity surveying 

being the greater sensi t ivity and discrimination of the former in areas 

v{here the low resistance, electron conductive body, is highly 

disseminated or where there exists a hi ghly conductive overburden or a 

well-defined fracture zone. The superior resolving power of I.P. 

over resistivity surveying in these circumstances is well documented 

i n many case histories (35, 45). 

The predominant cause of induced polarisation in geologic 

materials is believed to be the polarising of metallic minerals within 

the rock. Grains of electronic conductor* are considered to polarise 

* Electronic conductors i nclude not only metallic sulfides but also 

graphite , magnetite , and pyrolusite , which are all observed to 

give identical I.P. effects (38). 
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by the setting up of overvoltages at their surface as a current is 

passed. On this (microscopic) scale the Warburg treatment ade quately 

describes the polarisation (36), but the derivation of a macroscopic 

model is the subject of some controversy. Since it takes a finite time 

to build up these overvoltages, one finds that the impedance decreases 

with increasing frequency. Qualitatively t hese effects behave somewhat 

as the ordinary dielectric properties of the material, and Keller and 

Licastro (25) conducted research into the frequency dependent conductance 

of core samples, expressing their data in terms of (large) dielectric 

"constant s". These effects, however, occur at audio and sub-audio 

fre quencies which are much too low for ordinary displacement currents 

to be of any signif icance (3). 

In fact IItime domain" measurements (so called because of the 

use of time as the prime variable) involving the observation of the 

secondary current or voltage decay in time, after the primary current 

ceases, are mathematically equivalent to the measurement of impedance 

as a function of fre quency, through the Fourier transform 

provided the medium is linear. Measurements made with f requency as 

t he prime variable are said to be made in the frequency domain, and 

such determinations have a conceptual advantage over similar time domain 

measurements in that the parameter observed (impedance) is the one commonly 

used in describing electrical phenomena. 

Since Schlumberger's observation of the IIprovoked polarisation" 

effect of moist soils (51) i t has been realised that the I.P. phenomenon 

is not exclusively caused by the presence of pore blocking electronic 
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conductors, and Mayper has shown (41) that the ubiquitous background 

effect of non-mineralised regions can be associated with the presence 

of clays . Marshall and Madden in a series of papers on the topic 

(35,36,37,38,39) have shown tha t the I .P. effect of clays results from 

their membrane properties , and that commercial ion exchange resins can 

be made to display an I .P. effect which is large, but similar in form, 

to that of clay systems . 

ii) Field of Study 

It is intended in this t hesis to study exclusively the membrane 

polarisation phenomenon associated with model soil systems . It is hoped 

that ultima tely a physical model of the membrane I .P. effect can be 

constructed which is applicable to the field of exploration geophysics, 

but the scope of this t hesis is rather more limited (see p.3~ ) . The 

usefulness of such a model, if applicable to the earth, is varied . 

Some applications are as follows: 

1) In mineralised regions, by making a separate test of 

chemical properties of the soil, it may be possible to remove from the 

results of an I .P. survey that effect attributable to clays, leaving a 

residual I .P. effect due only to the mineral content . This would 

increase the sensitivity of I .P. surveys and enable hitherto 

undetectable mineral deposits to be prospected for . 

2) I .P. surveys have been successfully conducted to find ground 

water (54), utilising the observation that wet clays have a considerably 

larger I.P. effect than dry clays. A more precise knowledge of the 
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effect of water amount on the observed I.P. response would, however, 

greatly aid the search for ground water. 

3) The properties of a geothermal area which make it suitable 

for power generation are high temperature and high porosity, and thus 

resistivity surveys are highly suited as a method of prospecting for 

such zones (17) . If a model f or the I.P. response of clays could be 

extended to temperatures and pressures of the order of those found in 

geothermal regions, it is possible that a significant impetus could 

be given to the prospecting for exploitable steam reservoirs if I.P. 

surveys were conducted as well as or instead of resistivity surveys . 

The practical advantages of an understanding of membr ane 

polarisation are sufficiently great that further research in this poorly 

understood field seems justified. 

iii) Parameters 

A number of parameters have been evolved to describe both 

frequency and time domain data. These various single valued parameters 

describe a particular property of the I.P. response of a system, although 

none accurately describes the I.P. effect (see page \1LS). Nevertheless 

a number of parameters are widely used in the literature and to a 

limited extent to describe data in this thesis, and a description of 

the most common parameters must be given. Although this thesis involves 

(with only one exception) frequency domain determinations, much of the 

literature describes time domain data and a knowledge of the parameters 

used in both domains is necessary . 
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When measurements are made in the time domain three parameters 

are commonly used to express the I.P. effect. 

1) 
to the urimary voltage 

The ratio of the decay vOltage;fat a given time after the 

primary voltage is shut off, expressed in millivolts per volt. This 

is usually known as the mV/V parameter. 

2) The ratio of the area under the decay curve from time t = t' 
to t = 00 to the primary voltage. This is commonly expressed in millivolt 

seconds per volt (mV-sec/V) and is known as the polarisability . 

3) Despite the non-exponential form of the decay curve a time 

constant is often assigned, being the time taken for the secondary 

voltage to decay to 1/e of the value assumed immediately upon shut off 

of the primary voltage. 

If measurements are made in the frequency domain a complex 

impedance is measured which may be expressed as a function of frequency. 

In order to facilitate correlation of data from different systems the 

impedance (or the magnitude of the impedance) is often normalised by 

dividing the value at frequency f by the value at frequency Fo' 

usually taken as the high frequency limit where the impedance is a 

minimum. In addition to these frequency dependent parameters two 

single valued parameters are often used by exploration geophysicists . 

1) The fre quency effect, f.e. (or the fre quency effect per 

decade, F, as defined in Table 1). The frequency effect of the 

impedance is defined 

f.e. Z - Z = Low High 

ZLow 
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Where ~igh and ZLow are the high and low frequency limits of 

the impedance respectively. In fact ZHigh and ZLow are often used 

as two frequencies for which the impedance need not have a limiting 

value, one being higher than the other. 

The percent frequency effect is often used and describes the 

percent decrease of the impedance at frequency f from the D.C. limit. 

This is defined 

% Z - Z 100 
o f .e. = D.C. F x 

Z 1 D.C. 

~ ~ The frequency effect parameter has the disadvantage of being 

strongly dependent on the magnitude of the shunt resistance, and in 

mineralised systems where the metal ore blocked pore may be shunted by 

pores containing electrolyte only, the frequency effect is a function 

of the concentration of electrolyte as well as the percentage of 

metal ore. For such systems the metal factor (M. F. ) was defined to 

eliminate the effects of pore resistive shunts. 

M.F . = (GR , h - GL ) 21\"x 105 
log ow 

ZL ow - ZHigh 5 
=(Z I(Z, )x2"-x10 

Low" High 

( = 21f x 105 
f .e./Zru.",h) 

o 

where G, the conductance, is equal to 1/Z. 

Because of the inter-relation of time and frequency domain data 

through the Fourier transform (for a linear medium), one can in fact 

derive frequency information f rom transient measurements and vice versa. 
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There is not an exact one to one correspondence between a point in a 

frequency domain and a point in a time domain, but there is often an 

approximate one. The percent frequency effect and the millivolt per 

volt parameters have been found by Marshall and Madden (36) to be 

related roughly by the equation 

% f . e . at frequency f - 0 . 1 x mV/V value at time t = 1/2 11" F 

This "rule of thumb" has proved very useful for determining 

similarities in general trends of frequency and time domain data , but 

cannot be relied on to give quantitative information . Such information 

can be obtained by performing a Fourier transform and Marshall and 

Madden (36) describe in detail the mathematics involved in such a 

transform. In practice the large amount of data handline necessitates 

the use of a computer . 
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CHAPl'ER 2 

LITERATURE SURVEY 

i) Introduction 

It ha s not been possible to review here the literature in a wide 

r ange of topics, primarily biophysical, which are related to membrane 

polarisation phenomena . In fact throughout the litera ture there appeared 

to be no study reported dealing with the frequency dependent impedance 

or transient response of membranes. An extremely brief section on the 

membrane properties of resin beads is included in the next chapter, 

and a slightly more detailed survey of the properties of clay 

(specifically montmorillonite) is presented in chapter 8 . 

The following is a survey first of the electrical properties of 

clays (Self Potential and excess conductivi~) and secondly of the 

work done on the Induced Polarisation of clay systems. 

Only three major surveys have been conducted into the membrane 

polarisation effect, those of Vacquier et al (54), Keller et al 

(2,25,26,27), and Marshall and Madden (35,36,37,38,39); with Vacquier 

making studies and re~orting data in the time domain, Keller in a 

"dielectric" type, r~o frequency, frequency domain, and Marshall 

and Madden a t lower fre quencies in the fre quency domain. As such the 

data cannot easily be compared between these surveys, and only on a 

few points can correlations of the observations be made. With this in 

mind, rather than presenting a critical review of t he subject , each 

of these bodies of work is considered individually . 
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ii) The electrical EroEerties of clays 

Early models of the effect of clays on the soil conductivity 

were proposed to explain the abnormal conductance found in shaly 

reservoirs containing electrolyte)in electric well logging, and to , 

explain the self potential observed associated with clays in shaly 

zones. 

McCardell and Winsauer (42-1953) conducted research into such 

self potentials and proposed a model of the shale a s a mass of clay 

particles or aggregates of clay, which enclose a network of inter­

connecting pores . ,Vhen electrolyte saturates the pore channels the 

total concentration of mobile positive ions is higher than that of 

mobile negative ions due to the presence of a l ayer of fixed negative 

exchange sites on the clay surface which is balanced by a diffuse 

double layer of cations (15,16). The authors consider self potential 

to be the result of a Nernst type potential occurring a t the boundary 

between the pore network and the electrolyte solution with which it is 

in contact. 

In a second paper Winsauer and McCardell (60 - 1953) consider 

the anomalously low resistivity factor* observed i n shaly sands. The 

authors attribute this excess conductivi~ of shales to the double layer 

at clay surfaces in which the concentration of ca tions near the clay 

* The resistivity f actor is defined as the resistivity of t he rock 

when completely saturated with electrolyte , divided by the resistivity 

of the electrolyte itself. 
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surfaces ~n wl::J,;i cb the eefteent;p&~~a"t:tm'r~ 

may be much greater than in the bulk solution. 

A plot of ionic concentration versus distance f rom the double layer 

indicates that the excess concentration of cations varies markedly with 

surface potential, and that although there are fewer mobile negative ions 

in the double layer than in the bulk solution, the difference in the two 

anion concentrations is not great . As a result the number of mobile 

ions in the double l ayer is greater than in the bulk solution. In 

terms of ion exchange the clay can be thought of as having a number of 

fixed negative sites, which in the dry shale are balanced by weakly 

bonded cations . When the clay is saturated with electrolyte these 

cations become very loosely associated and form a double layer, from 

which they may be exchanged by other cations giving rise to a cation 

exchange capacity, or they may contribute to the conductivi~ of the 

system giving rise to a surface conductivity phenomenon. Since the 

same cations are involved in exchange as in the excess conductivity, 

the number of cations participating can be deduced from the cation 

exchange capacity. 

McKelvey, Southwick, Spiegler and Wyllie (43 - 1954) proposed 

a three element model for the S.P. and resistivity phenomena 

characteristic of dirty sands, on t he basis of conductance measurements 

of natural and synthetic dirty sands, the latter consisting of mixtures 

of synthetic ion exchange resins and glass beads. The model proposed 

represents the electrical conductance of a plug of electrolyte 

saturated resin as the sum of three conductance elements, the first 

being an element of solution and particle conductance in series , the 
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second an element of particles only and the third an element of 

solution only (see Figure 1a) . 

While the mathematics is not directly applicable to I .P. , 

the concept of parallel conductive elements may possibly be of some 

value . Still more important, this work apparently represents the 

first use of ion exchange resins as model clays in electrical studies . 

iii) Induced polarisation studies 

Vacquier et al (54 - 1957) performed a number of time domain I.P. 

studies on clay/sand mixtures in open troughs, saturated with a variety 

of electrolytes . Measurements of the decay voltage and of the 

electronically integrated decay were made and correlated with a 

number of parameters . These observations are far from conclusive in 

proving the model proposed by Vacquier, but are valid experiments and 

give an indication of some of the properties of the I.P. phenomenon in 

the time domain . 

Some experimental determinations made are as follows . 

1) Clean quartz sand and "water" displayed "almost no I.P. 

effect" and a clay slurry was likewise unpolarisable even with dry 

quartz sand added . Polarisable samples were prepared by drying a 

sana; clay slurry and re-wetting (see p . 't 5 ) • 

It is not clear even now, whether the clay must be fixed to a 

matrix in order for an I . P. effect to be observed, or whether no I.P . 

effect is obtained from homogeneous clay suspensions simply because 

they are homogeneous and individual clay particles interact identically 

with all their colloid neighbours . 
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2) The polarisabili~ of a given san~clay/electrolyte system 

(mV-sec/V), is independent of the charging voltage gradient. 

3) For a given specimen and excitation time the polarisability 

is exactly proportional to the density of the charging current . 

4) The magnitude of the polarisability (mV-sec/V) and mV/V 

parameters depend in some complicated (and as yet undetermined) fashion 

on 

a) The concentration of the electrolyte . A number of studies 

in both the time and frequency domain in Vacquier's and subsequent works 

(including this thesis), have shown the I . P. effect to increase with 

decreasing concentration (39,52), but the form of this increase is not 

known . 

b) The particular ion saturating the clay. Again a number of 

time and frequency domain studies have been made of the dependence of 

I.P. on the saturating cation (35,36 , 37,38,52), but apart from a 

possible trend of decreasing effect with increasing rate of exchange 

(see p." ) the form is not known . 

c) The amount and kind of clay present . Extremely simple­

minded and implausible considerations of Anderson and Keller (2) suggest 

that the I .P. effect should maximise when the concentration of anions 

(a) is twice the concentration of exchange sites (a ' ) - determined by 

the amount and type of clay . Determinations by them show such a 

maximum, but whether or not it occurs for a ' = a/2 is not known . 

5) Using an isotopically labelled NaCl electrolyte it was 

found that the magnitude of the polarisation increases with sodium 



content on the clay., and decreases with the ion concentration in the 

electrolyte. Vacquier states that "the interplay of these factors 

combine to product an approximately linear variation of polarisability 

with resistivity of electrolyte", however equally valid experiments of 

Schufle (52 - 1959) have shown that the rate at which polarisability 

increases with resistivity becomes less rapid as the solution becomes 

more dilute. 

6) On percolation with HCl the Na population on the clay drops 

to zero, and the polarisability drops to a value about one third as 

large as for NaCl. Vacquier sta tes that a possible explanation for the 

residual effect is the clogging of exchange positions with aluminium 

ions and cites Grim (15) as stating "it is substantially impossible to 

prepare a clay in which all exchange positions are occupied by H+ , 

since Al+++ moves from the lattice into exchange positions before 

saturating with HCl becomes complete." Vacquiers hypothesis, however, 

seems an unlikely and an unnecessary one, since there is no reason to 

assume that H+ ions behave dissimilarly from other exchangeable cations 

and produce no I.P. effect, nor is it likely that 3~ of the exchange 

sites of Vacquiers kaolin**are clogged with Al+++. 

• The clay under study was kaolin, initially in the hydrogen form 

by electrodialysis. 

** According to Mukherjee et al (~9 - 19~6) kaolinite is only slightly 

susceptible to clogging of its exchange site by the withdrawal of Al 

or Mg from the sheet structure into exchange positions. 
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7) The rate of decay of the induced potential is independent 

of the electrolyte and not greatly influenced by the ~e of clay, 

and seems to be principally influenced by the grain size of the 

sand . Since the thickness of the double l ayer is strongly dependent 

on the nature of the electrolyte, this result suggests that the decay 

time is independent of the double layer thickness . 

8) The induced polarisation observed in the field of dry 

soils (dry in the geologic sense that they contain no interstitial 

water), while being smaller in magnitude, has a similar decay time 

to that observed in saturated a l luvium. 

On the basis of these observations Vacquier et al conclude 

that induced polarisa tion is a result of local electrodialysis of the 

clay across semipermeable partitions formed by adjacent sand grains . 

More specifically, their model sta tes that the I . P. voltage is a 

result of a concentration cell being set up in a region where t wo 

sand grains are close together through which the electric field gradient 

is increased due to constriction (see fig . 1b ) . In such a zone 

conduction occurs through the double l ayer affecting t he concentrations 

of ions in the double l ayer. Thus the fUnction of the clay is to 
Ov ~ 

provide a source ~ sink for ions , which relax to their equilibrium (' 

positions upon termina tion of the applied field . 

In fact this model does little to increase the understanding of 

loP. phenomena since the mechanisms of "local electrodialysis" are 

unknown. Nevertheless it is possible to make a number of predictions 

from the model as follows . 
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The decay time should increase vcith grain size since (assuming 

spherical grains), the greater the grain size the greater distance the 

double layer overlap is operative, and hence the greater the distance 

the ions must travel, and t he longer the decay time. This is observed 

by Vacquier, a plot of log (polarisation voltage at 5 seconds/ 

polarisation voltage at 20 seconds)* versus log grain diameter being 

linear with a negative slope. 

The model in its simple form should, however, predict a marked 

dependence of the decay time on the double layer thickness, since 

(again assuming spherical grains and a uniform coating of clay) the 

distance of the double l ayer overlap would be s t rongly dependent on the 

thickness of the double l ayer . Vacquiers observations are contrary 
------ --.. -

to this (see 7 above). 

The polarisability should vary with the rate of exchange of a 

particular saturating cation since the more firmly bound the cation 

is to the exchanger, the less the equilibrium configuration in the 

double layer will be disturbed by the passage of diffusing ions . All 

other factors being equal, the higher the valence of the cation, the 

more firmly it is bound to the exchanger (31). Schufle (52) measured the 

time domain I.P. effect of NaN03, Ca(No3)2' La(N03)3' Th(N03)4 over a 

concentration range of 0. 00004 to 0.01 Normal (N) . He observed some 

difficulty in forming reproducible clay/sand beds,~~asurements were 

made on mixtures of 5% ca tion exchange resin and 9~ sand by volume, 

both 20-30 mesh. 

* This parameter is a function of the reciprocal decay time . 
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Schufle's results are plotted as graphs 1 of mV-sec/V versus 

log concentration, and 2 of mV-sec/V versus cation valence. Graph 2 

shows the expected decrease of polarisability with cation valence, but 

this is regular only for 0. 005N electrolyte . Graph 1 of polarisability 

versus log concentration, except for the Na plot, shows an increase of 

I . P. with decrease in concentration, but quite clearly the concentration 

effect is different for different cation valences. 

In all it would seem that while insufficient information is 

available to prove Vacquier ' s model, and certain inconsistencies do 

exist, the model cannot be dismissed. 

Keller and Licastro (26, 27, 28 - 1959) conducted research 

into the conductance and capacitance of core samples equilibrated with 

tap water , expressing the capacitance in terms of a dielectric "constant" 

(see p. 3 ), in the frequency range 50 to 3x107 Hz . The authors observe 

that the water content seems to be the controlling factor, high 

resistivities being associated with low water content, and high 

"dielectric constants" with high water content . The model proposed to 

explain these observations considers the rock to be a semipermeable 

membrane with fixed negative charges scattered through it whereby 

the negative ion flow is impeded more than the positive. A typical 

pore structure is considered to be a series of large spherical voids 

connected by thin fibrous channels (Fig . 2a) . Clay particles in 

the constrictions of the interconnecting channels impede the migration 

of mobile negative ions if these are forced by constriction to travel 
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through the double layer and thus within the repulsive force field 

of the fixed negative surface l ayer on the clay . 

In t his model the positive ions are free to move through the 

rock under the influence of an external field , but the anions may 

proceed only until they come to a constricted pore occupied by a clay 

particle bearing a surface charge . At this point anions will start 

to accumulate and will achieve a concentration in excess of their 

mean concentration after a prolonged unidirectional field has been 

applied . Upon termination of the field this anion concentration is 

considered by the authors to relax non-symmetrically to its equilibrium 

configuration producing a current accompanied by a potential, observed 

as I . P. 

A model suggested by Dakhnov et a l (11 - 1952) to explain the 

large polarisation in non-metalliferous rock material, is the 

storage of charge by electro-osmosis . When a voltage is applied 

across a rock the fluid in the pores may be carried along parallel 

to the clay double layer coupled with the electric current . If this 

pore fluid is richer in one sign of ion than the other then there will 

be an electrical current flow associated with the fluid flow, which 

will continue when the exciting current is removed due to the inertia 

of the water . This current may appear a s an I .P. signal, decaying 

proportional to the sum of the exponential slowing of the fluid in 

each pore due to fri ction . 

The induced polarisation effect is most pronounced in rocks 

containing graphite and disseminated sulfides (39 , 46 , 58), and a 
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moderate I.P . effect is observed in clay bearing rocks (25,54), but 

in fact a low frequency polarisation is observed in every natural 

rock material . This latter ubiquitous effect is called by Mayper the 

"Normal Effect", and a number of' possible explanations have been 

presented for its occurrence, being due to the following: 

1) The electrokinetic response of air bubbles in the rock pores . 

2) To other more obscure electrokinetic effects in the mobile part 

of the double layer (of clays) in the pore structure, as for 

example Dakhnov's model . 

3) To electrically induced ion-exchange disequilibria (or to other 

electrochemical reaction gradients) in particles (specifically clays) 

in the rock pores , as for example Vacquier's model . 

~) To surface conduction phenomena on the mineral crystals. 

5) To "non-conducting" minerals which actually have the small 

conductivity required to act as good conductors with respect to 

electrochemical polarisation. 

6) To the presence of otherwise undetectably small amounts of 

electronic conductor within a very tight pore structure, acting 

to produce an electrode polarisation type I.P. response . 

In a series of experiments designed to differentiate between 

these, Mayper (~1 - 1959) made tests of the time domain I . P. response 

of core samples and of artificial "clean" porous material. He found 

that the I .P. response of a variety of porous glass and porcelain 

normals in O. 01M CuS04 solution was zero, and took t hi s to indicate 

that electrokinetic effects involving the double l ayer (point 2 above) 

• 
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are not important, arguing that such clean material has a double 

layer yet does not display an I.P. effect. Mayper does not consider 

the substantial modification to the double layer configuration in 

pores caused by the discrete deposits of clay almost certainly present 

in natural specimens, and his argument is not reasonable. 

Mayper gives proof that the normal effect is indeed due to the 

presence of clays in rock samples , by measuring the I .P. effect 

after various degrees of heating.* Strangely, many samples display 

a maximum I.P. response after heating to about 500
oe, but the rapid 

decline of the I.P. of all samples after heating above 600
0 

is strong 

proof that clay is responsible for a large part of the normal effect. 

(Still, the presence of a very small percentage of fine grains of 

electronic conductor in a tight pore structure, point 6 above, may well 

be responsible for a large part of the normal response, since as long 

as the metallic grain blocks a pore , its s~ze, and thus the volume 

percentage , is irrelevant). 

The surface conductor and non-conductor theories (points 4 and 

5 above) are not entirely disproved by Mayper , but their effects are 

considered to be small. 

An interesting effect is observed by Mayper regarding the 

presence of air bubbles, that these were responsible for erratic , 

sometimes high LP. responses in artificial "clean" samples. It is 

suggested by Mayper that elaborate precautions be taken to exclude 

air bubbles in laboratory experiments, but that the electrokinetic 

* Interestingly rock samples showed practically no variation in I.P. 

response with temperature between 20 and 700e. 
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response of air bubbles does not constitute a significant part of the 

normal effect . 

Despite Mayper ' s assertions to the contrary it would seem, 

however, that both ion exchange disequilibria and electrokinetic 

phenomena associated with clays are possible causes of appreciable 

I . P. responses in geolo gic materials . 

Madden and Marshall and co- workers in a series of papers (35, 36, 

37,38,39) dating from 1957, describe an extensive research into induced 

polarisation of both electrode and membrane origin, observed in the 

frequency and time domains . Unfortunately until recently only the 

last of these was available . In this series of papers the authors 

develop the only comprehensive model relating to the I .P . effect of 

membrane systems presented to date , but fail experimentally to prove 

the validity of this model . 

Madden and Marshall consider membrane induced polarisation to 

be due to a coupling of flows , and after rejecting EM coupling as being 

negligible under about 10 Hz, set up equations describing a general 

electrolyte with coupling, after the manner of the Thermodynamics of 

Irreversible Processes (T . I .P. ) . These equations may be represented by 

the following matrix . 

Flow of cations = J 111 112 113 114 -'V',Mp - F ZpA ¢ 
P 

Flow of anions = J n 121 122 123 124 -VPn F Zn~¢ 
= 

Flow of solvent = J 131 132 133 134 -'\I P s 

Flow of heat = J q 141 142 143 144 - '\I TIT 
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where ~ = electric potential 

)A = chemical potential 

p = pressure 

T = temperature 

F = Faraday's constant 

Z = ion valence 

L .. = L .. 
l.J Jl. 

On the basis of this Marshall and Madden reject Electro-osmotic 

and Thermoelectric coupling as producing negligible effect under 
S 

geologic conditions . As such, when considering Dif~on Coupling, the 

cross terms in the matrix equation may be considered to be zero, and 

when the dia gonal terms relating the flow of cations to the potential 

experienced by the anions (L12) and vice versa (L21 ) are r emoved, the 

equation becomes 

J p = - L11V.,M p - L11 F Zp ~ ~ 

I n = - L22V"« n - L22 F Zn V ~ 

or, in more familiar terms, replacing the coefficients L with the 

diffusion and mobility coefficients, 

J - D 
~ p 

+ U P E = ~ x P P P 

I n = - D .lB - Un N E n ~ x 

where U = mobility 

D = diffusion coefficient 

p = cation concentration 
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N = anion concentration 

E = Electric field 

t+ = cation transference number = u~(u +U ) P n 

t = anion transference number = 1- t + 

+ If t should vary along the current path, a divergence will 

result in the flow of ions, causing concentration gradients . 

On the basis of this Marshall and Madden propose a model for 

membrane polarisation involving a pore containing strongly ca tion 

selective zones (II - see fig . 2b) interspersed vdth neutral zones (I) 

having no selectivity. Because of its selective transference properties 

the current in zone II is largely car ried by cations , and a surplus 

of these ions will be found at the end of such a zone. The anion flow will 

also be unbalanced and the build- up of anions will be equal to that of 

the cations . The resulting concentration gradients will modify the 

ion flow until a steady state is reached under which conditions the 

net flows of cations and anions in zone II will equal those in zone I 

= 

= 

The impedance will be modified by the diffusion potentials associated 

with the concentration gradients developed . 

The cat ion and anion concentra t i ons can be considered as equal 

(3) P = N 

The electric field is assumed to be constant in each zone, 

so the total potential difference across a pair of zones is given by 



Since P and N will be continuous a cross the boundaries , if 

succeeding zones repeat the same geometry and electrical properties, 

we can put 

(5) PI - - PII 

(6) NI = - NII 

Assuming the concentration gradients are constant in each zone , 

a solution of (1), (2), (3), (5) and (6) for the steady state conductivity 

CTn•c• is 
1 A 

OD .c. 
= F UpI C (_F II + B tj ) SI Srr 

A LI [SI ( 1+B/A) + SII( 1+A/B)] 

where C = net concentration 

A = A LI f A LII 

B = ~I/ DpII 

S . =t.-/t.+ 
~ ~ ~ 

A Li = length of zone i 

At the high frequency limit no concentration gradients develop, 

and the only unknovms are the potential gradients, Using (4) a 

solution is 

and the maximum frequency effect that diffusion coupling can create is 
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(A+B) [ A B ] 
(8) t:! /0: + 

= ~- ~~ t{ ~~ A. C. D.C. 

[ ...A.. B A B +- ] [--: + - ] 

~i tr.+ tr. tr.I 

The authors have sho'lm that under geologic conditions diffusion 

coupling is capable of producing a considerable frequency effect 

by the above model . 

It is interesting to note tha t if zones of positive ion 

blocking capacity exist as well as negative ion blocking zones (such 

as is the case vuth some synthetic i ON exchange resins) then the 

frequency effect could increa se without limit. 

Also important is the dependence of the I.P. effect on the 

length r a tio A. If a material has zones of ve~ high cation 

transference number (t+) but the zones are too numerous so that the 

conduction path lies primarily va thin these zones, little polarisation 

will result. This is a possible expla nation for the small I.P. 

effect of massive clay banks observed by Vacquier (54 - 1957) , and 

the reason why he could get an LP. effect only when his clays Vlere 

coated on sand grains. 

Using Poisson's equation Marshall and Ma dden derive an expression 

for the membr ane impedance, 

BOLII+ (SII - SI)2 
tr. + + A + ----------------

XI SI A XII SII 

( +)2 + + + ( +)2 
~I t:[ tanh XI B ~I tI tanh XII 

1 

where X. = (j w/2 D . t.)2 A L./2. 
~ p~ ~ ~ ~ 
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This equation is derived using a number of approximations to 

obtain a solution of the differential equations . One of these is the 

dropping of terms of powers greater than one, and Marshall and Madden 

consider this assumption to be valid at low current densities . 

The complexity of this equation does not make it easy to 

visualise the form of the impedance, however, the equation can be 

considered at the high and low frequency limits, and the impedance is 

found to have an asymptotic shape. At very low frequencies, we can 

expand the hyperbolic tangents in their power series with the result 

that the impedance looks like that of a parallel RC circuit . The 

frequency range over which this is expected, however, is so low that 

the parallel capacitor has essentially no effect, and the lower 

asymptote occurs. At the higher frequency limit tanh X approaches 

unity and the upper asymptote is reached. 

Assuming appropriate values for some of the parameters*, Marshall 

and Madden plotted hypothetical impedance versus frequency plots, 

varying the remaining parameters to determine the effect of these . 

Their graphs show in all cases a transition between the high and low 

frequency limits that is about 95% comple te in 3 decades . A decrease 

in the zone length ratio (A) from 11.3 to 1 is shown to move the point 

of inflection to higher frequencies by about 2 decades , as well as to 

* The parameters assumed are a selective zone length of 

-4 
~ LII = 3 . 2x10 cm 

and a non-selective zone transference number ratio of 

SI = 1.00. 
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decrease the frequency effect . Until the existence of discrete 

selective and non-selective zones has been proved, and the dependence 

of the length ratio of such zones on the gross features of t he membrane 

system is determined, A must remain a quasi- empirical parameter and 

its effect on Z cannot be measured directly . 

As expected from the basic proposition of the model , the effect 

of decreasing SII (the transference number ratio in the selective zone) 

is to increa se the I .P. effect. Again, the transference numbers cannot 

be assessed in the membrane , and SII i s semi-empiri cal . 

The effect of B (the ratio of the cation diffusion constants in 

zones I and II) is also shown to be an inverse one vvith I .P. effect; 

as B is increased the fre quency effect is decteased . Thus the model 

predicts that an increased mobility of the cation in zone II with 

respect to that in zone I , will increase the frequency effect . 

The variation of fre quency effect with A, B and S may be seen 

from the following . 

f . e. ) 
A ) 

( B 

~ 
S 

As a test of t heir model Marshall and Madden made both frequency 

and time domain observations on clay and ion exchange resin systems . 

1) Clays 

Clay sys tems were prepared by compa cting various pure clays 

(mostly kaolinite) to pressures of from 1 ton/ft
2 

to 250 tons/ft2 using 
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a plastic piston . Dispersed samples were also prepared by adding O .O~ 

by weight of trisodium phosphate per gram of supernatant fluid . The 

transient measurements of these systems gave frequency domain information 

at 0 . 1 , 1 and 10 Hz through a Fourier transform, and the frequency 

domain measurements from 10 to 20, 000 Hz . The frequency effects observed 

were quite large, some being of the order of 8,1o/decade, but the spectra 

are spread out over a tremendous range compared with the model . This is 

not surprising considering the distribution of lengths expected for clay 

particles . There is little evidence of an asymptotic behaviour on 

any of the spectra for the five decades observed, 0 . 1 to 10, 000 Hz , 

except that of compacted natural kaolinite in distilled water , for 

which a possible inflection point was observed . Based on this 

inflection point, and assuming a value for A of unity, Marshall and 

Madden calculate from their model a selective zone length of 20, 000 

Angstroms , which, according to Lambe (33) is of the order of the long 

axis of kaolinite particles . It would appear then that the I.P. 

technique was sampling the fine details of the clay structure . 

This calculation raises the interesting point that , since 

kaolinite particles are the largest among the common clay types 

(illite and montmorillonite being perhaps ten times smaller in size) , 

~ if t he model is correct, an inflection point for these other clays 

might occur at frequencies as high a s 105 Hz . This is out of the range 

of geological interest (see p .~8 ) , but Marshall and Madden suggest that 

it may be necessary to perform experiments on montmorillonite into the 

megahertz ft in order to test the model , although they do not do so . 
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The authors observe that the impedance spectrum for natural 

kaolinite fl occulated in distilled water is . dramatically different 

from that for flocculated samples of sodium clay in 0 . 0001M NaCl . 

Since the model predicts no change in f . e . with conductivity of 

electrolyte, the authors seek to explain this effect on the basis of the 

large percentage of calcium found at the exchangeable sites of natural 

kaolinit e . In order to check the possible influence of calcium ions, 

a system of kaolinite homoionic to Ca and of 0 . 01 M CaC12 was tested 

and found by Marshall and Madden to exhibit no frequency effect . This 

last observation is very strange in view of the large I .P. effect 

observed by Vacquier (54) of ~ calcium from kaolinite/80-100 mesh 

sand grains/7 _7 ohm- meter CaC12• 

2) Resins 

Marshall and Madden conducted a limited number of loP. 

investigations on cation exchange resins (Dowex 50, 20-40 mesh and 

smaller than 400 mesh) and on mixed beds of cation and anion exchange 

resins (5Q% Dowex 50 and 5Q% Dowex 1 , both larger than 100 mesh) 

in a column, partially enclosed with a heating jacket . Silver/silver 

chloride electrodes were inserted at the ends of the column, and the 

impedance of the column measured by a two terminal technique at audio 

and sub- audio frequencies . The current density used was of the order 

of 3x10- 5 Amps/cm
2 

which the authors consider to be low enough to 

insure linear behaviour . Spectra were run using resin equilibrated with 

0 . 012M HaCl and 0 . 010M KCl (which electrolytes have the same conductivities), 

o 
at 25 and 45 C. The results although containing considerable inaccuracy, 
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show an impedance spe ctrum of approximately asymptotic form for NaCl 

and KCl , the impedance level decreasing with temperature for NaCl/resin, 

and increasing for KCI/resin . 

Using this data in t heir model, Marshall and Madden calculate 

an effective selective zone l ength of 0 .0003 to 0.003 cm. These values 

do not correlate with any apparent property of the resin . The r esin 

particles themselves are much larger than t his (0.042 to 0 .084 cm) 

and it is generally agreed on the basis of electron microscopy, X- ray 

and other data (31, 32, 50) that individual particles are essentially a 

homogeneous network of molecules, and that irregularities occur on the 

molecul ar scale . 

Interestingly , observations of small er than 400 mesh resin 

(0.0037 cm diameter) failed to show any impedance variation from 

0 . 01 to 1, 000 Hz. 

A measurement of a 50 : 50 mixture of l arger than 100 mesh 

anion and cation exchange r esin exhibited a l arger frequency effect 

between 0 . 01 and 10,000 Hz t han the sum of the effects of the resins 

taken separately . This result supports the model of Marshall and Madden 

tha t the I.P. effect is due to a change in transference number between 

alternate zones . The f. e . is not l arger since (assuming a close 

packed mixture of resins) one would expect any sphere to be surrounded 

by 5a~ of its own kind and 5q~ of the opposite, and only in t 
of the cases will a test particle proceed from a cation selective zone 

(Via a non-selective zone) to an anion selecti ve zone . 
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The results of the experiments of Marshall and Madden fail to 

provide conclusive evidence for or against their model . This is partly 

because the experiment s were far from exhaustive , but chiefly because 

the large number of indeterminate parameters i n the model make it 

impossible to correlate results with a separately determinable parameter . 

Assuming the mobility and transport properties of the non- selective zone 

to be determinable f rom the external electrolyte, then only one parameter 

of the non-selective zone , its length (~ LI) ' and three independent 

properties of the selective zone , the cation transference number 

(trI+) , the cation diffusion c oefficient (DpII) and the length (~ LII) ' 

remain indeterminate . All four parameters are essentially independent 

and each is conceivably variab le over quite a wide r ange, this indicating 

an almost total lack of ability of the macroscopic model to predict any 

more than general trends without a f urther microscopic model or an 

applicable set of boundary conditions ~or the four unknowns . 

A further failing of this model is the inabili ~ to predict 

the gross t wo terminal impedance of a membrane system. The model 

describes the impedance o~ a single series of alternating zones, but 

in fact such zones will b e shunted by pure resistive electrolytic paths 

and by other impedances . Further, the alternating pairs will not be 

identical, and the four indeterminate parameters will in fact vary 

from zone to zone . These complications can only be taken into 

consideration statistically and as yet no such analysis has been made . 

Marshall and Madden assumed that the effect of having a distribution of 

zone parameters was to spread out the fre quencies of the impedance 

spectrum, but it is unlikely that this is the only eff ect . 
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L.S . Collett (10 - 1959) made time and frequency domain 

measurements on both mineralised and non- mineralised andesite particles 

of diameters 2 . 0 to 0 . 84 rom, varying 

a) The primary or exciting voltage 

b) The amount of electrolyte 

c) The type of electrolyte 

d) The concent'ra tion of electrolyte 

e) The temperature 

in order to assess the degree of linearity of such systems (see Ch . 5, 

part iii) and to determine the similarity of the I.P. response due to 

clay and to electronic conductors . 

The results obtained by Collett are summarised as follows : 

a) Linearity 

In the voltage r ange 10 to 20 volts the samples tested were only 

approximately linear. 

b) Electrolyte Amount 

For the non-mineralised (NM) specimen the I . P. effect appeared to 

maximise for about ~& electrolyte amount . 

The mineralised (1.1) specimen showed no significant change in the 

shape of the decay curve for electrolyte amounts from 1 to 1C}~ . 

c) Elec trolyte Type 

NM - the de cay curve is independent of type 

M - the decay cur ve is essentially independent of type . 



d) Concentration of NaCI 

NM - the decay curve shows a uniform upward shift with 

increasing concentration* except f or an anomalous curve £or 

O. OO5M . 

M - varying the concentration influences both the magnitude and 

slope of the decay curve, but there is general increase in 

magnitude with decrease in concentration. 

e) Temperature 

NM the secondary response increases with increasing temperature . 

M the secondary response decreases with increasing temperature . 

Fraser, Keevil and Ward (13 - 1964) in a study of the frequency 

dependent conductivity of a number of core samples have utilised the 

shape of the conductivity spectrum to deduce the nature of the polarising 

species within the rock. The electrical response of 43 specimens was 

studied as a function of the frequency between 0 . 1 and 1 , 000 Hz and 

it is observed that while the log conductivity spectra of mineralised 

samples are concave up or sensibly linear, spectra for clay- containing 

sandstone samples are slightly convex up . Because of the rather 

restricted frequency range examined by Fraser, Keevil and Ward, it is 

still possible that the form o£ the conductivity spectrum is asymptotic , 

consistent with Marshall and Madden ' s model, and tha t only the high 

frequency portion is being observed. 

* This is in direct contrast with Vacquier's (54) observations, and 

of all subsequent observations of the membrane I . P. effect , and 

must be viewed with some suspicion. 
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Henkel and Collins (19 - 1961) consider two models of induced 

polarisation in clay/electrolyte systems , described a s the dipole layer 

model and the clay conductor model . 

In the dipole layer model (DLM) it is assumed that the clay 

particles have charge surfaces in contact with an electrolyte solution, 

and that the electric field arising from the charged surfaces gives 

rise to polarised layers of molecules adjacent to the surface (Fig . 3a) . 

Upon application of an external electric field , the total fields at the 

clay surfa ces change , and subsequently the polarisation of the polarised 

l ayers change . A mathematical expression is derived for this (ref . 19) . 

In the elementary clay conductor model (CCM) it is assumed that 

the current fl ows across clay/solution boundaries , that the cell consists 

of a solution region and a clay region (Fig . 3b) and that the current 

may take one of two paths through the cell - either through solution 

only , or through solution, a cross a solution/clay boundary , and 

through the clay . 

According to Henkel and van 1 ostrand (20), the polarisation 

induced at a solution/conductor boundary is inversely proportional to 

the effective electrolyte concentration, and proportional to the current 

density 

v = g I r cs s 

where V = Induced Polarisa tion 

g = proportionality constant 

I cs = Normal current density flowing across conductor/ 

solution interface 

r = solution resistivi~ s 
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but V' = h I (r s + B) cs 

where V' = applied potential 

h = proportionality constant 

B = constant which is dependent on the cell dimensions 

and the resistivity of clay particles 

thus V/V' = H r~(rs + B) where H = g/h 

( = mV/V parameter/1000) 

In an attempt to decide between the two models , determinations 

of V/V ' were made for iJaCl saturated core samples, at concentrations 

ranging from 0 .005 to 0 . 5 M. This data showed a reasonable fit for a 

theoretical curve of r~(rs + B) , but the DLM failed almost completely 

to describe the observations . 

iv) Discussion 

The literature concerning induced polarisation describes experiments 

performed on clay and ion exchange resin systems as f ollows . 

1) Clay- containing core samples 

a) Time domain: Keller (2, 25, 26 , 27) 

Mayper (41) 

Collett (10) 

Henkel and Collins (19) 

b) Frequency domain: Fraser, Keevil and ',;;ard (13) 
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2) Clay bonded to an inert matrix 

a) Time domain: Vacquier l5'l,.) 

b) Frequency domain: None 

3) Compressed clay systems 

a) 

b) 

Time domain: 

Frequency domain: 
~ Marshall and Madden (35, 36 , 37, 38 , 39) 
) 

4) Ion exchange resin systems 

a) Time domain: Schufle (52) , Marshall and .iadden 

b) Frequency domain : Marshall and Madden (35, 36 , 37, 38, 39) . 

For the purposes of constructing a detailed model of the membrane 

polarisation effect, observations of core samples are useless , since 

there can be almost no control on the pore configuration, and the 

elec trode polarisation effects of a very small amount of metallic 

c ontaminant may produce large errors (41) . 

This study is to be performed primarily in the frequency domain , 

in pursui t of the membrane polarisation properties of clays , but f or a 

variety of reasons (see p . 39 ) , initial observations were made of 

resins, which have previously only received a curso~J frequency domain 

study by Marshall and Madden . For clay determinations the perhaps more 

geologically realistic system of clay/inert matrix was chosen, this 

system having previously received no attention in the f requency domain . 
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CHAPTER 3 

INTRODUCTION TO THESIS 

A) ~ 

The aims of this thesis are as follows : 

1) To determine the optimum cell design for the study of 

possible frequency dispersion of the impedance of its contents . The 

features which must be considered are the gross shape of the cell 

in respect of the accessibility of its content s , the ease with whi ch the 

cell may be cleaned, and the situation of the contents with respect 

to the electrodes; and the type , configuration and accessibility of the 

electrodes . 

2) To determine what if any dispersion effects occur with clays , 

ion exchange resins and gl ass beads , and wha t general form this dispersion 

takes . In this endeavour a method must be found of correlating data 

from different cells in order to assess the similarities and differences 

between the response of varied systems . 

A sub objective under this heading is to construct a resin/glass 

bead system which behaves a s a clay system does, and to use this resin 

system in an attempt to explain the clay dispersion phenomenon. 

3) To extend the fre quency spectrum to a s wide a useful r ange 

a s possible . This "useful" r ange is bounded at the low fr equency end by 

noise problems and t he limit imposed oy the allowable length of the 

experiment , and at high f requencies by problems of electro- magnetic 

(E- M) coupling and skin depth . 
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At 10 k Hz the free air wavelength of EM radiation 

~ 3 x104 me~ 
and E- M coupl ing can be ignored for a cell whose dimensions are of the 

order of' 10 cm but not for a f ield resistivity survey whose spread may 

be of the order of 103 
metrs • Thus extending the frequency spectrum 

above 104 Hz does not extend the range for which model determina t i ons 

are applicable to the earth . 

The skin depth also is a frequency dependent parameter which 

must be considered in the earth but may be ignored in model determinations . * 

B) Ion Exchange Resins 

i) Precedent 

Several earlier investigations have used ion exchange resins as 

model soil systems both in studie s of the transient response with regard 

to I . P. phenomena (38 , 52) and of the electrical resistivi~ with 

regard to well lo gging problems (43) . I n each case no rigorous attempt 

was made to justi~J either experimentally or theoretically the use of 

resins in a model system, but the tacit a ssumption which underlies 

their use as model clays in I . P . investigations is tha t the phenomenon 

is caused exclusively by the presence of bound negative sites on an 

* The skin depth (d) is that distance below the surface of a conductor 

where the current density has diminished to 1/e of its value a t the 

surface . 
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otherwise inert matrix . It is these sites which, if situated in a 

suitable pore system, give both clays and resins their membrane 

properties of semipermeability. 

Vacquier ' s model of "local electrodialysis acro ss semi­

permeable partitions" involving a disequilibrium among the exchangeable 

ca tions caused by conduction over the clay in restricted zones when a 

(charging) current is applied, involves exclusively the properties of 

t he clay which determine its membrane properties and treats the rest 

of the clay/sand/electrolyte system as inert, acting only a s a shunt 

resistance. As such, Vacquier's model may be considered a s a membrane 

system and any system having semipermeable zones should displ ay an I .P. 

effect. Marshall and Uadden (35, 39 ) specifically consider the LP. 

phenomenon to be due to the membrane properties of clay and develop a 

mathematical model based on alternating ion selective and non- selective 

zones which results in a fre quency dispersion of the form observed , 

under some conditions. 

ii) The Use of Resins 

Sever al r easons exist for using resin models instead of the clays 

t hemselves in the preliminary investigations. 

These are as follo ws:-

1) The ease of obtaining, of handling and of exchanging re s i ns 

as opposed t o clays. 

2) The considerably grea ter reproducibility of pore structure 

possible with resin systems . 
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3) The larger impedance dispersion effect of resins primarily 

due to their higher exchange capacities ( 15, 16 , 31 , 32, 35, 43). 

The exchange capacities of the resins used in this work were 

about 5 meq/g and for kaolinite, 0. 1 meq/g . 

4) The highly stable, well characterised, simple structure of 

resins f acilitates any mathematical treatment of the data . 

The use of resins in this work is firstly with the view of testing 

such membrane models as have been proposed to date, and secondly to set 

up a resin system that behaves as a clay system, with the intention of 

using this system to develop instrumentation to study the frequency 

dispersion of resins, clay systems, core samples and soil in situ. 

iii) The resins used in this work were as follows :-

20-50 British Standard 1~esh "DoV/ex" 50\7-X8 

100-200 

200-400 

" 

" 

II 

II 

" 
II 

A. G. 

A.G. 

5CYV-X12 

50W-X12 

all being "Dowex" cation exchange r esins consisting of a copolymer 

matrix of po lystyrene chains crosslinked with divinylbenzene (D.V. B.) 

Terminology 

The percent cross linkage is denoted by the "X" factor thus: 

X8 implies &/0 D.V. B. 

X12 implies 1~ D.V. B. 

A. G. indicates _~alytical Grade, t he 20-50 mesh resin being simply of 

commercial grade . 50W designates a strongly acidic cation exchange resin 
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composed o~ sulfonic acid exchange groups attached to the s~ene -

D.V. B. polymer l attice . 

Specifications 

The distributors (Bio-Rad) describe the physical form of the 

r esin as " sym:netrical spheres" and describe the ther mal stability 

o a s "good up to 150 C" . The stability in organic solvents and tOVY8.rds 

r educing agents is described a s "very good" . The order of s electivity 

of monova lent cations is eiven as 

Ag > Rb ) C s > K > NH4- ) Na > H > Li 

with the s el ectivity of Na over~ specified as 1 . 2 for the X8 

resin f or divalent ions . 

Zn > Cu > Ni > Co 

This series is very similar t o tha t found by Mattson ( 4-0) , 

Jenny (24-) , and Vlei gner (59) for clays and silicates . 

i V) Cation Exchange Ki netics 

It was demonstr ated by Kunin and Myers tha t the ca tion exchange 

capacity of the various sulfuric acid cation exchange resins may be 

quite a ccura tely accounted f or by t he sul~ur content of these resins . 

This indica tes quite strongly that the exchange of ions with these 

resins t akes pl ace throughout the whole gel structure of t he resin and 

is not limited merely t o the surfa ce . Ion exchange resins may thus 

be considered to be gel-like particles whose exchange groups are 
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randomly distributed throughout each particle (6 , 31 ,65), and 

the overall exchange process may be divided into five distinct steps . 

1) Diffusion of the ions through the solution to the surface 

of the exchange particle. 

2) Diffusion of the ions through the gel-like particle. 

3) The exchange of these ions with those already on the exchanger . 

4) Diffusion of these displaced ions out through the gel . 

5) Diffusion of these latter ions away through to solution. 

The work of Boyd et al (6) and Adamson (1) indi cates that the 

r ate is diffusion controlled, and Boyd et al have distin guished between 

two diffusion proces ses . First, at concentrations less than about O. OO3M, 

the diffusion of ions throu gh the film of solution about each particle 

is considered to be r ate determining . Second, at concentrations 

greater than about O . 1 ~1 the di f fusion of ions through the gel becomes 

rate determining . 

The f act tha t the rates of exchange in ca tion exchange resins 

increase with decreasing particle size and increa sing temperature (66 ) 

in a manner required by the diffusion l aw is strong evi dence for a 

diffusion controlled reaction. However there are certain exceptions 

which must be considered . For exampl e it is possible that some resins 

may be so ti ghtly cross linked that diffusion of large ions is impeded . 

For such cases, resin diffusion may not be rate controlling at all . 

Wi th the resins used in this study this is unlikely to be the case as 

a lthough the effective pure size of the X12 resin is described as small , 

it is almost certainly large enough to pass even hydra ted Na and Ca ions. 
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For sulfonic acid resins the exchange r a tes have been shown ( 6 ) 

to be extremely rapid. 

The above points are of some importance in view of the fact that 

some difficulty was observed in attaining an equilibrium of resins ,vith 

electrolyte at a later stage in this work . 

v) The Exchange Procedure 

In each case the r esin was obtained in the hydrogen form and 

had to be exchanged to the form desired (either Na or Ca). This was 

accomplished by passing several bed volumes of strong electrolyte 

(in the case of Na, 1M NaOH was used and for Ca 1M CaCI2) in a column, 

with an elution rate of ab out two drops per second . For the finer 

resins a slight vacuum had to be applied to attain this rate and with 

the coarser resin a stopcock was used to slow the elution rate . In all 

cases and especially wi t h the commercial grade 20-50 mesh resin the 

resin was observed to "throw" a pink coloration as the first volume of 

exchanging electrolyte passed. This was assumed to be a high molecular 

weight sulfonate formed by the hydrogen resin on standing, as is 

specified by the distributors , and v~s not a problem. Following 

exchange the beds were flu shed with several litres of distilled water . 

In the case of the sodium resin using 1M NaOH a s the exchanging 

electrolyte, the resin was flushed until universal indicator showed a 

pH of 7. It was found that if such a "flushed" resin was left standing 

overnight in distilled water, the following morning the pH of the elutant 

water was often as high as 11 even though it had been 7 the day before . 

This effect is believed to be due to the take-up of OH ions by the glass 

of the column, and the subsequent release of these . 



PRELIMINARY EXPERIMENTAL 

CHAPTER 4 

A. C. BRIDGE MEASUREMENTS 

i) Description of Apparatus 

A.C. bridge measurements of the equivalent parallel conductance 

and capacitance were made using a -¥ayne Kerr needle balance bridge 

(B221) at 1592 Hz, and t he gridge i n con junct i on vvi th a -;layne Kerr 

oscillator ( S121) and -,'layne Kerr waveform analyser (A321) as an 

external detector , over the frequency range from about 60 Hz to 

20, 000 Hz . The upp er boundary is that of the oscilla tor , and the 

lower limit is i mposed by t wo effects of the detector. First the 

frequency dependent response of the detector am~lifiers coupled with 

the diminished out of balance signal from the bridge at low frequencies 

resul ts in a signal at the detector meter too small for precise 

balance below about 80 Hz . Se condly the detector has an internal 

zero Hz calibra tion peak which has cons i der ab l e band width, the signal 

at the meter being l arger than the out of balance signal from the 

bridge up to about 60 Hz . Attempts were made to decrease the low 

frequency limit by using a Wayne Kerr "magic eye" bridge (B221A) 

to which a great er oscillator voltage may be applied, and by using 

an oscilloscope a s a detector , since its amplifiers are D.C . coupl ed . 

It was found , however , that t he decreased sensi tivi ty of the magic eye 
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bridge more than offset the advantage of increased voltage , and that 

using the oscilloscope, the observed out of balance voltage had a 

non- simple form, and no configuration could be found which corresponded to 

a null output from the bridge. 

ii) Concentrations and preparation of electrolytes 

Throughout this work concentrations were described in molarities 

(M),and all solutions were prepared using Analar reagents and distilled 

or double distilled water . No real attempt was made to use a high 

• grade of conductance water . 

The upper limit of concentration used in the preliminary survey 

was 0.1M (6 , 000 ppm) , this being the upper limit of concentration usually 

found in the ground even in hydrothermal regions . [Soils saturated with 

sea water have rather l arger concentrations of ions , the concentration 

of Cl- being 19 , 000 ppm (0. 4- M) and of Na+ , 10, 000 ppm (0.2 M)] . 

Concentrations of 0 . 01 M or less were used most extensively as being 

more typical of ground water electrolyte concentrations. 

iii) Cell 1 

The cell used for the first series of determinations consisted of 

a large vessel with narrow neck (as shovm in Fig. 4) with two pl atinum 

wire electrodes . Runs wer e made* to determine the equivalent parallel 

'" Unless otherwise sta ted, a run consists of a measurement three times 

per decade at 2, 5 and 10, between the limits of frequency specified. 
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conductance (G) and capacitance (C) between 100 and 20,000 Hz for the 

cell containing 0. 1 M NaCl then 0.01 M NaCl with the initial bright 

pla tinum electrodes , and then for the cell containing 100-200 mesh 

sodium form resin equilibrated with 0 . 01 M NaCl. The electrodes were 

then platinised (by the meth od described in Appendix I ), and a 

series of similar determinations made . The results are as follows: 

Electrode Medium Conc . NaCl G20 , oooiG 100 Hz C20, 00oiC100 Hz 
( milli mho) (micro Farads) 

( NaCl only 0 . 1M 15.15/3 . 44 0 . 005/3 . 26 
Bright ( NaCl only 0 . 01 M 1 . 58/0 .795 0 .0001 /1.01 Pl atinum ( 

.( Resin/NaC1 0 . 01M 8 . 47/0 . 39 0 . 0033/2 . 59 

PJat:i.ni.sed~ NaCl only 0 . 1M 14 . 80/14. 60 0/0 . 56 

? l a tinum ( NaCl only O. OfM 1 . 64/1 . 64 0/0 . 0044 
( Resin/NaCl 0 . 01 M 8 . 63/7 . 08 0 . 0008/1 . 195 

These r esults indicate that pla tinised pla tinum electrodes 

are much more suit able t han brigh t pla tinum, and a fUrther seri es of 

determinations wa s made in cell 1 with pl a tinised pl a tinum electrodes , 

of five electrolyte concentrations between 0 . 004 and 0 . 1 M NaCl for 

cells containing electrolyte only, ground glass/electrolyte , 100- 200 

mesh resin/electrolyte, 200- 400 mesh resin/electrolyte. For cell s 

containing no resin t he dispersion of G and C was negli gible between 

100 and 20 , 000 Hz . compared with the r esin determinations . The 

results of the resin cell determinations a r e presented graphically 

and described in Chapter 13, part ii . 
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iv) Cell 2A 

A second cell was designed as shovfll in Figure 5 to provide a long 

ion path, the resin being contained between sinters in a cylindrical 

tube to provide a reproducible and well defined geometric boundary . 

A large electrode separation was chosen to minimise parallel plate 

capacitance and the electrodes have a large surface area t o minimise 

frequency dispersion due to double layer effects . A third electrode 

was included to enable the conductance and thus concentration of the 

electrolyte to be determined in situ . 

A comparison of the free air parallel pl a te capacitance of cells 

1 and 2A was made using the Wayne Kerr apparatus after both cells had 

been washed in acetone and dried in an oven. The results are as follows , 

Cell 1 

Cell 2A 

G20, 000 Hz/G110 Hz C20, 000 H~C110 Hz 

(nano mho) (pico Farads) 

4 . 43/1 . 27 

0 / 0 

0 . 4015/0 . 38 

0 . 0165/0 . 0165 

indicating that cell 2A has a considerably better free air response . 

A series of runs was made primarily with 0 . 01 M NaCl between 

10, 000 and 110 Hz using cell 2A to determine t he usefulness of this cell . 

The r esults are shown in Tabl e 1 from which it can be seen that the 

fre quency effect of R per decade and the dispersion of the capacitance 

is very much greater for cell 1 containing r esin than for cell 2A . 

Reasons for this are discussed in Chapter 5, part i . 
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TABLE 1 

Wayne Kerr Determinations , Cell 2A 

Medium G 1 OJ OOOH/G 110Hz C10JOOOH!C110Hz 
10, 000F* 

110 R 

(micro- mho) (nano- f'arads) 

NaCI only 38 . 52/38 . 58 0/0 - 0 . 000778 
O. 01 M 

100- 200 mesh 
resin'~*/O . 01 M 64. 78/64. 25 0 . 012/0 . 270 0 . 00536 
NaCI 

100- 200 mesh 
resin/0 . 125M 4-69 . 3/4-66 . 8 0 . 13/3 . 0 0 . 00266 
NaC I 

200- 400 me sh 
resin/O . 01M 56 . 79/55. 73 0 . 004/0 . 984- 0 . 00935 
NaCI 

Approximately 
50 : 50 100- 200 44. 64/44. 1 0/1 . 05 0 . 00605 mesh resin: 
100- 150 mesh glass 
/O . 01 M NaCI 

* ~FR is the f'requency ef'fect of R per decade where R = 1/G, 

and the frequency effect is defined on page 6 , between the 

limits of' frequency a and b . 

M AG50W - X12. 
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CHAPTER 5 

LOW FREQUENCY IMPEDANCE MEASUREMENTS 

Because of the E. M. coupling and skin effect considerations 

discussed previously, and because previous time and frequency domain 

studies have shown the I . P. effect to be primarily associated with low 

and very low frequencie s, no a ttemp t was made at this sta ge to extend 

the frequency range above 20, 000 Hz . Instead attempts were made to 

obtain a technique suitable for determining small impedance changes at 

frequencies below 100 Hz . 

i) Two Termina l Measurements 

The first techni que attempted involved a series circuit a s shown 

in Fig . 6a . The oscillator us ed was a Philips Function Gener a tor 

(PM 5168) with a fre quency span of 0 . 0005 t o 5, 000 Hz, capable of 

producing sine , saw tooth, or s quare wave of continuously variable 

ampli tude up to 6 V into an infinite resistance (3 V into 600 J1,.. ) • pp pp 

The A.C . output may be superimposed on a D. C. level continuously variable 

from + to - 1 . 5 V. The output i mpe dance of the gener a tor is 600 ohms , 

and the output signal is with respect to ground . The re sistance shown 

a s RR is a Sullivan non- rea ct ive decade box 10
6 

ohms maximum, and Zc 

is the impedance of the cell . I n t his series confi guration the same 

current passes through both the cell and the non- reactive (N.R. ) 

resistance , and the voltages AB and AC were observed on each channel 

of a Tektronix type 549 t wo channel storage oscilloscope . After 

calibration of the oscilloscope to ensure tha t each voltage range and 

both channels responded i dent ically to a standard signal , channel 1 
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was used on the 0.1 V/cm range and channel 2 on the 0.2 V/cm scale, 

and Ra adjusted until the magnitudes of the signals on the two channels 

were the same . With the magnitudes equal, 

[EAB ] = t [EAt] 

But [E
AB

] = [I] [~] 

and [EAC ] = [I] [Zc + Ra] 

thus 2[RaJ = [Zc + ~] (1) 

Now we can express the impedances RR and Zc in the form 

Z = R'- + j X 

i . e . ~ = RI + j X 

but ~ is non-reactive so X' = 0 

thus ~ = R' 

and Z = R II + j X" • 
c 

Now 

thus 

[Z] = [R2 + x2]i 

[l1t] = [R , 2 + o2Jt 

= R' 

and [Zc +~] = [R" + ~ + X"] 
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(1) becomes 

2~ = [(R" + ~) 2 + x"2l~ 

or 4~2 = (R" + ~)2 + X"2 

3 ~2 - 2 R" ~ _ RII2 = X" 
2 

(3 ~ + R") (~ _ R") = X2 ••• (2) 

The two unknowns (Xn and RII ) can be solved by ob s erving the 

phase shift between EAB and EAC • [This was done by inspection of the 

wave forms on t he oscilloscope , and the a ccuracy with which ¢ can be 

+ 0 determined is only about - 2 . 5 , which i s of the orde r of t he phase 

shifts generally observedJ . 

¢ = t an -1 (XjR ) = phase shift of E with r e spect to I 

-1 0 
tan -R = 0 

This implies t hat the phase shift EAC with respect to EAB 

(which is observed) is the ph ase shift of EAC with respect to I , 

since the current i s in phase wlth the voltage a cross a non-rea ctive 

resistor . 

-1 
tan 

x ••• (3) 
R" + ~ 

(2) and (3) are two independent e quations containing t wo 

determinabl e parameter s (¢AC and RR) which may be solved f'or X" and R" . 
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PRACTICAL 

At the start of each run the magnitude of the t wo signals was 

adjusted to as near full scale as is feasible, by adjustment of the 

oscillator voltage , in order to give maximum accuracy . Determinations 

were made from 5000 Hz down to 0 . 01 Hz at three frequencies per decade 

(2, 5 and 10) . At ea ch frequency RR is ad j usted so that 

[EAB ] = t [EAC ] and ~ recorded, and the phase shift of EAC .nth respect 

to EAB determined by inspection of the fra ction of the wavelength that 

the peaks are shifted. The lower fre quency limit is imposed by the 

maximum sweep time of the oscilloscope . 

A great number of probl ems were encountered using this techni que , 

some of these are listed below. 

1) A very high l evel of 50 Hz noise was observed on both 

signals - sometimes approaching 1qro . This is due in part to the 

difficulties experienced in shielding the cell and to the l ack of 

common mode rejection of the oscilloscope . [A degree of common mode 

rejection can be achieved by using the oscilloscope on a differential 

mode. 'Ii th the Tektronix this can be a chieved by adding the signal 

appearing at one probe with respect to an arbitrary ground, to the 

inverted si gnal appearing at the other probe with respect to the 

same ground . Thus the same signal applied t o bot11 probes will cancel 

on the oscilloscope display . This is in effect a three terminal 

measurement and requires the use of b oth channels . ] 

2) Table 2 represents data taken by t his technique on various 

cells . It can be seen that the frequ ency effect of resin in Cell 1 



TABLE 2 

Two Terminal Oscillator/Oscilloscope Determinations 

Medium Frequency [ z]* 100 ¢ 
0 . 1F[Z] (Hertz) ( ohms) ( degrees) 

Cell 2A 100 15, 100 ) 0 
200- 400 mesh 10 15, 300 ) 0 . 013 0 
resin/O . OfM 1 15, 550 ~ 0 
NaCl 0 . 1 15, 700 0 

Cell 100 140 ) 0 
200- 400 mesh 10 165 ~ 0 . 21 10 
resin/0 . 01M 1 240 20 
NaCl 0 . 1 380 ~ 35 

0 . 01 460 76 

Cell 1 100 550 ) 0 
O. OHI! NaCl 10 560 l 0 . 23 11 
electrolyte 1 650 30 
only 0 . 1 1, 830 53 

0 . 025 4 , 530 ) 58 

Cell 1 100 50 ) 2 
200-400 mesh 10 60 ) 26 
resin/0 . 1M 1 170 ~ 0 . 29 44 
NaCl 0 . 1 1, 060 57 

0 . 025 3, 465 ) 72 

Cell 1 100 65 ) 0 
0 . 1M NaCl 10 75 ) 0 .32 13 
electrolyte 1 190 ) 43 
only 0 . 1 1,180 ) 50 

Cell 1 100 200 ) 2 
200-300 mesh 10 220 ~ 0 . 29 9 
ground glass 1 350 32 
10 . 1M NaCl 0 . 1 1,550 ) 50 

* The IIB. gni tude of the impedance 



52 . 

is a factor of ten greater than that for resin in Cell 2A . This also 

was observed with the A.C. bridge determinations, and is due at least 

partly to the presence of the sinters which act as l arge resistors in 

series with the resin in Cell 2A . Ignoring electrode effects Cell 2A 

may be represented by the model shown in Fig . 6b where 

z . t Sln er » z . reSln R electrolyte 

A measure of the order of Z . t over R I tIt may be Sln er e ec ro y e 

obtained from the bridge measurements of Cell 2A containing 0.01 !II 

electrolyte only, between the two end electrodes CAC) and between AB 

C see Fig . 6b) . 

thus 

GAC at 1592 Hz = 39 . 5 micro mho 

GAB at 1592 Hz = 660.4 micro mho 

R 
AC 

RAE 

= 25, 300 ohms 

= 1 , 500 ohms . 

The conduction path from A to B is roughly 1/4 of the ionic 

path from A to C ignoring the sinters , thus ti1e total resistance of the 

electrolyte is about 6 , 000 ohms , leaving 19 , 000 ohms to be associated 

with the sinters . The frequency effect of the resistance is diminished 

because one has to observe a small change in resistance in a high 

resistance circuit . 
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3) Cell 1 exhibits a considerable frequency effect of the 

resistance with the cell containing electrolyte only both at 0 . 1 and 

0 . 01 N NaCl (see Table 2) , suggesting that the electrodes are pol arising 

and that a four terminal system, where the potential electrodes do not 

have to pass any appreci able current, is necessary . 

ii) Four Terminal Measurements 

Cell 2A was modified to include two 1 mm silver wire electrodes 

as shown in Fig . 7. These silver electrodes were chloridised in situ 

as described in Appendix II , Ag/AgCl electrodes being chosen for their 

reversibility to Cl and because of an effect observed by D. Wright (61) 

of a large rapidly changing asymmetry potential associated vdth 

pl a tinised platinum wire electrodes in electrolyte . Especially a t 

low frequency t his effect could substantially modify the form of a 

sine wave applied to such electrodes . 

Using the Tektronix oscilloscope it is impossible to observe 

simul taneously the voltages between two pairs of points that do not 

contain a common point , since both signals are referred to a common 

ground . As such, in a four terminal cell , the voltage drop across Ra 
and across the potential electrodes can be observed alternately and 

their magnitudes recorded, but no determination of the phase shift 

between t he voltages can be made vdthout the use of at least one 

differential input. At this time no two channel oscilloscope was 

available with one differenti al channel and direct observations of the 

pha se shift were impossible. Ignoring the pha se shift an attempt was 

made to determine the behaviour of the magnitude of the impedance 
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between the potential electrodes , [Zxy] . 

Since only one voltage measurement is to be made at a time the 

Tektronix could be used in a differential mode (and indeed had to be 

since neither of the potential electrodes is at ground potential) , 

thus helping to alleviate t he noise problem noted above . Also since 

the potential measurement of the resins is made inside the sinters , 

the effect of these sinters as l arge series resistances is removed. 

Using the circuit sho,m in Fi g. 8 the peak to peak voltages 

EAE and Exy were determined fro m direct observa tion of the signals on 

the oscilloscope . 

Prior to each run RAE wa s adjusted to give a desired current 

density through the cell, but no attempt was made to adjust RAB to 

give equal amplitudes of EAB and ExY at each fre quency because of a 

previously observed difficul"bJ of doing so at very low frequencies . 

[EAB ] and [~J were recorded at each frequency three times 

per decade from 5, 000 to 0 . 01 Hz . 

[EABJ = [I] [RAB ] = [ IJ RAE 

[ExY] = [1J [Zxy] 

[ ExyJ [1J [Zxy] 

[EAB ] = [I] RR 

[ZxyJ = [Exy ] ~ 

[EAB ] 

Thus the magnitude of the impedance of the sample can be 

determined from observations of [ExYJ, [EAB ] and RR . 
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iii) Linearity 

In time domain I.P. measurement , the degree of lineari~ of 

a sample is of considerable importance since current independent 

parameters are sought . Collett (10) defines a linear medium as one in 

which the response of the system is direct l y proportional to the applied 

force, and states , concerning i nduced polarisation; liThe most fundamental 

test for phenomena of this kind is for linearity" . In fact , while the 

I . P. phenomena is known to be a linear one in the field , the very 

much higher current densities used in the l ab oratory are often suff icient 

to drive the I . P. sys tem into a non- linear region . Vacquier (54) 

observed that f or a given specimen and excitation time the induced 

polarisation (mV - sec/V) is exactly proportional to the density of 

the charging current, but cautions against the use of "high current 

densities', without defining this term. Collett (10) made observations 

of core samples in t he time domain, applying a primary voltage in 

steps and observing the decay curves of the secondary voltage . He 

concluded that the samples tested were only approximately linear in 

the voltage range 10- 20 V (but fails t o give suffi cient info r mation 

to determine a curren t from these voltages) , and su gge sts tha t one 

should exercise great caution in extrapolatinE laboratory r esults to 

the earth, noting that t he current densities used i n the field are 

- 5 of t he order of 10 times t h ose used in the laboratory . 

Linearity is of prime importance i n both time and frequency 

domain measurement s since it will often be desirable to transform from 

one domain to the other . Only when t he phenomenon is linear can t he 

Laplace analysis be used to handle this transform. 
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iv) Ohmic behaviour 

For practical reasons* ohmic behaviour is of great importance in 

all frequency domain measurements . The theoretical considerations of 

Marshall and Madden (39) result in an impedance directly proportional 

to the current, but suggest that this behaviour may not extend to high 

current densities . Marshall and Madden select a current density of 

3X10-5 Amps/cm
2 

for their core samples, and consider the media tested 

to behave ohmically in this region . 

To ensure ohmic behaviour , fre quency spectra of [ZxyJ were run 

at a range of current densities f or a variety of cells, and this data 

gr aphed a s an E vs . I plot (Graphs 3 to 8) . In the absence of a 

more fundamental test, ohmic behaviour of these plots (a straight line 

passing through t he origin) was t aken to indicate linearity . 

v) Results 

Impedance spectra were run for a range of current densities on 

each of the fOllowing systems , all in Cell 2B . 

* 

a) 0 . 01 M NaCl , electrolyte only 

b) 0 . 01 '[ NaCl/200- 300 mesh ground glass 

c) 0 . 01 M NaCl/200- 400 mesh sodium form ion exchange resin 

In the absence of a constant current oscilla tor, as the impedance of 

the cell changes (vath f re quency) so will t he current , and unless 

the impedance is independent of the current , a meaningful value of 

Z cannot be assigned from a single measurement of E and I . 
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d) 0 . 0005M NaGl/2oo-400 mesh sodium resin 

e) 0 . 05M NaGl , electrolyte only 

f) 0 . 05M NaGl/2oo- 400 mesh sodium resin. 

The results are too numerous to reproduce . Instead, for each 

system, plots 3 to 8 of [Exy ] vs. I were made . Only in the case of the 

cells containing resin is there any significant dispersion of [Zxy] 

with frequency, and for these plots of E v s . I were drawn for decade 

frequencies between 0 . 1 and 1,000 Hz . For each system and each frequency 

the slope of the E, I plot gives a more accurate value of the impedance 

that for anyone current density . Impedances were determined in this 

fashion and used to plot graphs 9 to 11 of [Zxy] versus log frequency 

for the resin cells (c , d and f) . 

This series of determinations has made apparent the follovnng 

points regarding the magnitude of the impedance . 

1) Within experimental error the four terminal cell shows no dispersion 

of [Zxy] over the five decades from 0 . 01 to 1,000 Hz, either when filJe d 

wi t h electrolyte (0 . 01 and 0 . 0 5M NaGl) only, or with 200- 300 mesh ground 

glass saturated with electrolyte (0 . 01 and 0 . 05M NaGl) . 

2) A plot of E vs . I is linear and passes through the origin for 

O. Oi M NaGl electrolyte only - up to I = 3.6xi0- 4 Amps 

O.OiM NaGl/200-300 mesh glass - up to I = 2 . 5x10- 5 Amps 

0 . 05M NaGl electrolyte only - 4 
- up to I = 2 . 0x10 Amps 

3) An E, I plot for Gell 2B containing 200- 400 meshAG 50W - X12 resin 

equilibrated with 0 . 05 or 0. 0005M NaGl exhibits no non- linearity in the 

- 5 - 4 ) current range tested (up to 4x10 and 6x10 Amps r espectively. 
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4) An E, I plot for 0 . 01 M NaCl equilibrated with 200-400 mesh resin 

-5 - 5 
exhibits no non-linearity from 1 . 2x10 to 7.0x10 Amps , but for 

frequencies of 0 . 1, 1, 10 and 100 Hz , there is an approximately 1 ~ 

-4 
deviation f rom the low current line extrapolated, at 1.8x10 Amps . * 

5) There is a marked frequency dispersion for 200- 400 mesh resins 

e quilibrated with 0 .0005 , 0 . 01 and 0 .05M NaCl . In each case the 

impedance increases fr om 1000 to 1 Hz and remains roughly constant at 

lower fre quencies . Graphs 9 to 11 of [Zxy] (determined from the slope of 

E, I plots 5, 6 and 8) versus l og frequency sh ow t [Jis form . There seems 

al so to be some evidence in the shape of the spectra for different 

concentrations that what is being observed is a curve of the general 

form shown oy graph 12 , and that this curve is more spread out at l ower 

concentrations . Thus with resin/0 . 0005}l1 NaC l , AB is observed, with 

resin/0.01 M NaCl, AC is observed and with resin/0 . 05M NaCl, AD . 

* Point 3 above suggests that t hi s non- linearity might not be in the 

sample, but rather is an artifact of t he measuring sys tem. Since 

the 1 . 8x10- 5 Amp determination was t he f irst made it is possible 

that the impedance, [Zxy] ' was higher t han its equilibrium value . 

A perhaps more likely possibility is that this anomal ous result 

is due t o poor calibration amongst the oscilloscope voltage ranges , 

since t hi s was the only deter mination made using the 0 . 05 V/cm 

range - all others were made using t he 0 . 02 V/cm range . 
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CHAPTER 6 

FOUR TERMINAL MEASUREMENTS OF THE MAGNITUDE OF THE 

I MPEDANCE I AND OF THE PHASE SHIFT 

i) Introduction 

At this point a Telequipment type DM53A storage oscilloscope 

wi th one plug in "type Kit differential channel , and one "type A" 

non-differential channel became available . This was used to make 

observations of both [Zxy] and the phase shift (53') of a number 

of resin sizes and electrolyte concentrations , and of cells containing 

electrolyte only . Since now both waveforms can be displ ayed 

simultaneously, the magnitudes of the cell and reference voltages can 

be observed without switching, and the phase spift can be determined by 

inspection . 

ii) Technical difficulties 

Two points became immediately apparent . 

1) An anomalous phase shift occurred due to a significant 

reactance i n the "non- reactive" decade box used as a reference . Sullivan 

non- reactive resistors whose equiva lent parallel resistance and 

capacitance had been determined on the Wayne-Kerr bridge, were used 

instead . 

2) Miss- matching of the two oscilloscope channels resulted 

in an anomalous phase shift and a tail up of [ Zxy] at frequencies above 

about 500 Hz . This has the form shown in Fig . 9 and is almost independent 

of the natur e of the cell. 
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Attempts were made to match the channels , initially by 

connecting a Hewlett- Packard variable capacitance in parallel with 

the potential elec trodes and the differential (type K) channel (Fig . 10) . 

Graphs 13 and 14 show results of [Zxy] and ¢ determinations made on 

Cell 2B containing 0 . 0111 NaCl only, at various settings of the parallel 

- 10 
capacitance . Four values of capa citance are shown, zero, 1 . 8x10 , 

- 10 -10 7 . 65x10 and 6 . 52x10 , the last being selected as the value for 

which the best superimposition of the signals on the two channels could 

be obtained when a square wave was applied to the circuit . Similar 

determinations using 0 . 1 and 0 . 001 M NaCl only indicate that a value of 

the parallel capacitance may be found by the best superimposition of 

s quare waves , for which the phase shift is apparently zero , at which 

time the linear region of a non-dispersive element* is extended f rom 

about 500 to 2, 000 Hz . That both the phase shift and the impedance 

dispersion cannot be held a t zero simultaneously for any value of 

parallel capacitance, indicates that the circuit required to match the 

two channels is rather more sophisticated than a simple parallel 

resistance . In addition to the added complexity of the "best 

superimposition" technique , the presence of a parallel capacitor 

reduces the observed impedance and introduces an error which must be 

corrected for . These points , the difficulvJ of deciding what values 

of capacitance to use for resin systems which may display a significant 

phase shift themselves , and the relatively small increase in the upper 

useful frequency, resulted in the eventual discarding of the parallel 

capacitance . 

over * That cells containing electrolyte only are effectively non-dispersive/the 
range of frequencies under consideration, is indicated by Wayne-Kerr 
measurements of these cells . 
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Experiments were conducted to find a more suitable R. C. matching 

circui t , but these failed and were abandoned . 

iii) Cell 3 

Cell 3 was constructed as shown in Fig . 11a . Connections to the 

electrodes are sheathed in glass to a height of 15 cm so the entire 

cell can be immersed in a water bath . This is necessary in order to 

keep the cell at a constant and r eproducible temperature , and to 

enable the temperature dependence of the dispersion of the impedance 

to be studied . The cell has two pairs of potential electrodes , one 

pair inside and one outside the sinters which contain the r esins . 

The purpose of t his duplication is to enable an assessment of the 

effects of the sinters to be made , and to deter mine i f there is any 

direct interaction between the inside electrodes and the resins they 

are i n contact with . The pl atinum foil end electrodes were 

platinised as described in Appendix I , and the silver yare potential 

electr odes were chloridised in pairs as described in Appendix II . 

After chloridising an anomalously l arge a symmetry potential was 

f ound associated with electrode Z (see Fi g . 11) . 

iv) The interaction of the potential electrodes with resin particles 

I n order to determine the dispersion of t he i mpedance of each 

pair of potential electrode s , frequency s pectra of [Z] and ~ were 

run for Cell 3 filled with O. 005M NaC l only , using the Telequipment 



----- .,' 

Figure IIA 

Y\ 

'" " ..... 
" ( ~ 

0 
~ -~ 
" r:- V 

0 

t-o '" 

t .J) 
(1) ,) 
..J 

"< 
..J 

~ lJJ 

t j 
u 

1 

~ ~ ~ 



62. 

oscilloscope and Philips Function generator, and the circuit s hown 

in Fig. 11b . Spectra were run for both the inner (XY) and outer (WZ) 

pairs of potential electrodes , and in each case for two values of 

parallel capacitance - one zero and the other determined by a best 

superimposition of square waves . The results are shown in Table 3 and 

show no dispersion of [ZJ or ~ for either pair of electrodes . 

In an attempt to determine if the inner potential electrodes (XY) , 

have any direct interaction with the resin beads in which they are 

immersed that might affect the observed impedance of the cell when 

resins are being s tudied, fre quency spectra of Cell 3 containing 

20- 50 mesh Dowex 50 - X8 equilibrated with 0 . 005IvI NaCl were run for 

both the inner and outer pairs of potential electrodes . From 0 . 01 

to 5,000 Hz the Telequipment oscilloscope/Philips Function generator 

circuit was used, and from 100 to 20, 000 Hz the Wayne-Kerr bridge . 

The results , shown in Table 3, indicate that t he i mpedance between 

the outer potential electrodes ([ZwzJ) is very much grea t er than tha t 

between the inner ([ZXyJ) , (2 . 3x104 as opposed to 1 . 6x103 ohms) . This 

additional impedance is primarily due to the sinters , and an impedance 

of about 1 . 07x104 ohms may be associated with each sinter at 1592 Hz, 

while the tota l change of i mpedance of the resin, as observed at the 

inner electrodes , is no more than 1 . 0x103 ohms . Since the resistance 

of the sinters appears to the outer potential electrodes to be in serie s 

with the impedance of the resin, their effect may be removed by 

subtracting from t he i mpedance a t the frequency f , the value of the 
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TABLE 3 

Determinations on Cell 3 

a) Cell 3 containing 0 . 005M NaCl only - oscillator/oscilloscope 
determinations 

Frequency 

(Hertz) 

1,000 
100 

10 
1 

1 , 000 
100 

10 
1 

[Zxy] 

(Ohms) 

9 . 12x10 3 

9 . 01 II 

9 . 01 II 

9 . 01 II 

[Z.'iZ] 
(Ohms) 

3 .13x10 4 

3 . 13 II 

3.13 11 

3 . 13 It 

[Zxy] *1 

(Ohms) 

8 . 79x10 3 

8 .79 II 

8 .79 II 

8 .79 II 

[~/Z] 
*2 

( Ohms) 
4 3 . 13x10 

3 . 13 II 

3 . 15 II 

3 . 15 II 

¢xy 
le1 

xy 
(De grees) ( Degrees) 

7 0 
0 0 
0 0 
0 0 

¢ '{Z 
*2 

¢VIZ 
(De grees) (De grees) 

3 . 5 0 
0 0 
0 0 
0 0 

* Capacitor connected in parallel with potential electrodes (see Fig . 10) , 

the value being selected by a best superimposition of square wave 

technique . 
1 0 . 001866 micro- farads 
2 0 . 000558 micro- f ar ads 

b) Cell 3 - 0 . 0051.1 NaCl/20-50 mesh 50W- X8 

i) Wayne Kerr determinations 

[ ZXyJ [ Z\VZ] 
10 000 )~ 

Frequency , H 
Ai 

(Hertz) ( Ohms) (Ohms) ( Ohms) 

10,000 1 . 523x103 2 . 283x10 4 OX103 

5, 000 1 . 546 11 2 . 286 II 0 .023 II 

2, 000 1. 579 " 2 . 292 II 0 . 056 11 

1,000 1 . 611 It 2. 296 It 0 . 088 II 

500 1 . 645 " 2 . 299 II 0 . 122 II 

200 1 . 697 It 2 . 308 " 0 . 172 It 

150 1 . 714 11 2. 309 II 0 . 191 It 

* Defined on page 63 . 

10, 0001\ 
VZ 

(Ohms) 

Ox103 

0 . 03 It 

0 . 09 It 

0 . 13 II 

0 . 16 II 

0 . 25 II 

0 . 26 II 

/ continued • •• 



Table 3 continued 

ii) Oscillator/Oscilloscope determinations 

Frequency [Zxy] [~ Z] 
100H 

xy 
100

Li 
WZ 

(Hertz) (Ohms) (Ohms) (Ohms) (Ohms) 

100 1 . 08x103 2 . 13x10 
4-

OXi03 Ox103 

10 1 . 19 11 2 . 13 11 0 . 11 11 o " 
1 1 . 39 " 2 . 18 " 0 . 31 II 0 . 5 11 

0 . 1 1 . 59 11 2 . 18 II 0 . 51 II 0 . 5 11 

0 . 01 1 . 72 11 2 . 18 11 0 . 64- 11 0 . 5 11 
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impedance at some arbitrary fre quency, a . Assuming the impedance of 

the sinters to be non-dispersive*, the parameter [Zwzlv - [~]a 

(defined as ~) should have identical values to ~XY at all 

frequencies, if the electrodes X and Y have no direct interaction with 

the beads with which they are in contact t hat in any way effects the 

impedance dispersion of the resin system as a whole , or the voltage, 

Vxy , used to determine this i mpedance. 

For the Wayne-Kerr measurements, the bridge is fully calibrated 

between ranges , and is highly accurate . The means of determining 

[z] is t he s ame 

that 10 , 000Hxy 

for both electrode pairs , and from Table 3 it is clear 

d 10,000 0 d d °d to I °th o 
0 t I an li-I'lZ are :Ln ee :L en :L ca W:L :Ln exper:Lmen a 

error at all fre quencies, thus suggesting that the electrodes do not 

interact appreciably with the resin beads . 

In the lower frequency range , 0 . 01 to 5, 000 Hz, the oscilla tor/ 

oscilloscope technique gives much less accurate results than does the 

Vlayne- Kerr bridge at higher frequencies . As such, the total impedance 

change observed between t he outer electrodes is only twice the 

experimental error, and although the trend of 100HWZ is the same as 

that of 100Hxy , no statement that a point to point correlation 

exists can be made . Nevertheless it would seem that the fact that the 

inner electrodes are irmnersed in resin beads has a negligible effect 

on the observed potential. 

* Observations of cells containing electrolyte only indicate that 

the i mpedance of the sinters is constant, and the phase shift 

zero, within experimental error . 



v) Low frequency [Z] and ¢ measurement 

Graphs 15 to 17 show the phase and impedance dispersion of 

cell 3 containing 20- 50 mesh ion exchange resin equilibrated with 

0 . 005M NaCI, observed between the inner potential electrodes using both 

the oscillator/oscilloscope and Wayne-Kerr techniques. 

For the impedance spec trum the four terminal and Wayne- Kerr data 

do not co incide (Graph 15) . There are two possible causes for this . 

1) The bridge measurements were made 24 hours after the 

oscilloscope determinations and display a consistently higher resistance . 

It is therefore possible tha t for the initial measurement the resin and 

electrolyte were not in e quilibrium, and that continued equilibration 

ha s resulted in the ions being more closely associated with the resin, 

and less free to move . Since it is not possible to calcula te the 

effects of such an ion de- mobilisation on the impedance , a correction 

for this effect cannot be made . 

2) The two voltages Vxy and VAB (see Fig . 11b) used to 

determine [Zxy J were observed on widely varying voltage ranges 

(10 mV/cm and 1 V/cm respectively) , as well as different channels . 

Although both channels of the oscilloscope respond linearly to an 

applied voltage within a particular volts/cm range, in~neral ea ch 

channel is not linear amongst voltage ranges. Thus the voltage 

a pplied to the type ItAIt channel (VAB ) is only proportional to the 

voltage appearing on the oscilloscope (VA) ' 
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Likewise the voltage applied to the type "K" channel (Vn ) is proportional 

to the oscilloscope display (VK) 

Yy;y = m VK 

[Zy;y] 
Vx:f. RAB m VK 

x~ Now = = -VAB n VA 

and in general m =1= n. 

The impedance observed 

[ZY;Y]Apparent 

VK 
=Vx~ 

A 

= (n/m) (m/n) (Vd" A)RR 

= (n/m) (Vn/V AB)~ 

Thus 

[ ZY;Y]Apparent = (n/m) [Zn]Actual 

The effect of t hi s error on the observed i mpedance is simply 

removed by multiplying the apparent impedance at each point by a 

constant (m/n) to obtain the actual impedance, provided of course 

the voltage ranges are not changed . 

Graph 16 shows oscillator/oscilloscope data corrected t o be 

contiguous with 'Wayne- Kerr da t a , by two methods - the addition of a 

constant, and multiplying by a constant. There is, however, insufficient 

overlap of the two fre quency r anges to determine which is mos t applicable. 

Graph 17 is a plot of phase shift versus fre quency and represents 

t he first observa tion of a phase shift directly attributabl e to the 
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presence of the resin . A significant phase shift is observed above 

200 Hz , however, which is associated with the miss- matching of the two 

oscilloscope channels, and disappears when 0 .011858 micro Farads 

(selected by the best superimposition of square waves) is connected 

in parallel with the type "K" differential channel. The presence c£ 

this large capacitance in parallel has a large effect on the observed 

impedance and it cannot be left in place while determinations of 

[Zxy] are made (see Table 3) . Below 200 Hz a phase shift occurs in 

the opposite direction to that observed ab ove. As f a r as was 

determined, this phase shift a t low frequencies ha s an identical form 

whether the parallel capacitance is in place or not . Pha se shifts 

calculated from Wayne-Kerr measurements are of the same order of 

magnitude as the error in t he oscilloscope determinations, but are 

negative , and increasingly so at low frequencies . 

Measurements made on Cell 3 containing 0 . 005M NaC l electrolyte 

only , show a positive phase shift due to miss- matching, which does not 

entirely disappear until below 10 Hz (see graph 17) . No phase shift is 

observed at low fre quencies. 

The pronounced peak in the negative phase shift, centered at 

5 Hz is the most obvious featUre of the low frequency phase spectrum, 

and has a form incompatible with any simple parallel or series RC model 

circuit used to represent the resin/electrolyte system. 



vi) Preliminary clay measurements 

Since one of the aims of this project is to make observa tion of 

the frequency dispersion of clays , it was felt desirable at this stage 

of the development of a suitable experimental technique , to make a trial 

measurement on a clay/electrolyte system to determine wha t effect, if 

any, t he clays display , and wha t sensi t ivity is required by the 

measuring device . Such mea surements were m:tde on a cell supplied 

by D. Wright, currently engaged in observations of the transient 

response of clay/electrolyte systems a t the Victoria University of 

lellington. This cell consists of a cylindri cal gla ss sinter 

constructed from grounu pyrex particles between 50 and 100 mesh, 

having about a 4O~ porosity , supported in a pyrex cell as shovm in 

Fi g . 12 . A calcium fo rm bentolite had been bonded to t his sinter , 

and t h e whole equilibra ted with 0 . 0051vi NaCl. Spectra of [ ZJ and 

}t were run using the Rayne-Kerr and oscilloscope t echnique s a s for the 

previous cell . Graph 18 i s a plot of [ Zxy J versus log frequency and 

shows an increase of t he magnitude of the i mpedance towards low 

fre quency for both t he oscilloscope and Wayne-Kerr determina tions . As 

wi t h the resin, the dispersion a s measured by t he two techniques 

is discontinuous , t he impedance calcula ted from Wayne-Kerr da ta being 

about ~ hi gher . Assuwing [ZxyJ to be a continuous functi on of fre quency 

and t he point ( ~ . 39x10~ ohms , 100 Hz) to lie on the curve , t he oscillator 

dat a has been corrected by multiplying each point by a constant (1 . 062) . 
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The oscilloscope data show a positive phase shift associated 

with miss- matching, above 100 Hz , but no phase shifting is observed 

at lower frequencies . The phase shift calculated f rom Wayne-Kerr 

measurements is less than 1 degree between 20, 000 and 100 Hz . 

At this time no sinters were available that did not contain 

clay, and thus the normal effect of a blank sinter/elec trolyte system 

was not determinable , however subsequent determinations indicate that 

the dispersion of both [Z] and ¢ for clay free sinter/electrolyte systems 

is in fact zero . 

An i mpedance dispersion of t he order of 2q% can thus be 

associated with the presence of clay on the sinter , and, using the 

OSCilloscope/oscillator technique the accuracy with which [Z] can be 

determined is about :!: ~ . The phase shift , however , is only of the 

order of 1 degree while the sensitivity of the os cilloscope is of the 

order of 3 degrees . 

vii) The dispersional effects of Ag/AgCl electrodes 

To this point the normal response of Cell 3 containing electrolyte 

only has not been deter mined usin g the A. C. bridge . Measurement of the 

frequency dispersion of [ Zxy] were made with Cell 3 containing 0 . 025M 

NaGl only , over t he entire frequency range from 0 . 01 to 20, 000 Hz , 

and the results are given in t able 5. Graph 19 is a plot of [Zxy] 

versus log frequency as determined from Wayne-Kerr data , and shows a 

linear increase of [Zxy] with logarithmic decrease of frequency . Similar 

measurements conducted six hours later result in a parallel line (shown 



TABLE 5 

Dispersion of' Electrodes in 0 . 025M NaCl Only 

a) Cell 3/0 .025!f. NaCl only 

i) Wayne Kerr determinations 

Electrodes Frequency C R % f .e ./decade 

(Hertz) (Nano- farads) (Ohms) 

Inner (XY) 10, 000 0 . 093 2 .417x103 

Ag/AgCl 1, 000 0 . 928 2 . 464 " 

Potential 100 11.0 2 . 514 " 

Outer ("vVZ ) 10 , 000 ° 7 . 848 " 

Ag/AgCl 1, 000 0 . 342 7 . 974 " 
2 . ~ 

Potential 200 2 .336 8 . 152 " 

Platinised 10, 000 0 9 . 096 

Platinum 1, 000 ° 9 . 096 -0 . 02% 

Cur rent 100 0 9.092 

ii) Oscill ator/Oscilloscope determinations 

Frequency [ZxyJ [ Z.WZJ ~XY %{Z 
(Hertz) (Ohms) (Ohms) (De grees) (De grees) 

1,000 2 . 0x103 6 . 75x103 
7 0 

100 2 . 0 " 6.75 " 0 0 

10 2 . 0 " 6 . 75 " 0 0 

1 2 .0 " 6 . 75 " ° 0 

0 . 1 2 .0 " 6 . 75 " 0 0 

0.01 2. 0 " 6 .75 " ° 0 

b) Ag/AgCl electrod.es in a beaker of 0 . 025M NaCl only 

Frequency C R % Le ./decade 
(Hertz) (Hano- f arad.s) (Ohms) 

10, 000 0 . 6 8 . 046 
1 . 3% 

A g/A gC 1 1, 000 62 . 8 8 . 152 3 .3;~ 

300 556 . 0 8 .458 
7.5/0 
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dotted on graph 19) shifted to lower resistance possibly as a result 

of the concentrating eff ect of evaporation . For both lines the slope 

is - 48 ohms/decade . 

Determinations of [Zxy] using the oscilloscope/oscillator 

technique show no dispersion below 1, 000 Hz, but the accuracy of 

this method is ! ~ (or ~ 40 ohms) , and although one can be sure that 

the linear increa se of [ZxyJ with decade decrease of fr equency does not 

extend to 0 . 01 Hz, the expected increase of 48 ohms between 1, 000 and 

100 Hz could easily be undetected on the oscilloscope . 

The impedances between t he outer (WZ) potent ial electrodes and 

the pla tinised pla tinum current electrodes were also determined using 

t he Wayne-Kerr apparatus ( results - Table 5) for Cell 3 containing 

0 . 02 5M NaCl only, and graph 20 shows [ZwZJ versus log fre quency . 

Tha t this gr aph is no longer linear suggests tha t t he sinters display 

some dispersion effect above about 5,000 Hz or else , more simply, the 

dispersional effects of the inner and outer pairs of potential 

electrodes is not the same . 

The maxinrum impedance dispersion observed using the Wayne- Kerr 

apparatus for the three pairs of electrodes is as follows : 

Inner Ag/AgCI (XY) = + 4. l{fo 

Outer Ag/AgCI (WZ) = + 4.2% 

Platinised pla tinum (PQ) = - 0 . 1% 

Pl a tinised pla tinum electrodes are well known to display very 

little dispersion at A. G. fre quencies ( 23) and for Cell 3 little 

dispersion is in f act observed between t he current electrodes indicating 
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that these electrodes and the Wayne-Kerr bridge are behaving as they 

should, and that the cell has no inherent dispersional e~~ect . The 

results thus suggest t hat there is a considerable and non- uniform 

dispersion o~ [Z] associated with AgjAgCI electr odes in the ~requency 

r ange 100 to 20, 000 Hz , but that no signi~icant dispersion is observed 

in ~our terminal measurements below about 1,000 Hz . 

A pair of AgjAgGI electrodes were prepared as described in 

Appendix II , and a series o~ 'j'layne-Kerr measurements made o~ these 

clamped in beakers o~ various concentrations o~ NaGl electrolyte . 

These measurements indicate a considerable dispersion e~~ect to be 

associated with Ag/AgGl electrodes at all concentrations tested 

(0 . 005, 0 . 01 , 0 . 025, 0 . 1M NaCl). 

viii) The use of plug in electrodes 

In view of the dispersion e~fects observed at Ag/AgCl electrodes , 

and the di~ficulty o~ cleaning or replacing these in the present cell, 

Cell 3 was modified by removing the ~our potential electrodes and 

replacing the inner two only with B5 ground glass sockets (see Fig . 13) . 

Electrodes can t hus be prepared in a more convenient vessel than the 

cell itsel~, using a B5 ground glass plug, and inserted into the cell. 

Using this system, Ag/AgCl electrodes can be replaced at will when, 

with age, their asymmetry potentials become intolerable . The possibility 

also exists of using plug in pla tinised platinum electrodes for Wayne­

Kerr measurements, and Ag/AgCl ~or four terminal low ~requency 

determinations. 
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One pair of Ag/AgCl electrodes were prepared from silver wire 

mounted via pl atinum wire to a B5 plug, and a pair of platinised 

platinum electrodes were prepared from 0 . 5 rom Pt wire mounted on a 

B5 plug . A series of determinations of the dispersion observed at 

t hese electrodes in electrolyte only and electrolyte/20- 50 me sh resin 

systems , were made using the Wayne-Kerr and oscillator/oscilloscope 

techniques . Three concentrations , 0 . 005 , 0 . 025 and 0 . 125M NaCl 

were used, and impedance and phase spectra run . Table 6 gives results 

of t he change of i mpedance per decade (b.[zJn ), and of this change 

a s a percentage of t he i mpedance 0~ f . e/decade) . 

It can be seen that the l arge pl atinised platinum disc electrodes 

at the ends of t he cell , display no dispersion in electrolyte only, and 

dispersion only of t he order of the experimental error when resin is 

pr esent . Thi s small fre quency effect for resins ob served at t he end 

eledtrodes is due to the l arge , non- dispersive, series resi st ance , 

associa ted with the sinters , and to a l esser degree , the electrolyte 

path be t ween t hese electrodes and t he sinters . Vlhile the absolut e 

change in impedance (~ [ZJ ) should be constant no matter where it is 

observed from ( outside the sample), division by t he i mpedance (which 

consists mainly of the impedance associ a ted with the sinters) to 

obtain a percent change, r esults in a smaller value for electrodes 

situated outside than inside the sinters . 
• 

The plug in platinised pl a tinum wire electrode s show a negative 

dispersion* in O.00051vI NaCl about 7 times l ar ger t han the precision of 

* Ne gative dispersion implies t he magnitude of t he i mpedance 

decreases with decreasing fr equency . 



TABLE 6 

DisEersion of Plug-in Electrodes in Cell .2 (Modified2LElectrol~te 
Only 

a) 0 . 005M NaCI (Wayne Kerr) 

Electrode Frequency [ z] [ z] % f . e ./decade n 
(Hertz) (Ohms) (Ohms) 

Ag/AgC l 10 , 000 1 . 072x104 
80 o. 74}~ 

Plug- In 1, 000 1 . 080 " 0 . 49}h 

P otential 200 1 . 081 II 10 ° . 13/~ 
PIa tinised Pt 10, 000 1 . 032 11 

- 40 -0 . 39/~ 
Plug- In 1,000 1 .028 11 

- o . 1lfo 
10 +O . 14;~ 

Potential 200 1 . 029 11 

Pla tinis ed Pt 10, 000 4 . 262 11 

- 16 - O. 04;b 
-0 . 025b End 1, 000 4 . 246 II 

- 2 - 0 .007}; 
Current 200 4 . 244 11 

b) 0 . 025M NaCl (Wayne Kerr) 

Ag/AgCl 10, 000 3 2 .609x10 
838 1 .43/0 

Plug- In 1, 000 2 .647 11 
1 . 96;-& 

52 2.7ff/o 
P otential 200 2 . 699 11 

c) 0 . 1251; NaCl (Wayne Kerr) 

AgJAgCl 
2 

10, 000 5 . 906x10 
10 . 7{b 

6 .615 tt 
71 

Plug- In 1, 000 
16 '-~b 

12 . 110 

Potential 500 7 . 008 
39 

Platinised Pt 10, 000 1 . 995x103 
0'/0 0 O .O~ End 1, 000 1 . 995 tt 

1 0 . 15% 
Current 500 1 . 996 " 
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the bridge , but of the same order of magnitude and sign as the 

dispersion a t Ag/AgCl electrodes . It was quickly realised when using 

these electrodes that exchanging plug in electrodes CPt for Ag) could 

not be ac complished without seriously disturbing the system under 

consideration . Since the performance of the Pt plug in electrodes 

was not appreciably better than that of Ag/AgCl , they were dis carded . 

ix) Cell 4 

The electrode configuration in the modified Cell 3 is rather an 

awkward one since the potential electrodes are mounted at the side 

(Fig. 13) and tend to break off . As such a new cell was designed with 

potential electrodes plugging into B5 sockets on the top , and current 

electrodes mounted with B19 plugs , designed to be removable (see 

Fig. 14a) . Removable current electrodes permits their use on other 

cells, and a number of cells containing sinters* (as shown in Fi g . 14b) 

were constructed for subsequent use \u th clays . 

* The sinters are those described in Chapter 9A . 
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CHAPTER 7 

THE EFFECTS OF TEMPERATURE 

i) Procedure 

Perhaps the most fundamental parameter in all diffusional and 

relaxational processes is temperature, and it was considered desirable 

to determine the effects of temperature on Cell 4 containing resin . 

In order to perform high temperature measurements , a water bath 

designed to thermostat at 25°C had to be modified to operate at 

o temperatures up to about 80 C. This wa s done by the addition to the 

bath of two 1,000 watt heaters and increasing the value of the two 

light bulb heaters to 120 watts each. A cooling coil consisting of 

a s piral of 0 . 6 cm diameter copper tubing through which tap water may 

be passed was provided to speed up the cooling process, and a l ayer of 

broken pieces of polystyrene foam was pl aced on the surface of the 

water to minimise undesired heat loss . The bath was stirred by a 

stirrer connected to an electric motor via a belt, thus minimising 

conductive heat loss and preventing the motor from overheating . 

Measurements of [Zxy] and ~ were made on Cell 4 containing 

0 .025M NaCl/20-50 mesh sodium form Dowex 50'N - X8 at tempera tures from 

64 to 14 degrees Centigrade . 

A 25 .16 degrees C determination was made first, then the bath 

and cell heated to 64 degrees and that determina tion made . The bath 

and cell were then allowed to cool, and the first 50 degree C 

determination made . The bath was turned off and left over the weekend, 
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the two central ports of the Cell 4 being corked . On the following 

Monday the bath and cell were reheated to 50 degrees C and a determination 

made, then allowed to cool to 45 degrees and a determination made , then 

to 22 degrees and a determination made . Ice was then added to the bath 

water and a t 14 degrees C a fUrther series of readings taken. At each 

temperature the cell was allowed to equilibrate for about 15 minutes , 

the bath temperature being kept constant by manual control of the 

light bulb heaters and by simmer static control of the elements . 

The total time elapsed from the 25 degrees C determination to 

the 14 degrees C readings was about 84 hours , and although when a run 

was not in progress the larger vents of the cell were corked, during 

each run the cell \~ s uncorked ru1d appreciable evaporation loss was 

observed. 

ii) Results 

The results of the determinations of [ Zxy J and % are plotted in 

graph 21 of % versus log fre quency, and graph 22 of [ZxyJ versus log 

frequency. 

Gra?h 21 shows that in all cases except the 25 . 16 degree run, 

t he observed negative phase shift at low frequencies is zero or only 

of the order of the experimental uncertain~ . For all temperatures 

the general form is of zero phase shift above 100 and below 0 . 01 Hz , 

,nth the phase shift maximising between 1 . 0 and 10 Hz in all cases 

except the 25 . 16 degrees C run which maximises at 0 . 1 Hz . Little can 

be deduced from this form because of the hi gh percentage error . It 
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is clear, however, that the 25 . 16 degree determination is anomalous . 

Graph 22 shows the impedance spectra at each temperature , and 

has two points of interest . 

1) At any given frequency , the impedance varies with 

temperature in a seemingly erratic fashion . 

2) The spectra a t different frequencies are very similar to 

each other and differ only in absolute level . 

In order to f~rther examine point (1) above , [ZxyJ was measured 

directly off graph 22 for each temperature at a given frequency . Graph 

23a shows the general form of [Zxy J versus temper a ture for the five 

frequencies 0 . 01 , 0 . 1, 1, 10 and 100 Hz . Apart from the 25 . 16 degree 

determination, the data all falls on smooth constantly decreasing curves 

a s shown ·oy graph 23b which is drawn as for 23a with the 25 . 16 degree 

data removed. Again it seems that the 25 . 16 degree C determinations are 

anomalous . 

In order to reduce the i mpedance s pectra to a common level and 

thus ascertain how similar the spectra are ( point ( 2) above) , each was 

divided by the value at 100 Hz , chosen because for each spectrum this was 

a minimum . This normalised i mpedance ([ZxyJF / [Zxy J100 Hz) is plotted 

versus log frequency as graphs 24a and b . 

Taking the uncertainty sho~~ into considera tion, the 7 plots on 

graphs 24 may be divided into three groups as foll ows . 

1) The three spectra on graph 24a taken a t 25 . 16 , 64 and 50 

degrees C on the Friday . 
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2) The three spectra on graph 24b taken at SO , 45 and 22 degrees 

C on the following Monday . 

3) The spectrum taken at 14 degrees C on Monday (graph 24b). 

Graph 25 shows generalised plots of the spectra of these three 

groups. 

iii) Discussion 

The data and graphs in t his section r aise the points expressed 

and discussed below. 

1) The anomalous behaviour at 25 .1 6 degrees C. 

a) The 25 degree determinations exhibit a phase shift more 

than t wice as large as the phase shift a t any other temperature studied . 

b) At any fre quency between 0 . 005 and 100 Hz , [Zxr] for the 

25 degree determination is anomal ously high when referred to the smooth 

curve which passes through the six other temper a ture points on a [Zxr] 

versus temperature plot . 

c) At 25 degrees C, t he normalised impedance spectrum, 

[Zxr]F / [Zxr ]100 Hz (from which the frequency effect may be determined 

by 

f . e . = 1 - 1j[Z]r,r ) , is closely comparable 
~ orm. 

with similar spectra a t 64 and 50 degrees C, taken on the same day . 

Points a , band c above suggest that either the temperature 

effects observed on [Zxr] and ~ are real, and that a determination 

made at 25 degrees C after all the others would show a similar effect 
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(which is extreillely unlikely since this would require an increase in 

11 from virtually zero to -10 degrees , and an increase in [Zxy] by a 

factor of 1 . 15 between 22 and 25 degrees C); or else , whatever produces 

the anomaly has a multiplicative effect on the impedance spectrum which 

is removed by normalising. This latter is entirely consistent vath a 

transfer of ions from the resin to the solution (i.e. to the 

mobilisation of ions formerly held immobile at the membrane surface), 

since removing cations from the double l ayer would lead to a decreased 

capacitive effect, and the presence of more mobile cations would reduce 

the resistance without necessarily affecting the dispersion. 

In f a ct the 25 degree determination was made first , only one 

hour aft er the cell had been filled, and the 64 degree determination 

second, six hours later. Thus , if a l atent ion release does occur, 

it might be a result of continued equilibra tion of the resin/electrolyte 

system*, or due to some effect of heating the resin for the first time. 

Since the normalised impedance spectrum for the 25 degree 

determination is not anomalous , if the hypothesis is correct it 

* It should be pointed out tha t equilibra tion of the resins with the 

electrolyte under consider a tion was done in all cases of resin 

cells by rinsing the resins with at least ten 100 ml aliquots of 

electrolyte, over a period of not less than 15 minutes . 

Despite the fact that Kunin and Myers (31) describe t he equilibration 

r a t es of sulfonic acid exchangers as "rapid" , it is possible that for 

t he systems under consi deration times of the order of hours are 

required. 
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suggests that the effect of an effective transfer of ions from the resin 

to the electrolyte may be represented simply as a constant term 

multiplying [Zxy] at each frequency . 

2) The effect of temperature on [Zxy] 

Graph 23b of [ZXy] versus temperature drawn ignoring the initial 

25 . 16 degree data, shows a smooth increase of [Zxy] wIth decreasing 

temperature . Regrettably at the time of writing no reliab le data could 

be found concerning the conductance of aqueous NaGl solutions as a 

function of temperature , but data for aqueous KGl was obtained from 

the work of Grinnel Jones (62) , for temperatures 0 , 18 and 25 degrees G. 

This was converted to a resistance normalised to 1, 400 ohms a t 25 degrees 

G, and plotted on graph 23b . 

Lakshminarayanaiah (32) state s re garding the conductance of 

membranes that liThe temperature coefficient of conductance is of the 

same order a s tha.t observed in aqueous solutions (about 2/o/degree G)" . 

A "reasonable" point (1000 ohms , 70 degrees G) was chosen, and a 

Curve plotted on graph 23b for the equation 

= 

which describes a conductance increase of ~% per degree . 

It can be seen from graph 23b that the ~b/degree conductance 

increase curve closely parallels the data for aqueous KGl , but that 

the resin data display a less steep resistive decrease with tempera ture 

above about 25 degrees C, and a considerably steeper resistive decrease 
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below 25 degrees . Graph 23c of log [Zxy] versus temperature emphasises 

the dissimilarity between the temperature effect on the impedance of the 

resin bead system and that for the aqueous resistance of KCl , and the 

resistance of membranes expected by Lakshminarayanaiah; only the 

resin displ aying any cur vature on the semi-log plot . 

The form of the temperature dependence of [Zxy] for the resin 

cell is not simple , and cannot be represented by the standard forms 

R ~ exp(B T) or R ~ exp(B(T-To)) ' nor is this curve linear on a log 

lo g plot . Clearly the t emperature effect on the magnitude of the 

i i lpedance is more compl ex than tha t expected by Lakshminarayanaiah , 

and possibly warran~ further investigation . 

iV) Geophysical Imnlications 

It is apparent from this study of tempera ture dependance tha t 

above 20 de grees C, the normalised impedance is essentially independent 

of the tempera ture . This is of some i mportance in the possible 

application of induced pol arisation effect to geotherma l prospecting 

since 

f . e . 

= 1 - 1/t Z]Normalised 

= constant . 

Thus the frequency effect is constant provided no property other than 

tempera ture is changed . 
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The other parameter commonly used by ~ield geophysicists is the 

metal ~actor . 

M. F. = 
[Z]Low - [Z]High 

([ ZJ L H[ Z]H· h) ow ~g 

= ~.e.j[Z]High 

But the temperature dependence o~ [Z] is given by graph 23b , and 

the metal ~actor must have the ~orm o~ the reciprocal o~ this since 

the ~requency effect is constant (see graph 26 o~ 1~ vs T) . This 

plot displays a sharp curvature below about 30 degrees C, but becomes 

nearly level at high temperatures , suggesting that the metal ~actor 

too is a poor parameter for geothermal prospecting . 

It should be remembered that only the effects o~ temperature 

on resin systems have been studied her e , and that the e~fects of 

pressure and the applicability of resin models to geothermal situa tions 

hcve not been investigated . 
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CHAPTER 8 

CLAYS 

A) Description 

Throughout the preliminary investigations the clay chosen was a 

Wyoming bentonite, selected for its large ion exchange capacity, ease 

of procurement , and its well eatagorised structure . 

The term bentonite was first applied by Knight (30) to a 

particularly high colloidal, pla stic clay found near Fort Benton in the 

Cretaceous beds of Wyoming . It has the unique characteristic of swelling 

to several times its original volume when placed in wa ter, and it forms 

thixotropic gels with v~ter even when the amount of bentonite in such 

gels is relatively small. Bentonites are particularly vddely distributed 

in the Tertiary (occurrine in Tertiary bedi in New Zeal and), and in the 

Upper Cretaceous . 

The dominant clay minera l component of bentonites is smectite* . 

Other clay minerals , particularly illite and kaolinite, are present 

in many bentoni tes, sometimes in amounts up to about 5Q~ of the total 

clay content. 

Grim (15) sta tes tha t "with regard to exchangeable ca tions , most 

bentonites that have been described carry Ca++ as t he mos t abundant ion. 

* The term smectite is used as a group name for all clay minerals with 

an expanding lattice, except ver miculite, while montmorillonite is a 

species name, speciI~cally indicatine a high-alumina end member of the 

smecti te group with some sli ght replacement of Al3+ by Mg2+ and 

substantially no replacement of Si4+ by Al3+ . 
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+ Only a f:ew are known to carry Na as the dominant ion, and of: these 

Wyoming bentonite is the main example" . Grim attributes the very large 

variation in properties observed amongst bentonites , partly to the nature 

of: the exchangeable ca tion, and states: - "The very high swelling and 

+ highly colloidal bentonites carry Na as the principle exchangeable c ation. 

The 7/yoming bentonite is an example of: such a bentonite ." 

In Chapter 7 of: his book "Clay Mineralogy" Grim gives an excellent 

discussion of: the f:actors af:f:ecting ion exchange in clays . Some pertinent 

points made by him are reproduced below . 

The clay minerals have the property of: sorbing certain anions and 

cations , and retaining them in an exchangeable state . The exchange reaction 

proceeds with very little heat evolved, usually of the order of 2 kcal/mole . 

The exchange reaction generally does not at:f:ect t he structure of: the 

silica- a lumina clay mineral structural unit . 

Smectites have cation exchange capacities between 70 and 150 

meq*/100g determined at neutrality, and the value f:or Wyoming bentonite 

is around 77 meqj100g (16). Grim ascribes the majority of the cation 

exchange capacity of smectites to substitution within the l attice of: 

, 2+ 3+ 3+ 4-t 1:!g f:or Al and to a lesser extent Al for Si • Broken bonds 

at the particle edges account f:or about 2q!b of: the exchange capacity 

while exchange of the hydrogens of: exposed hydroxyls is not considered 

i mportant for smectites. 

* milli equivalents per 100 grams of: clay. 
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Clay concentration 

Grim observed that the cation exchange capacity of montmorillonite 

may vary with the concentration of the clay, particularly at relatively 

high concentrations. Mitra et al (47) show the cation exchange capacity 

of Indian bentonite to increase from 81 to 103 meq/100 g as the clay 

concentration increased from 0 . 25% to 8 . 80% . 

Ca tionic form 

The ion exchange capacity may also vary yvi t.~ the nature of the 

cation, and data of Mitra et al (47) shows a considerably larger exchange 

capaci ty when determined with Ca 2+ than with Na + for Indian bentonite . 

Mering and Glaeser (44) point out that the negative charges on the 

clay mineral can be neutralised locally only by monovalent cations . 

Thus saturation of the mineral by divalent or polyvalent cations 

inevitably creates deficiencies of local neutralisation . The cations can 

solvate or hydrate only when they are detached from the silicate units, 

and the cations can detach themselves only ,men t hey do not participate 

in local neutralisation. Monovalent ca tions carmot detach themselves and 

therefore cannot solvate . As a consequence, clay saturated with poly­

valent ca tions has relatively greater stability in the solvated states . 

These authors showed tha t when there is less than about 3~& calcium 

on a montmorillonite containing Ca2+ and Na+ , the Ca2+ ion is not 

effective; in other words the clay acts as if completely saturated 

with sodium. 

A sample of Wyoming bentonite analysed by Grimshaw (16) has a 

total cation exchange capacity of 76 . 5 meq/100g with ca tions present in 
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the following percentages . 

Ion Ca2+ Mg2+ Na+ K+ H+ Total 

% 23 . 2 19 . 4 50 .7 4 . 3 2 . 5 100 . ~ 

Particle size 

According to Grimshaw (16) bentonites are , for the most part, of 

extremely small size . The larger proportion of clay particles are less 

than 0 . 05 microns and those that are above this size are probably 

agglomerates . I n watery suspension, the ultimate size of montmorillonite 

particles is probably only a few Angstr oms . Commercial bentonites often 

contain a proportion of non-plastic material which is of comparatively 

l ar ge particle size . 

The effects of grinding 

Kelley and Jenny ( 29) show that grinding clay minerals as well 

as non-clay minerals causes an increase in cation exchan ge capacity . 

This effect is quite marked and it would appear that in order to 

prepare reproducible clay systems , any stirring must be done carefully 

to avoid grinding the clay . 

The effect of heating 

In general montmorillonite appears to display a small ne gative 

temperature coefficient of the ca tion exchange capacity . The nature 

of the exchangeable ca tion has a marked effect on the hi gh temperature 

behaviour, and Grim quotes the work of nofmann (21 , 22) in which the 

temperature effect of the cation exchange capacity of Ca, Na and Li 

montmorillonite was studied . Hofmann ' s data indicates a gradual loss of 
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cation exchange capacity on heating to 3000 C for the calcium 

o 0 montmorillonite and an abrupt drop between 300 and 390 C. The 

o sodium clay shows a very slight drop to 300 C and only a moderate one 

o 0 between 300 and 390 C, but the li thium montmorillonite shows a 

marked decrease in the ca tion exchange capaci~ on heating to only 

1050 C. Hofmann interprets this data to mean that when a clay is heated 

the exchangeable cations tend to move inside the montmorillonite lattice . 

Lithium is a small ion and can fit easily into the structure , possibly 

into vacancies in the octahedra l sheet, and consequently only a small 

temperature is required for the shift into the structure (14) . Because 

+ 2+ Na and Ca are large ions and would fit with grea t difficulty into the 

structure , a high temperature would be required for t he move . 

This property of montmorillonites to "fix" small cations within 

t he l a t t ice at elevated temperatures suggests ~hat a useful experiment 

in the stu~ of the fre quency dispersion of clay sys tems might be to 

observe the frequency spectrum of a lithium montmorillonite to tempera tures 

of t he order of 105°C (at an eleva ted pressure) . 

Clogging of exchan ge positions 

The development of a luminium on the exchange positions reduces 

the exchange capacity of montmorillonite clays . This is in part due to 

damaging of t he l a ttice, but also in part to clogging of the exchange 

positions by A13+ . Grim point s to unpublished work by G. Michelson as 

3+ suggesting tha t t he movement of Al from positions on the l attice to 

exchange positions is f acilita ted by drying . So long a s the sample is 

not dried, the amount of movement is relatively small . 



Unfortunately the bentonite sample used in this thesis was dry, 

and may have been dry for a number of months or years . The preparation 

of clay/sinter systems (Chapter 9) also , necessarily involves a wetting 

and drying to bond and weigh the clay on the sinter . Thus the exchange 

positions of the clay under study may well be extensively clogged with 

aluminium, and its exchange capacity so reduced . Before any quantitative 

analysis of data from clay cells can be made , it will be necessary to 

determine the exchange capacity of the clay in question . 

Replaceability of exchangeable ions 

The matter of ca tion replaceability is of great importance , both 

in the preparation of clays and wi~~ regard to I . P. effects . Briefly, 

some of the fa ctors which affect replaceabili~ are as follows . 

The effect of concentra tion is complex . Kelley (28) sta tes: 

H-ili th ca tion pairs of about similar replacing power and of the same 

valence , such a s K+ and NlI4-+ ' or Ca++ and Ba++ , dilution ha s relatively 

li ttle effect on exchange, while with cations of different replacing 

d d Off t 1 fIN + C ++ NH + C ++ power an l eren va ence , or examp e a vs . a , or 4- vs . a , 

dilution produces marked effects on exchange . " 

Both the na ture and number of the complementary ions filling the 

remainder of the exchange positions have an effect on the exchange 

kinetics . This too is compl ex, but for calcium, t he smaller the 

concentration of exchangeable cation on the exchange positions , the 

more difficult the calcium is to release . For sodium the reverse occurs . 

Thus it seems that it would be ea sier to prepare a calcium montmorillonite 

from one containing exchangeable sodium, than to prepare the sodium form 
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from a clay partly in the calcium form. 

Numerous investigators have found that the replaceabili ty of a 

given ion varie s with the nature of the anion that mi ght be present . 

In general, also , the replacing power of a ca tion tends to increase 

with the valence and size of the ion, and a rough guide to replacing 

powers in clays is given by the following series. 

Mg > Ca > K > Na ') Li 

Anion Exchange 

The exchange of crystal l a ttice anions as well a s cations is also 

quite possible, and in certain cases t he exchange of both anions and cations 

may occur in the same crystal . Substances exhibiting t he l atter phenomenon 

are called amphoteric exchangers . Grim gives a value of 23 meq/100g for 

the anion exchange capacity of 'i/yoming bentonite , this ind.icating a ratio 

of ca tion to anion exchange capacity of about 6.7. It is important to 

realise t hat this amphoteric behaviour exists, and that clays are 

f undamentally different from ion exchange resins in displaying an anion 

exchange capacity . 

B) Prepar a tion 

i) Cleaning 

The sample of Wyoming bentonite used in t he preliminary investigations 

was received dry, and consisted of a light yellow powder interspersed with 

about O . 1~ sand. To remove this sand t he technique shown in Fi g . 15 was 

developed . Sand free clay was placed in vessels and t he clay allowed to 
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Air from a compressor is passed 

through acetone, alcohol and water, 

to remove oil, and then passed gently 

through a thin clay/sand slur~ in 

a large separating funnel. Sufficient 

disturbance is created by the passa ge of air bubbled to keep the 

clay dispersed, but the sand settles slowly out. Vibration is 

accopplished using a variable speed electric motor fitted with .. 
an eccentric bit, its purpose being to let the sand particles 

that settle on the sides of the vessel pass to the bottom by reducing 

the coefficient of friction between the sand and the glass. An 

estimated 9~ of the sand is removed by this process if allowed to 

continue for 48 hours. 



settle out over a period of weeks, after which time most of the water 

could be decanted off leaving a thick clay slurry . 

ii) Exchanging of clays 

The foregoing discussion indicates the necessity of finding a 

technique suitable for exchanging the Wyoming bentonite sample into a 

reproducible cationic form . The clay itself cannot be percolated with 

electrolyte as the clay either passes through or completely blocks any 

sieve designed to retain it . Normally clays are bonded to sand, and 

exchanged by percolation in a column, but this was considered impractical 

since the clay must be removed from the sand and collected again somehow . 

Exchange cannot be accomplished by decantation of several volumes of 

electrolyte, as the clay takes several weeks to settle . 

The technique adopted was to exchange a quantity of 20- 50 mesh 

Dowex 5011 - X8 ion exchange resin to the desired cationic form, add to 

this a slurry of about 5,% clay in either the desired electrolyte or 

distilled water, and stir gently for 24 hours . The amounts of clay 

and resin used were calculated such that the number of cation exchange 

sites on the resin was greater than ten times that on the clay, based on 

values of 5 meq/g for the resin and 0 . 1 me~g for the clay. 

To test the effectiveness of this method of exchange, D. 'I right 

(61) performed atomic absorption experiments on a montmorillonite believed 

to be Wyoming bentonite . The percentage calcium and sodium in the clay 

(assumed to be only at exchange sites) was determined before and after 

a sample was exchanged by the method described above . (The slurry was in 

distilled water) . The results are as follows . 
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af'ter exchange 
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Na 

7.74 meqj100g 

64. 5 meqj100g 

Thus the exchanged sample has gained 

and has lost 

64. 5 - 7 . 7 = 56 . 8 meq Na+ 

28 . 4 - 0 . 2 ++ = 28 . 2 meq Ca 

+ = 56 . 4 meq "Ca " 

Ca 

28.4 meqj100g 

0 . 2 meqj100g 

The exchanging process has exchanged all calcium f'or sodium 

within (100)(0 . 4)/(56.8) = 0 . 7.% . Although not tested, it was assumed 

that exchanging in an electrolyte containing the desired ca tions would 

further a ssist the exchange process . Also , as stated on p . 85, the 

reverse process of' exchanging calcium for sodium should go to completion 

even more readily . 
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CHAPTER 9 

PREPARATION OF SINTER/CLAY SYSTEMS 

A) Preparation of Sinters 

i) Introduction 

Vacquier (54) has stated that little or no I .P. effect was 

observed for clay slurries or massive clays, and that an effect was 

obtained only after a slurry was dried onto an inert framework, and the 

whole rewetted with electrolyt e . It is necessary that the framework 

provided be reproducible and be avai lable in a range of pore dimensions 

in order to study the effect of this parameter . Vacquier accomplished 

this by using various mesh sizes of sand, in beds, but the lack of 

reproducibility and the possibility of disruption of the matrix during 

re- equilibration with different electrol yte concentrations , has prompted 

the use in this thesis, at least initially, of glass sinters onto which 

clay may be emplaced . 

ii) External dimensions of sinter framework 

It is reasonable to suppose that the I .P. effect of a clay/ 

sinter/electrolyte system behaves as Conrad Schlumberger (51) observed 

the I .P. effect in the field t o behave , the normal effect of wet soils 

being a bulk property of the s oil , and not due to the interaction of the 

earth with the electrodes . Tha t is, within certain other boundary 

conditions, the larger the clay/sinter system, particularly the l onger 

the current path, the larger the effect expected. 
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There are two reasons why the optimum sinter should be highly 

resistive, and thus why the sinter should be thin as well as long . In 

the first place it is desirable to minimise the effects of series 

resistances , primarily that of the electrolytic path between the sinter 

and the potential electrodes, by maximising the resistance of the 

sinter . This may be accomplished either by increasing the length or 

decreasing the cross section. Secondly, since the determina tion of 

impedance is made by observing the voltage across the sinter, and since 

the I . P. effect is suspected of behaving in a non-linear fashion at 

high current densities (39,5~) it is desirable to have a highly resistive 

sinter and thus ensure a measurable voltage at low current densities . 

To minimise the current density , for a given voltage response the length 

must be increased. 

It is also desirable to have a highly symmetric sinter in order to 

simplif,y any mathematics involving the distribution of current. 

In consideration of the points above , the shape of sinter 

selected was a long axis right cylinder. 

iii) Practical 

The actual preparation of sinters was based on unpublished work 

by C. D. Taylor (53) . Sinters are prepared by grinding pyrex glass 

and firing this in a mould . Taylor stresses the importance of maintaining 

a uniform quality of pyrex glas s in the ground glas s and in the cylinder 

into which the sinter is to be sealed. It is necessary to grind fresh, 

clean glass , a s an aging process in the gl a ss (possibly devitrification) 
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prevents a good seal being made with the new tubing . Grinding was 

accomplished in an N. V. Tema T100 iron ring inertial grinder, grinding 

j
d ' 

for a few seconds at a time sieving each time through a 52 B. S. M. 

sieve, the coarser particles being returned for further grinding until a 

considerable quantity of ground glass was obtained. This ground glass 

was sieved through five standard sieves of British Standard Mesh, 

52, 100, 150, 200, 300, by far the greatest amount being of particle 

size smaller than 300 mesh . The ground gla ss so obtained contained a 

large amount of visible impurities , possibly some of which were iron 

contaminants derived from the Tema . A comprehensive cleaning process 

wa s employed for each mesh size as follows . The gla ss was first washed 

in several aliquots of tap water to remove any floa ting or very light 

~articl es by decantation. Several aliquots of concentra ted hydrochloric 

acid were then added, ti1e whole being heated to remove any metallic 

contaminants. A conc. H2S0~alcohol mixture was used to remove 

oxidisable contaminants . -fhen the glass could not be cleaned completely 

by t his process, a strong sodium hydroxide solution was used in which the 

insoluble material could usually be suspended sufficiently to make 

decantation possible. Acetone then alcohol were used to remove organic 

contaminants on the glass surface , and t he glass finally washed with 

several litres of distilled water by percolation in a column. 

The initial sinters (numbers 1 and 2) were prepared in a mould 

made of brass (Fi g . 16a) , because of the ease with which this metal may 

be worked, and these wer e cylinders approximately 3 . 2 cm long by 1 cm 

diameter . Since the zinc content oxidises at temperature and invariably 
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discolors the surface of the sinter, another somewhat l arger mould was 

prepared from stainless steel , having the shape shovm in Fig . 16b . 

The moulds were filled with cleaned, graded ground glass , 

packed as tightly as possible . Initially this was accomplished by 

simply tapping the mould sharply, but with the l arger stainless steel 

mold this was thought not to produce sufficient settling, and the 

mould was filled by pouring a glass/alcohol slurry into it . The 

glass was then settled by pouring a lcohol through the mould while gently 

shaking the mould from side to side. Before firing, the alcohol had to 

be entirely removed by evaporation substantially below its boiling point 

to prevent the formation of vapour bubbles . 

Taylor conducted experiments to determine the effects of time 

and temperature on the sintering process and concluded tha t "in all cases 

a change of a few degrees in temper ature had more effect than even 

doubling the time . As a result the standard t ime chosen for all grades 

of gl ass was 15 minutes, chosen since this lengt h of t ime was not tiresome , 

and it a llowed well for i nequalities of temperature, either locally in 

the fUrnace or due to l ag i n heating elements, both being f actors of 

great importance when temper ature control is critical." He gives 

optimum firing tempera ture s a s follows, 

British Standard Mesh 

100- 150 

150- 200 

200-275 

275-325 

Temperature , degrees C 

810 

800 

790 

780 
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for sinter discs. These temperatures were found by experiment to be 

roughly applicable to the long axis cylinders under consideration . 

Figure 17 shows the oven system used to fire all except the 

preliminary brass mould sinters. The thermostat and temperature 

ther mocouples are separate, the temperature being continuously recorded 

on a Honeywell "Elektronik 1511 r ecorder using a Ni/Cr v Ni/Al thermocouple 

with ice-water cold junction, situated near the top of the mould to 

register the maximum tempera ture. 

Sinters 1 and 2 were prepared from 52-100 mesh ground pyrex, 

fired i n the brass mould at 845 degrees C for fifteen minutes . The 

porosi ties of these sinters were determined by comparing the weight in 

air with that in water after all the air had been removed by 

evacuation, and for each the porosity was of the order of 4(}~ . The 

sinters were mounted in the configuration shoy.m in Fi g . 14a, and 

are henceforth referred to as sinter cells 1 and 2 respectively. 

Sinters 3 and 4 were prepared in the stainless steel mould, 

the mould being packed with 100-200 mesh ground pyrex using alcohol. 

Each was left in the furna ce for about 22 minutes , until the temperature 

rea ched 810 and 805 degrees C r espectively . These cells were cut to a 

uniform size using a diamond saw, and sinter cells 3 and 4 prepared as 

shown in Fig . 14b. The porosity of each was determined as before and 

sinters 3 and 4 show 41 and 4~ porosities re spe ctively. 

Sinters prepared in both the brass and stainless steel moulds show 

considerable surface pitting in all cases except one sinter prepared from 
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52- 100 mesh spheres of soda glass* , probably due to the rather large 

amount of force necessary to remove sinters from the moulds . For both 

moulds the force required when cold was greater than that when the 

mould was as hot as was practical , and this effect was ascribed to the 

much greater thermal expansivity of both brass and stainless steel , 

than glass . Even with the mould as hot as i t could conveniently be 

handled the force required to remove the sinters frequently resulted in 

broken sinters and always in surface pitting . 

In an attempt to circumvent expansion problems , a mould was 

constructed from pyrophyllite - selec ted for its high mechanical strength 

on firing, and its extremely low coefficient of thermal expansion . While 

none were in fact used, t his mould was found to pro duce excellent sinters 

displaying a high strength and negligible surface pitting . Considerably 

less force wa s required to remove these sinters than from metal moulds . 

It is suggested therefore t ha t ceramic moulus be used in future 

prepar a tions of sinters . 

* Regrettabl y soda glass sinters could no t be used with the pr esent cell 

design as ground gl ass joint s were only available in pyrex glass , 

the difference in thermal properties between the t wo being so great 

as to make bonding impossible . In all other respects, however, the 

soda glass sphere sinter behaved ideally, i t s mechanica l strength 

being severa l times greater than t~~t of ground pyrex sinters, while 

the porosity wa s about the same (391~ ) . The f a ct that the sinter was 

composed of gl ass spheres, too , means tha t the pores have a far better 

defined shape than do t ho se in a sinter of fra gmented gla ss . In 

future work it would be highly desirable to use s i nters prepared from 

spheres . 
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B) Bonding of Clays to a Sinter Framework 

Grim (15) has observed that "in the case of sand-clay-water 

systems, the maximum bonding force is developed when the sand and clay 

are wet with an extremely restricted amount of wat er . With a very small 

amount less or more than the optimum amount of water , the bond is greatly 

reduced . II In spite of this Vacquier (54) used, apparently successfully , 

three methods of bonding clay to sand, each having little control on the 

water content of the clay . The first of these is to mix dry, weighed 

amounts of clay and sand by tumbling , which apparently causes the clay 

to stick sufficiently to the sand so that when the sample is wet it 

immediately exhibits an LP. effect. The second method, used when the 

clay makes a homogeneous slurry, is to force a slurry through the 

sand with an a spira tor , let the whole dry , break up the resulting cake, 

place in a sample holder and re-wet . The third method is simply to wet a 

clay/sand mixture vvith distilled water, let it dry then re-wet with the 

electrolyte under consideration . 

Fortunately Wyoming bentonite forms a homogeneous slurry and 

Vacquier ' s second method can be used to introduce clay to the sinter, 

but the others cannot. Nor can Grim' s method be used since a clay 

wi th an II extremely restricted" amount of water cannot be made to pass 

into a sinter. 

The practical considerations involved with the preparation of 

clay/sinter systems are as follows . 
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i) Thiclmess of slurry and method of introduction 

When situated in a cell (as shown in Figure 14b) a thin slurry 

of about the viscosity of milk could be poured through the sinters at 

the rate of about one drop per second with no apparent filtering out of 

clay . Slurries much thicker than this do not pass at all , and when 

a ttempts were made to suck thick slurries t hrough a sinter under vacuum, 

the suspension passed for a few seconds then ceased as an impermeable 

l ayer of clay was deposited on the top face of the sinter . The best method 

of introducing clay was found to be by immersing t he sinter in a cleaned 

clay suspension of about 5~ by weight in a desiccator , and evacuating . 

I n this way the sus pens ion was able to penetrate all the pore volume 

of the sinter, ensuring a uniform deposition on drying . 

ii) Drying temperature ~Dd time 

The data in Grim (15) suggests that the cation exchange capacity 

and structure of sodium and ca lcium Wyoming bentonite is substantially 

unaffected by prolonged heating to tempera tures of the order of 150 

degrees C, (but that , particularly hydrogen form clays, might be 

susceptible to clogging of exchange sites by Al when dried) . As such 

t he first three cells were prepared by drying clay in the Na or Ca form 

a t 160 degrees C, to constant weight (normally about 12 hours) , however 

subsequent experiments show that the frequency di spersion might be 

seriously diminished by such temper atures, and the final cell was dried 

a t 90 degrees C for 12 hours . 
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iii) Cationic form of the clay 

Grim (15) has observed tha t a major cause of the wide variation 

in properties observed among bentonites is the nature of the exchangeable 

ion, and notes a tendency towards dispersion of sodium f orm Wyoming 

bentoni te o 

Vacquier (54) observed a diminished tendency of clays to bond 

in the sodium form and states : "A strong salt solution can be used to 

saturate the cl ay with a particular metallic ion as long as the solution 

does not contain sodium or potassium. In the case of Na or K dispersion 

of tne ion saturated clay occurs when dilute solutions are introduced 

l a t er into the solution . " This effect was in fact observed, and 

grea ter quantities of clay v~re bonded to identical sinters when t he clay 

was in the Ca r a t her than Na form . 

iv) Nature of re- wetting electrolyte 

It is known that uptake of sodium by Wyomint; bentonite in the 

exchange positions causes the clay to swell , and that the sodium Wyoming 

bentonite has considerably more colloidal character than the ca lcium 

form. As such, since the re- wetting of a calcium clay with NaC l 

electrolyte would cause an equilibrium exchange reaction, a number of 

change s would occur in the clay, possibly involving swelling, strain, 

fragmentation and dispersion . It is proposed to eliminate this complexi~ 

in the initial exper iments by re- wetting wi tn electrolytes of the same 

cation as the clay predominantly holds in the exchange positions . 
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MORE SEN'S ITIVE MEASURING TECHNIQUES 

CHAPl'ER 10 

THE NEED FOR MORE SENSITIVE MEASUREMENT OF r zJ AND g 

i) The dispersion of clay/sinter/electrolyte systems 

The impedance spectrum of sinter cell number 1 containing no 

clay was run as a normal using the oscillator/oscilloscope technique . 

The sinter vva s filled by evacuating t he cell in 0 .025M NaC l in a 

desiccator , and the follo\ung response was observed in that electrolyte . 

I 0 negative phase shift attributable to the cell was observed between 

0 . 005 and 500 Hz, but a positive phase shift was observed above 500 Hz 

due t o miss- matching of the oscilloscope channels . [Zxy] was constant 

4 + rr1 wi thin experimental error a t a value of 1 . 1 x 10 ohms - 7/0 between 

0 . 005 and 1 , 000 Hz. 

This cell was then trea ted with clay by evacuating in a 2fo slurry 

of cleaned clay in the form a s received and dryin g in an oven a t 160 

degrees C. A r a ther small amount of clay, estimated at ab out 20 mg* 

was deposited on the sinter . This cell was then equilibrated with O. 01 M 

NaCl in which electrolyte the frequency response of both [Zxy ] and ~ 

wa s observed to be fl a t within experimenta l error using the oscillator/ 

oscilloscope technis.ue between 0 . 005 and 100 Hz . 

It is clear tha t i f the i mpedance effect of this cell is to be 

studied, a more sensitive measuring technique must be found . 

* See note on p . '~\ . 
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ii) Hewlett Packard solid state voltmeter 

The limit of accuracy in impedance measurement using the 

oscilloscope, is that with which the amplitude of the voltages can 

be determined (assuming the oscilloscope behaves linearly and that 

all ranges on both channels are calibrated) . The oscilloscope display 

is divided into centimeter grids , being 6 cm high and 10 cm wide , and 

the accuracy wi th which the ampli tude of the voltage can be read is at 

best! 0 . 1 cm (! 1 . 7.% full scale) and typically: 0 . 2 cm (! 3.3,% full 

scale) . * 

A Hewlett Packard (427A) solid state high impedance voltmeter 

wa s obtained which has the f ollowing advantages and disadvantages over 

the oscilloscope as a voltage measuring device . 

Advantages 

1) Reading accuracy of : 0 . 1% full scale . 

2) Input impedance of 10 Megohm (as compared with 1 Megohm 

for the oscilloscope) . 

3) Measures both D.C. and A. C. voltages and t hus can operate 

to infinite fre quencies . 

Disadvantages 

1) The wavefor m is not displayed and thus there is no check on 

distortion of the sine wave or on the noise level . Also readings must 

* The trace itself is approximately 0 . 2 cm wide and a determination 

of the top and bottom of the wave must be made in order to determine 

the amplitude. 
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be taken as the maximum occurs and at very low frequencies one cannot 

leave the machine to produce a wave and measure it later . This problem 

can be partially alleviated by making simultaneous oscilloscope and 

voltmeter determinations , but this eliminates the advantage of a higher 

input impedance . 

2) A. C. measurements can be conducted only down to 10 Hz and 

D. C. up to 0 . 1 Hz because of the time constant of the A. C. to D. C. 

converter and the ballistic properties of the meter , respectively . 

This leaves a two decade region where no readings can be made . 

3) There is only one instrument and thus readings must be made 

alternately across the cell and the standard resistor . For very low 

frequencies, several hundred seconds may pass between these bvo 

readings and accuracy may be limited by lack of stability of the 

oscillator voltage . 

~) Single channel operation also means that no measurements 

of the phase shift can be made . This is not a great disadvantage since 

the determina tions of ~ made on the oscilloscope are insufficiently 

precise even for resin cells, and a new method must be found . 

The solid state voltmeter (S . S.V. I,I. ) was calibrated extensively 

in the D. C. ranges using a Cambridge type ~228 potentiometer to supply 

standard voltages, and in the A.C. ranges using the Philips function 

generator \vi th its output tapped across a Bourn "Lab-Pot" . ;~ The prime 

* Effectively a linear ten turn potentiometer . 
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requirement of these calibrations was that the SSV1~ behave linearly 

within a voltage range, and r ead consistently amongst the ranges . For 

both the A. G. and D.G. ranges the meter was linear within the reading 

accuracy (! 0 . 1% full scale), and the calibration amongst ranges was of 

the order of a few percent full scale . 

The voltage observed for a fixed potentiometer setting as the 

frequency was vari ed, changed quite considerably, and this effect was 

measured on both the A. G. and D. G. ranges 0 . 1, 1 , and 3 volts full scale, 

for fre quencies from 0 .005 to 5, 000 Hz . This latter calibration is in 

fact unnecessary as t he impedance is determined by a ratio of voltages, 

and vmatever calibration factor is involved cancels; however these 

measurements served to indicate the upper most frequency at which voltages 

could be determined wi th ac curacy on the D. G. ranges , and the lowest 

frequency on the A. G. ranges . 

A number of determina tions were made on both clay and resin cells 

using t he SSVM and oscilloscope simultane ously, but it soon became 

apparent that a lthough the measuring a ccuracy was increa sed about tenfold 

a) The clay/sinter/electrolyte systems currently under study showed 

little i mpedance dispersion . 

b) Measurements of voltages a t very low f requencies using the SSVM 

in its D.G . mode were extremely t ime consuming and f atiguing on the 

eyes . 

c) The present methods of determining t he phase shift were insufficiently 

a ccurate . 
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iii) Accuracy considerations in [Z] and ~ 

At this stage the accuracy with which [Zxy] can be determined is 

considerably greater than that for~, and there is little point in 

increasing the accuracy of the determina tion of [ZXy] since any 

subsequent mat hematical trea t ment of the data would be limited in 

accuracy by errors in ¢ almost exclusively . 

This is so since the most fundamental way of treating impedance 

data is to determine the real and imaginary parts of the complex 

impedance (see p.126) 

The parameters determined in thi s study are, 

[ z] 

¢ 

= 

= 

(R2 + x2)t 

- 1 
t an (x/R) 

and X and R are rel ated t o t hese by 

R = [Z] cos ¢ 

X = [Z ] sin ¢ 

If a , b , r and x are the errors in [Z] , ¢, R and X respectively, 

the errors in R and X cau sed by errors i n t he independent observation of 

[ Z] and ¢ are as follows . 

R ~ r = ([Z] ! a)(Cos(¢ ~ b)) 

but Cos(~ 1: b) = Cos ¢ Cos b :t Sin ¢ Sin b 

= Cos ~ ! Sin ¢ Sin b 



(if b is of the order of a few degrees as is the ca se for the oscilloscope 

determinations, Cos b = 0 . 999 and may be ignored) 

x ~ x = ([z] ~ a)(Sin(¢ ~ b» 

but Sin(¢ ! b) = Sin ¢ Cos b ~ Cos ¢ Sin b 

= Sin ¢ ! Cos ¢ Sin B 

For t he oscilloscope t he error in [Z] i s of the order of ~ and 

the error in ¢ ! 2 . 6 degrees . For a (large) phase shift of 10 degrees 

R ~ ([ Z] + ~~)(Cos 10 ~ Sin 10 Sin 2.6) r = -
([ z] + 5fo) (0 .9848 ! O .~) = -

(a2 + b2y~ 
1 

r = = (25 + 0 . 64)2 

= 5. 00;1 

x ! x = ([z ] ! ~~) ( Sin ¢ : Cos ¢ Sin b) 

= ([z] + 5~)(0 . 1736 : 2e~) 

1 

r = (25 + 6, 760)2 

= 26 . 05'l~ 

Increasing the measuring accuracy of [Z ] to, say, + 1% 

1 

r = (1 + 0 . 8)2 

= 1 . 34% 
1 

X = (1 + 6760)2 

= 26 .0c% . 
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Since X and R are equally represented in the expression ~or the 

complex i mpedance, ~or maximum a ccuracy in the determination o~ Z, x 

and r should have similar values, necessitating an increase in the 

accuracy o~ X (x) and hence in the measuring accuracy o~ ~ (b) . 

iv) Conclusions 

On the basis o~ the considerations in this chapter, an entirely 

new measuring system was designed and built, with the intention o~ 

obtaining values for R and X down to 0 . 001 Hz and to a t lea st 100 Hz, 

¥uth an accura cy of better than 1%. 
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CHAPl'ER 11 

THE MEASUREMENT OF r zxJ 

i) D. C. measurement of voltage 

A Honeywell "Electronik 194- Single Pen Lab Recorder" was used 

as a voltage measuring device , the voltage being measured across a standard 

non- reactive r esistance and the potential electrodes of the cell , 

alternately as for the SSVM. This model was selected for its extremely 

fast response time, and can be used up to about 2 Hz with very high 

accuracy . This recorder also ha s the advantage of hi gh sensi t ivity 

(up to 0 . 1 mV full sca le) and high measuring accuracy (~ 0.4b full scale) . 

The input impedance of t he recorder is only 2 Megohms , and since 

the sinter cells have an i mpedance of the order of 105 ohms , a voltage 

follwer was required to ensure measuring accuracies of better than 0.1;b. 

Since neither of the potential electrodes are at ground potential, a 

t win channel voltage follower was constructed which refers the potential 

a t each electrode to ground, t he difference in these voltages being t aken 

to the chart recorder . The effective input impedance of t his follower is 

of t he order of 4-00 Megohms . 

The circuit used to measure D. C. voltage is shovm in Fig . 18 . 

Impedances a re determined by makinG alterna te measurements of the peak 

D. C. voltage of the sine wave across the cell , and tha t across a 

Sullivan Jon-reac tive decade box~' adjusted to have the same impedance 

* The reactive component of this decade box was measured using the 

Hayne-Kerr bridge , and found to be negligible . 
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as the cell at about 0 . 5 Hz . In this way maximum accuracy may be obtained 

by initially adjusting the oscillator voltage to give an approximately 9q1o 

of span peak to peak sine wave for both the reference and cell voltages*. 

The cell and the resistive reference are connected to the follower by means 

of a double pole double throw (DPDT) svdtch, both the switch and the 

follower being housed in an aluminium case which acts as an electrosta tic 

shield . 

ii) Peak to peak voltage measurement 

The D.C. voltage circuit (Vue) opera tes up to 2 Hz, and the SSVM 

can be used to measure A.C. voltage s down to 10 Hz, but it was consi Ciered 

desirable to measure impedance in the missing region and to provide a 

rea sonable overlap of measurlllg techniques in order to determine a 

continuous spectrum. 

The device eventually built is shovm in Fi g. 19. The output of 

the voltage follower is connected by a switch, instead of to the chart 

r ecorder, to an amplifier with gain adjustable from 2 to 100. The output 

of this amplifi er is fed into a pair of reversed diodes , one passing the 

positive half cycle 2~d the other the negative, and t hen into a pair of 

very l arge capacitors. Because of the high reverse resistance of the 

diodes , charge escapes only slowly from the capacitors, and each capacitor 

* Al though the chart recorder Y/as extensively calibra ted using a 

Cambridge type 44228 potentiometer to supply D. C. voltage s, and Vias 

observed to behave linearly, the mechanical dampinG of the pen mount 

will introduce some non-linearity, and tr~s effect is minimised by 

maintaining the two voltages at similar amplitudes . 
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stores the maximum value of t he particular half wave v oltage minus a 

threshold voltage (approximately 0.65 v) , below which the diodes pass 

no forward current . The voltage that appears across each capacitor obeys 

the relation 

where 

v' = aV - V o 

V' = observed voltage 

V = applied voltage 

Vo = threshold voltage 

a = amplification 

The volta ges that appear across the cell and the reference resistor 

are observed alternately in this f a shion, thus 

[ZnJ/R = Vn/VR 

= (V ' + V )/(VR' + V ) coo 

V may be determined by plotting a current versus voltage chart 
o 

(graph 27) and interpolating values on tr~s, ho¥ever with only a small 

decrease in accuracy, a constant value of 0.65 volts can be used . 

Three l eakage effects combine to reduce V' with time , a..'1d thus 

give the system a finite (but long) time c onstant, limiting the lowes t 

frequency at which the device can be operated . These lealmge paths are 

shovm on Fig. 19, hOVlever the only l eakage of significance is tha t across 

each capacitor . Thus in selecting capacitors , two f actors must be t aken 

i nto consideration . First , the l arger t he leakage, the smaller is the 

discharge time constant . Secondly , the larger the value of the capacitor, 

the more coulombs it will store for a given voltage , and the smaller the 
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effect of a current leak will be on the stored voltage level (and 

thus the longer t he discharge time constant) . To maximise the discharge 

time constant, a large, low leakage capacitor is required . Unfortunately , 

in general , the larger the capacitor the larger is its leakage , however by 

experiment a capacitor was found (3200 micro f ar ads - electrolytic) for 

which peak to peak voltages co~ ld be determined with precision dovm to 

0 . 1 Hz, and sa tisfa ctorily down t o 0 . 01 Hz . 

Fig. 20 shows roughly t he form of the voltage a cross the various 

element s of t he peak t o peak voltage measuring device . The solid line 

closely resemble s t he form a ctually ob served when determinations are made 

at low fr equency. The vol tage across the capacitors is measured using 

t he Honeywell chart r ecorder , and can be determined with about the same 

precision as for t he "D.C. wave". Because of t he very l arge va lue of 

the capacitance the charging time cons t ant of the system is long, and the 

voltage measured across the capacitors on the chart r ecorder has a 

roughly exponential envelope with a time constant of the order of 

minutes . Observations a t a ll fr equencies down to 0 . 1 Hz show that the 

voltage seems to r each 99 . 9,% of i ts final value after 10 minutes , while 

for 0 . 01 Hz a reading i s bes t t aken after an integr al number of half 

cycles ( about 18) ha s passed . Thus, to minimise errors (since the 

voltages are to be used in a r ati o) , readings were taken at a constant 

time aft er the capacitor was connected , and for conveni ence this time 

was selected a s 10 minu tes . Be t ween each reading both capacitors were 

short circuited using a switch , and t he chart recorder re-set to zero . 

This technique was found to work well enough, but was extremely 

time consuming since 20 minutes must be spent a t each frequency . 
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iii) Measurement of A. C. vol tages using the Hewlett Packard SSVM 

At frequencies above 10 Hz , the SSVM could be used to determine 

A. C. voltages across the cell and resistor alternately by using the 

voltage foll ower and switch as for the D. C. and peak to peak (V ) pp 

voltage measuring techniques . 

As with V , this system has no theoretical upper limit of pp 

frequency . For both, however, the D. C. coupled voltage follower (and 

for Vpp ' the amplifier) imposes an upper fre quen cy limit of ab o~t 

1000 Hz for practical i mpedance measurement. 

iv) Noise 

I n an attempt to keep noise to a minimum, when t he final 

measuring circuit was set up all leads were shielded and all instruments 

housed in shielded ca ses . including the Sullivan non- r eactive decade box 

and an auxiliary 104 ohm non-reactive resistor which was mounted in 

a grounded aluminium tube . The cell was mounted in an enclosed 

stainless steel oil bath ( see p . 131) , which besides a c ting to minimise 

thermal effects , also served a s an electrostatic shield. 

Vlhat noise remained in the circuit a fter t hese precautions had 

been t aken was mainly a ttributable to noise in the line vol tage . 

The measuring accuracy of [ ZJ is primarily noise limited and thus 

fluctuates with t he noise l evel , however determinations of [ZXyJ should 

be accurate wi thin! 1 . 0~ for all the techni ques described above . 



110 . 

CHAPTER 12 

THE MEASUREMENT OF PHASE SHIFT 

A) Lissajous Figures 

Adjusting the orientation of a lissajous figure using a standard 

phase shifting circuit was found to be insufficiently accurate , and 

extremely painstaking at low frequency . This method was abandoned . 

B) Triggering Circuit 

i) Construction 

The most promising method seemed to be to use a point on the 

leading sine wave (preferably the zero cross over of this wave where 

the slope is a maximum) to trigger the starting gate of a clock, and to 

use the identical position on the trailing sine wave to stop the clock. 

Given the frequency , ~ can be determined . In order to sharpen the 

leading edge of the sine waves, and thus reduce any error in the time 

caused by varia tions in the threshold voltage of the gate, it was 

decided to amplify the sine wave by a factor of several thousand, 

saturating the power supply and producing an effectively square wave . 

Square waves derived from the input sine waves are used to trigger start 

and stop gates of a high frequency counter . 

The first counter obtained triggered on a voltage level and not 

on a positive going pUlse , tnus as long as a voltage greater than a 

certain value appeared at the start gate , the gate was open . This 
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meant the square wave had to be converted to a voltage spike , and this 

was done by constructing an active differentiator and connecting this to 

the output of the amplifiers . 

A block diagram for the circuit is shovm in Fig . 21 . 

Malmstadt and Enke (34) give an excellent discussion of the use of 

digital devices , and it is not proposed to discuss the opera tion of such 

instruments here, further than giving a block diagram of the digita l 

elements used in making a determination of time in an interval bounded 

by a starting (A) and stopping (B) pulse (see Fi g . 22) 

ii) Errors 

Possible sources of error in the phase shift derived from a 

determination of time AB using the device shown in Fig. 21 may be 

considered under the follovr.ing headings . 

1) Noise 

The effect of amplification on the noise is both to increase the 

voltage level of the noise, and to decrease the effect of a given noise 

level on the determination of a given time AB . The reason for this 

opposing effect may be seen from Figs . 23a and b . In the linear region 

of the zero voltage cross over , the slope of the leading and trailing 

edges of the amplified sine wave is proportional to the amplification 

(this can be seen from Fig . 23a) . The detail on Fig . 27b shows 
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v/t = slope of leading edge 

0( A (the amplification) 

thus v = k1 A t 

But v « A = k2 A 

Therefore ~A = k1 A t 

i . e . t = ~1 -----=-- constant ---

In other words the error in t he time is independent of the amplification 

provided there exist sufficient amplif ication for the l eading edge to be 

cons idered linear . This l as t r equirement can be seen from Fi g . 23a to 

hold provided the amplification is such that the amplified sine wave is 

greater than about three times the power suppl y vol tage . 

2) Threshold Voltage of Gates 

\Vhile amplification ab ove a certain l evel does not affect the error 

in time due to noise , a l arge amplifica tion is necessary to ensure tha t 

small fluctuations in the mini mum voltage required to trip the gates 

do not significantly affect the measurement of time AB . 

The fact that the gates trip at a non- zero voltage will have an 

effect on the measured time only if the threshold is different for A 

and B or if the output s quare waves from the triggering circuit have 

different rise times . (Observations of the l eading edges of the output 

square waves indicate a dis similarity of about 10 micro-seconds in 

the rise time and thus an error in the time determination of this order 

of magnitude , however the effects of (5) below completely overshadow 

this . ) If the amplification is l arge , the leading edge will pass nearly 
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vertically through zero volts , and thus reach t he threshold voltage and 

pass through the threshold range in extremely short times . 

3) Overamplification 

Since the amplifiers have a finite rise time ( about 1 micro- second) , 

increasing the amplification pas t the point required to produce a square 

wave tha t rises t o the supply voltage (1 8 volts) in less than 1 micro-

second merely serves to increase the effect of noise whi ch ha s no such 

upper limit . Thus noise is independent of t he amplification only up to 

a cert ain maximum value, A I , which may be calcul a ted a s follows . 

Assuming the amplification i s sufficient so tha t t he l eading and 

trailing edges of the "square" wave are effectively linear, the slope 

of t his line may be calculated f rom t he slope of the zero voltage crossing 

of t he initia l sine wave (A=1) . The sine wave has the form V = V 0 Sin W t , 

and the slope 

dV 
dt = V Cos W t o 

For V = 0, Sin W t = 0 and Cos W t = 1, thus the slope of the leading and 

trailing edges of the "s quare" wave is ; 

slope = eN/dt = 2 1t" f' Vo for A = 1 

where f is t he frequency in Hertz . 

We can use t his to evaluate the constant in 

V/t = k A (see Figs . 23a and b) 

since 



114. 

dV/dt = V/t ~or a straight line 

= k1A 

= 21t f Vo for A = 1 

thus k1 = 21f f Vo 

and V/t = (211' f V )A 
0 

We require to know how l arge A can be made such that the voltage 

rea ches the level o~ the power supply (18 V) in not less than 1 micro-

second. 

-6 
18/10 =. 2 1T f Vo A 

A ~ 18 x 10
6 

2 1{ fV o 

For the maximum probable values, Vo = 1 volt, f = 1 , 000 Hz 

A ~ 3, 000 . 

4) Counter Error 

Since the counter operates in a strictly digital fashion to 

measure time AB, the only possible causes o~ error are in the oscillator 

+ fre quency, and - 1 in the l ast digit random counter error. Neither of 

these is likely to be of any concern a t fre quencies less than about 

1, 000 Hz . 

5) Phase Shift Introduced by the Triggering Circuit 

After the triggering circuit had been constructed it was ~ound 

to have a pronounced phase response that va ried with fre quency (see p . 137). 

This response is considered to be an artifact of the measuring system 

only, and very much diminishes the a ccuracy vrith which phase shifts can 

be observed at frequencies above about 1 Hz . No time however was available 
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in which to perform the extensive modifications to the triggering 

circuit required to ensure that t he phase response of each channel 

was identical at all frequencies . 

In fact the effect of 5 above is responsible for by far the 

greatest error in phase measurement , and its effect is large enough to 

prevent any measurement of ~ above about 10 Hz , and to reduce the 

precision t o about 0 . 1 degrees below 1 Hz . 

iii) Heath counter 

The final measuring circuit for the determination of ~ (and [ZJ) 

is sho~m in Fig . 24 . The counter used was a Heath type EU-805 digital 

instrument with six digit displ ay and a crysta l oscillator, and is 

capable of counting micro- seconds . This instrument is not only capable 

of measuring time AB, but can also act a s a di gital voltme ter (DVM) , and 

was used in this mode to supplement the chart recorder measurements 

both when measuring VDC and V pp. Regrettably the minimum ramp time 

of the A to D* converter was 0.1 seconds and t hus the DVM was incapable 

of acting as a D.C. voltmeter at frequencies much ab ove 0 . 1 Hz . }Iit;h 

input impedance and six digit precision make this instrument extremely 

useful a s a DVM. 

The fe atUre s which make this counter useful as a phase shift 

detector are a s follows . 

* Analog to Digital . 
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1) High counting rate 

Times of 1 micro- second may be measured thus t he instrument is 

- 4 capable of measuring phase shifts of 0 . 3 degrees at 1 , 000 Hz, 3x10 

degrees a t 1 Hz , and 3x10- 7 degrees at 0 . 001 Hz . The instrument thus 

has extremely high precision, especially at low fre quencies . 

2) Operation f rom square pulse 

Both gates are triggered by a positive going pulse , and not a 

volta~e level , thus the output square wave from the amplifiers need not 

be differentiated. 

3) Positive or negative triggering 

Both ga t es have a separate switch t o enabl e tri gger ing on a 

positive or negative going pulse . This means that the time differences 

between both the leading and the trailing edges may be taken, and 

averaged . 

4) Variable attentuation 

Since the gates can be triggered by a transient spike , the effect 

of such interference must be reduced below the gate threshold by 

attentuation . The counter has a switched decade attenuator f rom 0 . 1 to 100 

for each channel . 

5) Hold facility 

Rather than the counter counting up to the appr opriate time between 

gating nulses (in micro-second steps), the previous result may be held 

on the screen, to be repla ced by the next result . 
I 
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At high fre quencies this enables an average to be taken by in­

spection since the only numbers appearing on the screen are results, 

and (assuming r andom noise) the average is the most commonly occurring 

number . \Vhen the noise level is low, an average is immediately apparent 

by this method down to about 10 Hz . 

6) Sum facility 

In the sum mode, the counter simply adds the result of the 

current determination to t~e held sum of the previous ones, thus an 

average can be taken by summi ng n determinations , and dividing the 

r esult by n . 

7) Ldjustable viewing win<iow 

{mere the average cannot be taken by inspection using the hold 

mode a t high fre quencies, because of noise, a sample may be made a t any 

r a te from zero to infinity by adjusting the viewing time of the h eld 

result. A convenient time is found to be about t wice per second and 

an average is t aken using t he sum mode . All tha t is required is that 

the number (A) of determina tions be knovm . If ea ch determination is to 

be recorded for some subsequent statistical analysis , a rather slower 

sample rate is necessary . 

8) Frequency and period modes 

Deter minations of the frequency of the input signal can be made 

by using either the fre quency or the period modes on either the A or B 

inputs . At high fre quencies , the frequency mode is used, and at low 

frequencies the period mode , to give maximum accuracy . 
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9) Adjustable time base 

- 6 
Using decade scalars the counter can be made to read 10 

seconds on the sixth tube , to 107 seconds on the first . 

iV) Practical 

Actual measurements of the phase shift were !lade as follows . The 

time difference between the positive going pulses (t ) and t he negative 
++ 

going pulses (t_J were determined a t each frequency using the circuit 

a s shown in Fig . 2~. These times are affected by both the D.C . level 

of t he input signals and t he phase shift . Four cases must be considered 

(Fig . 25) and in all cases it can be shown that if t and tare 
++ 

considered with sign, then the time between the cell and reference 

signals 

irregardless of D. C. level . The phase shift is now determined i n terms 

of A tit , where t is the period of the wave under consideration and may 

be determined either by measurement using the counter in the frequency 

or period modes, or read directly from the oscillator 

A tit = ( 6 t) x fre quency 

and is a linear parameter that becomes unity at 360 degrees . Thus , 

~ = (A t) (f) (360) degrees 

At hi gh frequencies t and t are determined by inspection with ++ --

the counter in the hold mode, at intermediate frequencies by summing 

and averaging a l ar ge number of observations (usua lly 50), using the sum 
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mode and a sample rate o~ about 0 . 5 Hz , and at low ~equencies by 

observing as large a number o~ readings as is convenient in the time 

available , and taking the average . 

This system is not ~oolproof a s the attitude o~ one square wave 

to the other may change as the ~re quency (and thus the phase shi~t) i s 

altered, or as the D. C. level drifts , and the time measured may change 

sign . As such it was found conve "lient to use a reverse switch and 

o sdilloscope as shown in Fig . 24 to assess the approximate magnitude , 

and the sign o~ t 
++ 

and t be~ore each counter determination, 

and to ensure that the signal on the start gate precedes ti1a t on the 

stop gate . 
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RESULTS 

CHAPI'ER 13 

RESULTS 

i) Introduction 

The results have been divided into two sections relating to the 

measuring techni que employed. In the first section the results are t h ose 

of a series of determinations made using the A. C. bridge apparatus 

described previously (p . 44 ) , and a two terminal cell with pl atinised 

pl atinum electrodes . Runs were made on 10ry1o resin beds of two mesh 

sizes (100- 200 and 200- 400 B. S. M. ) using five HaC l c oncentrations 

between 0 . 004 and 0 . 1M and frequencies between 41 and 10, 000 Hz . 

The second section contains results of 17 determinations made 

using t he final low frequency measuring apparatus (Fig . 24) on cells 

containing resins , resin/glass mixtures , and clay s in various forms . 

For the measurements in t his series 0 . 01M was selected as a concentra tion 

of the order of those found in the soil . 

ii) Section I 

Two Terminal A.C . Bridge Measurements . 

Using Cell 1 with pl a tinised pl a tinum electrodes to minimise 

electrode polarisation effects (p .~6 ) and the A.C . bridge described 

on page 4~, frequency spectra f or the equivalent parallel conductance 

(GP) and capacitance (CP) were determined for cells of 10q% sodium form 

resin equilibrated with NaCl solution of concentration 0 . 05 , 0 . 02, 0 . 01 , 
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0 . 004M for 100-200 mesh resin, and 0 . 1, 0 . 05 , 0 .01, 0 .0041! for 200- 400 

mesh resin . 

In order to determine the effects of the various parameters 

currently in use to describe the I . P. effect, these were calculated from 

GP and CP. For each cell [Z] was observed to increase with frequency 

consistent with an I . P. effect (see p .~ ) . There being well over 100 

data points from the 8 runs , the l arge amount of data handling 

necessitated the use of a computer, and a short program was written for 

the IBM 1130 computer to calculate at each frequency the following 

parameters : 

f. e. = frequency effect = ([Z] - [Z] 10 OOO)!tZ] , 
,. F . = metal factor = fee .1t z] 10 000 , 

RP = equivalent parallel resistance 

[Z] = magnitude of the impedance 

~ = phase shift of voltage with respect to current 

[z] = normalised Norm z] = [Z]!t Z]1 0 000 Hz , 
CS = equivalent series capacitance 

R = equivalent series resistance 

x = reactance 

log R 

log X 

This large amount of data also prevents its reproduction here , but 

graphs of the parameters versus concentration and/or log concentrati on, 

and frequency and/or log. ~requency are for the most part included. 

It is found in all cases tha t plots against frequency or concentration 
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are more nearly linear when an extended (log) scale is used. Also in the 

case of frequency, data points have been selected at logarithmic 

intervals and more accuracy i s obtained by plotting on a log scale . 

Thi s does not necessarily imply tha t there is any theoretical 

justification for expecting any parameter to be proportional to log 

frequency . 

Graphs 28, 29 and 30 test the effectiveness of the f . e . as a 

parameter for describing the observed change in impedance \rith frequency . 

In fact the frequency effect appears to be a very poor parameter to use 

in describing an I . P. effect since it is both non-linear against frequency 

and log frequency, thus the frequency effect and the fre quency effect per 

decade are both functions of the particular frequencies selected. (If, 

however , the fre quency range is so wide that both the high and the low 

fre quency limits of [ZJ can be observed, then the frequency effect is 

a uni que parameter independent of fre quency, and describes the 

proportional change in impedance to the low f requency impedance) . The 

genera l shape of f .e. versus log frequency plots has no simple 

mathematical form, but is characteristic since it is similar for both 

resin me sh sizes and all concentrations except 0 . 1111 NaCl which , rather 

than being parallel to, crosses the 0 . 05M plot at a frequency of about 

60 Hz . Spectra a t the same concentra tion but different resin mesh sizes 

are closely parallel and almost coincident, but the 200-400 mesh systems 

consistently display a higher frequency effect . 

Except for the 200-400 mesh resin O.1 M NaCl determina tion below 60 

Hz , the f . e . consistently increases with decreasing electrolyte 
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concentra tion as shown by graph 30 . The 100- 200 mesh determinations 

again display a slightly smaller f . e . than the 200-400 , and are roughly 

linear in log concentration, the slope of the line decreasing with 

increasing frequency . For the 200- 400 mesh resin a plot of f . e . versus 

log concentration is not linear but a gentle curve , the mean slope of Which 

between 0 . 05 and O .OO~~ being al most i dentical vv~ith the slope of the line 

for 100- 200 mesh resin at each frequency . Extrapolation to the zero f . e . 

intercept r esults in concentrations between 0 . 1 and 1 . 0 Molar - this veri­

fying field observations of zero or very small frequency effects from 

clays in saline waters (38 , 54) . 

It is perhaps unfortunate from the point of view of geothermal 

prospecting tha t the f . e . decreases so markedly with increasing 

concentration near 0 . 1V since a characteristic of geothermal regions is 

their high sa linity ( 17,18 ) . If the f . e . were to be used as a parameter 

in such prospecting the method employed would be quite opposite to tha t 

in all current I . P. surveying techniques, in prospecting for a minimum 

effect . 

The meta l factor (K. F. ) is a parameter ostensibly designed to 

remove the effects of shunt resistance vlhen studying a rock/electrolyte 

system in which pore blocking polarisable zones may be shunted by pores 

containing electrolyte only. I n this context the parameter is not 

directly applicable to be ds of ion exclmnge resin, nevertheless the 

behaviour of the M. P. is of some significance since it is a lmost universally 

used by geophysicists to describe the I.P . phenomenon . 
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M. F. = G - G Hi gh Low 

= 1/t Z]High - 1j[ Z]Low 

= ([Z]L - [Z] H· h)j[Z]L [Z]H · h ow ~g ow ~g 

= (f.e)(GHigh) 

Thus M. F. = f . e x Constant if the concentration is unchanged, and 

the shape of M. F. versus log frequency is identica l to that of f . e . 

versus log fre quency (graphs 28 and 29) . Also since M.F. = (f . e . )(GHigh) 

the change of metal f actor with concentration will depend on the chan ge 

of f . e . and GHigh with concentration . Graph 30 shows fo e . ver sus log 

concentration, and graph 31 shows G10, 000 and G110 for 100- 200 and 200- 400 

mesh resin, versus lo g concentration . The product of f . e . and G is 

shown as graphs 32 and 33 of M. F. versus lo e; concentra tion for 100- 200 

and 200- 400 mesh resins respectively . I n each case the 1!. . F. displays 

a maximum between 0 . 01 and 0 . 021.:, t his maximum moving to hi ghe r 

concentration wi th decreasing f requency as is to be expected fro m the 

increased slope of f . e . versus lo C concentra tion . The 100- 200 mesh 

system appears to show a l a rger movement, but the data is insufficientl y 

accurate t o verify this . The .,: .F. for the 200- 400 mesh resin is 

consistently l ar ger than for 100- 200 mesh by ab out 1 Cfb , due to the 

consistently l arger frequency effect and conductanc e . 

A significant point i s t he apparently r apid decline of the 1{.F . 

a t concentrations greater than about 0 . 051'fi NaCl , correspondinG to the 

approa ch of t he f . e . to zero . This renders t he ¥- . F . as useless a 

parameter a s the fre quency effect in saline waters , and a s dubious f or 

geother mal prospecting . 
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Since both the freque ncy effect and the metal f a ctor display a 

non- simple frequency spec trum it was decided to test the normalised 

impedance . For the 100- 200 me sh resin the four concentrations (0 . 004, 

0 . 01 , 0 . 02 , 0 . 05) display a very cl osely parallel set of curves when 

[Z]Norm is plotted against log fre quency ( graphs 34 and 35) . As 

expected ( see p . ~ ) these curves show an increased impedance with 

decreased f requency . For the 200- 400 mesh r esin the O . 1 ~ NaCl 

determination is anomalous and as with the f . e ., crosses the 0 . 091. 

determination at about 60 Hz . 

The phase shift of the current with respect to the VOltage (~) 

was chosen a s a fre quently used paremeter to represent the complex 

nature of the impedance . ~ was plo tted versus log fre uency (graphs 36 

al'ld 37) and is observed to have a very similc.r form to the i mpe dance . 

The curves for various concentrations are roughly parallel and gently 

increasing to low fre quency except for the 200- 400 mesh r esinjO . HI NaCl 

determination which cros ses the 0 . 05M spec trum at about 200 Hz . This 

similarity reflects the f act tha t [Z] and ~ are not independent parameters 

~ince each may be represented in terns of the orthogonal parameters R and 

X, 

[Z] = (R2 + X2)~ 

~ = t an- 1 (XjR) 

v,here X and R are defined by the gener8.1 equation for the :L'TIpedance 

Z = R + j X. ) 
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This l a ck of orthogonality will hamper the search for trends in 

any subsequent attempt to derive an RC model for the I . P . effect, and 

it was decided to expr ess the A.C. bridge data in terms of R and X. 

R, log R, X and log X were plotted versus log fre quency . Whether 

or not these plots have any funuamental significance it was i mmediately 

apparent tha t log log plots of R and X versus frequency (graphs 39 , 40 , 

41 and 42) are an extremely efficient means of presenting frequency 

data since the ~l ots are all very nearly str aight lines of roughly 

similar slope . On these grounds it is r ecommended that A. C. bridge data 

be expressed in terms of R and X and be represented gr a phically as ~lots 

of log R and log X versus log fre quency . 

The plots of log R versus log fr equency are not quite linear 

bu t show a t ail up a t lor: fre quency • The graphs for 100- 200 mesh 

and 200-400 me sh resin superim~ose to wi thin 0 . 8~ for 0 . 004 1,: NaCl 

over the entire frequency spectrum measured, and the graphs f or 0 . 01 M 

and 0 . 05M NaCl for different mesh sizes can be made to superimpo se within 

about 0. 5fo by a considerable vertica l displ a cement . 

For O .OH~ NaCl 

log R100-200 Mesh = log R200- 400 Mesh + 0 .036 

thus R100-20olR200- 400 = 1 . 086 . 

For 0 . 05M NaC l 

log R100- 200 = log R200-400 + 0 . 029 

thus R100- 20olR200-400 = 1 . 069 . 
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These resistance change s are l arge (approximately ~) and are 

unlikely to be caused by errors in the concentrations used. Instead t his 

must be considered as a property of the resin beds, and t he 200- 400 mesh 

system has a lower resistance than the 100- 200 at 0 . 01 and 0 . 05M NaCI, 

but not at 0 . 004 Molar . 

Graphs 41 and 42 of log X versus log frequency show considerable 

scatter reflecting the diminished precision with which X was determined*, 

and have a somewhat more erra tic form than do the log R plots . Nevertheless, 

the general form is of nearly straight, nearly parallel lines, with 

some scatter at low fre quency . ** 

Plots of lo g R and log X versus log concentration are very close to 

l inear especially at low frequencies (graphs 43 and 44). A characteristic 

* This is due to the error in measurement of CP on which X is primarily 

based . The Vifayne-Kerr bridge has 7 decade scale s which determine 

both GP and CP, plus a f a ctor of ten divider for GP and CP individually . 

In the case of almost all measurements made using this bridge, the 

parallel capacitance was so small (especially at high frequency) that 

on a range suitable for the measurement of GP, CP could only be 

measured on 1, 2 or 3 of the 4 places provided - this diminishing the 

measuring accuracy . 

** Above about 5, OJO Hz , CP was almost invariably measur ed on the last 

position of the dial , the inaccuracy being perhaps of the order of 

1q% , decreasing with increasing CP Cand t hus decreasing frequency) . 
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feature of both these plots especially log X versus log concentration is 

that data points for both 100- 200 and 200-400 mesh resin have a best fit 

to the same straight line . * 

Both plots show a slight variation of slope with frequency, log R 

diverging with frequency to low concentrations and log X to high 

concentrations . 

The slope of log X versus log concentration varies from - 0 . 72 

a t 110 Hz to - 0 . 90 at 1000 Hz (the 10, 000 Hz determination is based on 

data of such low precision as to be almost meaningless), suggesting a 

concentra tion dependence of the order of ! to - 1 . 
- 1 

Plots of X versus C 
3 

and X versus C~ (graphs 45 and 46) verify t his and a fairly good fit to 

a straight line is obtained for the latter . From this graph 

3 

X110 Hz = 0 . 48 C4 + 0 . 8 

:3 

X1000Hz = 0 . 254 C- "4 - 0 . 6 

Similarly the slope of log R versus log concentra tion is - 0 . 48 . 

log R 

i . e . R 

= -0 . 48 log C 

~ C- O•48 

which is very close to the rela tion 

and a plot of R versus C~ (graph 47) is very close to linear for each 

* The se line s are fitted by observation onl y . In the case of log R 

versus log concentra tion a small varia tion in R is observed for 

0 . 01 and O. 05M NaCl for different mesh sizes a s noted previously 

for graphs 39 and 40 . 
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frequency plotted and ha s the form 

1 

= 1.43 C~ 

1 

R1000 Hz = 1 . 17 C~ + 0 . 082 
1 

R - 1.067 C~ + 0 . 115 10,OOOHz -

These observations contrast with the behaviour of the same cell 

containing electrolyte only, and of an Onsager electrolyte in general , 

since 

A- = (1000 k)/(RC) 

where -A- = equivalent conductance 

k = cell constant 

R = resistance 

C = concentration 

But, 
1 

R ~ c-"2 

thus 

1 

.A 0< C~ 

whereas for an Onsager electrolyte 

=.A. - arc o 

which is t he form displayed by the cel l containing electrolyte only. 

Graph 48 of~ versus c-t (for 110, 1,000 and 10,000 Hz) shows 
1 

this linearity, however a plot of A vers us _C2 (graph 49) displays a 

pronounced curvature . 
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The only study in the literature of the I . P . effect of resin beds 

over a r ange of concentrations is that of Schufle (52 - see p . 1& 

this thesis) . Schufle ' s study is of the time domain dependence of I . P. 

on electrolyte type and concentration for beds of 9~ sand and 5% 

ca tion exchange resin, both 20-30 mesh . During the charging cycle 

resistivity measurements were made , and this value is plotted as graphs 
1 1 

50 and 51 versus C~ and C2 respectively . Gra ph 50 shows a closely 

linear form for ea ch electrolyte type, especially Th(N0
3
)4' The Onsager 

pl ot (51) on t he othe r hand is markedly non- linear . 

The results of this section ( a s well a s of Chapter 7 of t he 

temper ature dependence of resin systems) are partly summarised in the 

following table which describes the effect on tne parameters down the 

side of an increase in the variable s a long the top . 

f . e . 

M.F. 

[ z Jj[ ZJ 1 0 000 , 
% 

R 

x 

Increasing 
fr equency 

decrease 

decrease 

decrease 

decrease 

decrease 

decrease 

Increasing 
concentration 

decrease 

maximises 
for some 
concentr a tion 

decrease 

decrease 

decrease 
1 

( C~) 

decrease 

Increa sing Increasing 
resin size tempera ture 

decrea se no eff ect 

decrease increase 

decrea se decrea se 

decrease uncertain 

no effect not deter-
mined 

no effect not deter-
mined 
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iii) Section II 

Four terminal low ~requency measurements 

In this section results are reported of 17 [Z] and ~ spectra 

made using the apparatus as shown in Fig. 24 , in the six decades 

between 0 . 001 and 1 , 000 Hz . The clay systems included in this section 

primarily represent the attempts to construct a cell in which I . P. 

e~fects of clays can be observed . The 17 systems studied are as follows -

all cells c ontaining O. 01 M electrolyte (either NaCl or CaC12) , 

measurements being conducted in a Tampson type TEB ~5 300 oil bath* at 

30
0
C unl ess other~~s e sta ted . The order is chronological . 

Cell Number 

1) _~ undeter mined amount (estimated at less than 50 mg) of 

cleaned unexchanged** clay v~ s deposited on a 50- 100 mesh sinter (sinter 

cell number 2) by evacuation in a 4% clay slurry followed by drying at 

160oC. This cell was equilibra ted with O. 01 E NaCl by percolation, and 

eva cuated in this solution . [Z] and ¢ were determined for the six 

decades between 0 . 001 and 1 , 000 riz using the VD•C.' Vp •P • and t riggering 

circuit techniques . 'Nayne- Kerr A. C. bridge measurements were a lso made 

from 100 to 10, 000 Hz, but electrode effects render this data suspicious . 

'" An oil ba th was used to maintain a constant tempera ture , oil being 

selected to minimise capacitive coupling, but more importantly the 

enclosing stainless steel bath served a s an electrostatic shield. 

** Grim states that Wy oming bentonite in its natural form has primarily 

Na+ ions on the exchanGe sites (15) . 
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2) A blank resin cell containing O. OfM NaCl electrolyte only . 

3) A model circuit composed of a 104Jl non- reactive resistor 

in place of the cell (Fig. 26a) . 

4) A resin cell containing 20- 50 mesh sodium form resin 

equilibrated wi th 0 . 01l.~ NaCl. 

5) A model circuit as shovm in Fig. 26b designed to test the 

response of the peak to peak voltage measuring device at high frequencies . 

6) A r e sin cell containing 20- 50 mesh calcium form resin, 

equilibra ted with 0 . 01111 CaC12 • 

7) Sinter cell numb er 3 composed of 100- 200 mesh ground pyrex 

of dimensions shown in Fig . 14b . This cell was wa shed and percola ted with 

0 . 011'- CaC12 then evacue.ted in t his solution . Determine.tions were made 

on this cell containing no clay using 0 . OH1 CaC12 • 

8) The resin cell wa s cut in two dOVIIl the middle and fitted 

wi th a sinter joint (Fig . 27) . This cell was then filled with clay that 

had not been treated in any way* except by the addition of sufficient 

0 . 01 M CaC12 to attain plasticity . The purpose of measurements on clays 

in this form is to simulate the properties of massive clay banks . 

[ It should be remembered t hat Vac quier et al (54) observed little or no 

I . P. effect from ma ssive clays . ] 

9) Clay was de posited on 20-50 mesh gl ass spheres by immersing 

these in a 110 suspension of cleaned non- exchanged clay in distilled 

water , and drying in an oven at 1600C. The clay was then exchanged by 

percolating the clay coated spheres wi th 0 . 01 i i CaC12 in a column . After 

this trea t ment little clay could be s een on the gl a ss s pheres but a resin 

* In t his form the clay includes an estimated 1/~ of non- colloid material . 
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cell was filled with these spheres , equilibrated with 0 . 01 M CaC1
2 

and 

a run made . 

10) Equal weights of untreated clay and 20- 50 mesh glass spheres 

were placed in a beaker and sufficient 0 . 01 M CaC12 added to attain 

plastici ty. A cell was filled with t his as for "8" above , and a run made . 

11) The original intention of this measurement was to situa te 

resin particles i n t he (tetrahedral) pore spaces of a matrix of glass 

spheres. A calcula tion was made as suming close pa cked s pheres of 

diameter 500 microns (approximately 30 B. S. r.: . ) and i t was found that 

a volume percentage of 0 . 34;.~ 200- 4.00 mesh resin beads was required to 

fill ea ch tetrabedr a l site Vii th a r esin particle . Obviously 0 . 17 cm3 

of r esin could not be me asured and dispersed in 50 cm3 gl as s spheres, and 

t he experiment was modified by using 5;6 r esin by volume. A resin cell 

was prepared containing 2 . 5 cm3 200- 4-00 mesh sodium form resin dispersed 

in 50 cm3 gl as s spheres, and 0 . 01 M NaGle The r esin was f airly uniformly 

distributed but an accumulation of r esin was noticed a t the ends of the 

cell outside t he potential electrodes . 

' 12) A second mi xture of resin and glass beads was prepared from 

1$ 20-50 mesh sodium form r esin and 83;~ 20- 50 mesh gl ass spheres 

equilibrated with O. 011f: NaGle A run wa s made on a cell conta ining a 

homogeneous mixture of these pro portions . 

13) Clay wa s introduced to sinter cell 3 (used a s a blank in 

"7" ab ove ) by immersing the cell in a 2i~ suspension of cleaned unexchanged 

clay, evacuating in a va cuum desiccator, t hen drying at 1600 C overni ght . 

The clay was exchanged in situ by percolation with 0 . 011f. G aC12 then 
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dried to constant weight at 1600 G and weighed . The amount of clay 

deposited on the cell was 0 . 1283 g . 

The cell was re- e quilibrated with O. 01 M GaG12 and a run attempted, 

however an equipment failure (later tra ced to a f aulty operational 

amplifier in the voltage follower circuit) rendered this data useless . 

14) In an attempt to run a r esin "normal" for 11 above a cell was 

filled with 200- 400 mesh sodium form resin and equilibrated with O. 01M 

NaGl. It was durinG tl is run t hat the failure of the opera tiona l 

amplifier became a?parent . The cell also developed a leak around the 

el ec trode s and the run was abandoned . 

15) The instrumenta tion was repa ired and measurements made on a 

cell prepared by D. -:Iright* w!lich had been previously observed to display 

a frequency dispersion using the oscilloscope/oscillator technique . 

This cell consisted of a sinter onto which a bentolite had been deposited 

o 
by drying at less than 100 G, and equilibrated with NaG l. I.1easurements 

conduc ted with 0 . 005M NaG l show a marked fr e quency dispe rsion below 10 Hz . 

Since that measurement the cell had been dried at 1600c and re-

equilibrated with o.on: Ga G12 , and the frequency effect of the impedance 

is observed to be markedly less than it was for the same cell before 

heating , using 0 . 00511: NaGl. 

16) Sinte r cell number 3 as described i n 1113" above was re- run 

using o.on: GaG12 • 

'" Physics "gepartment , Victoria University of 'v i ellington . 
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17) Number 1115" above suggests that either heating , equilibration 

of a sodium clay with CaC12, or some aging effect, substantially reduces 

the frequency effect of a clay/sinter system. In an attempt to determine 

the effects of heating on the f requency ef fect , and of the ionic form of 

the clay on the amount deposited on a sinter , sinter cell number 4 was 

prepared . In all gross physical characteristics sinter cells 3 and 4 

are identical - both having been prepared from 100- 200 mesh ground 

pyrex in the same moul d, both having the same external dimensions and 

porosities , and both sinters were emplaced in an identical cell . Clay 

was deposited on the sinters in an identical fashion exce pt tha t for 

number 4 the clay was exchanged to the calcium form before the cell was 

iIIllIErsed . Sinter cell number 3 ,va s dried a t 1600c and number 4 at 90 0C 

both overnight . Cell number 4 wa s equilibra ted with o.on; CaC12 and 

the amount of clay determined (0 . 2233 g) . 

In addition to frequency spectra of [Z] and>!, a series of 

measurements of the transi ent response of this cell ;vere also made using 

apparatus to b e described by D. \v'right (61) . Observations of the decay 

curve after termination of a s quare current pulse were made and the 

effects of charging current density and temperature studied . At the 

time of wri ting only the 25°C data ha d been processed . ','{hile these 

results show a marked de pendence of the mY/V parameter on charging 

current, a va lue of about 50 mV/V can be assigned . The decay curve is 

not exponential but hyperbolic in forln, but a time constant of 3 t o 4 

seconds can be assigned . 

Employing Marshall and Madden ' s "rule of thumb" (ref . 38 , this 

thesis page 8 ) a mV/V va lue of 50 corresponds rou ghl y to an f . e . of 5%. 

· 1 
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Table 7 gives a brief surrunary of the nature of each of the systems 

above . 

The results of ti1ese 17 determinations , plotted in t erms of t he 

normalised impedance and the phase shift are shown in gr aphs 52 to 58 . 

For convenience of analysis the 17 systems were divided into three 

groups based on the percent change of impedance vuth fre quency . 

The first group contains systems having a "lar ge" I.P. effec t -

~ - 3 3 H . • the fo f . e . between 10 and 10 z be1ng greater than 2qo . This group 

contains all the resin cells and exclusively resin cells . 

The s econd group contains systems having an "intermediate" I. P . 

effect and includes onl y two cells, both of which are of clay bonded to 

a porous glass sinter plug (see p . 95 ) equilibrated with 0 . 0111; CaC12 • 

A bentolite ( cell 15) and Wyoming bent onite (cell 17) display respectively 

a 5~ and a ~b fre quency effect . 

~~il e the first ~¥o groups contai n readings for which the grea ter 

part of the observed i mpedance dispersion is associated with the cell 

content s, the third group contains runs for which t he observed i mpedance 

dispersion is of the order of the experimental error in the measuring 

circui t (approxima tely ! 1/~ - see p .1 09) and for which the existence 

and form of an I . P. effect is difficult to a ssess . 

The two runs made on RC models fall into a special ca tegory since 

they are not cell determina tions . The first of these models used a 104 

ohm non-reactive resistor in pl ace of the cell in order to observe the 

response of the measuring system to an impedance whi ch does not change 

with frequency , and to a constant , zero phase shift . l,;easurements of the 

i mpedance using both the Vp •P• and VD•C• techni ques agree vuth the 



System 
Number 

1 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Table 7 

The Physica l Properties of the Fina l 17 Cells 

Cell type 

Sinter Cell 
50- 100 mesh 

Resin or Clay Type 

Bentonite Na form 

Resin Cell 4 Bl ank 

Model Circuit (fig . 31a) 

Resin Cell 4 Resin 20- 50 mesh Na form 

Model Circuit (fig. 31b) 

Resin Cell 4 

Sinter Cell 
100-200 mesh 

Resin Cell 4 
( modifi ed) 

Resin Cell 4 
(modified) 

Resin Cell 4 
( modified) 

Resin Cell 4 

Resin Cell 4 

Sinter Cell 3, 
100- 200 me sh 

Re sin Cell 4 

Sinter Cell 
(D. Wright) 

Resin 20- 50 mesh Ca form 

Bl ank 

Massive clay , Na form 

Clay/ 20- 50 me sh glass spheres -
dried and r e- wet 

Clay/ 20- 50 mesh gl ass spheres -
we t slurry 

~~ 200- 400 mesh Na form resin/ 
95,)~ 20- 50 me sh gl ass 

1 7;~ 20- 50 mesh Na form r esin/ 
83/~ 20- 50 mesh glass 

0 . 1283g Ca form Clay ( deposited 
in Na form and exchanged) 

Resin 200-400 mesh rIa form 

Bentolite, Ca form 

16 As for 13 

17 Sinter Cell 4 , 
100- 200 me sh 

0 . 2233g Ca form Bentonite 

Electrolyte 
(O . OUI) 

NaC I 

NaCI 

NaCI 

NaCI 

NaCI 

NaCI 

CaCl
2 
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specified value and are constant to within 0 . 1% (graph 52) , however the 

phase shift shows a considerable dispersion especially at high frequencies 

(graph 53) . The second model circuit designed to produce a ne gative pha se 

shift and i mpedance dispersion only at high fre quencies ( greater than 

about 100 HZ) displayed an i mpedance dispersion within 1/~ of that 

expected, but cursory phase measurements indicated a phase shift somewhat 

diminished from the value for the non- reactive model , but still positive 

at high frequencies . 

These results indicate a l arge phase response inherent in the 

measuring circuit . This frequency response was subsequently found to 

be due to miss- matching of the t wo amplifier channels of the sine to 

s quare converter, and has a form similar to tha t shown in graph 53 for 

the non- rea ctive circuit . The presence of this f ault effectively renders 

phase data a t frequencies greater than about 1 Hz useless , but qualitative 

informa tion can be derived from the phase data below this fre quency . It 

is because of this l as t point tha t , despite the parameter considera tions 

of section I , impedance data in t ilis section is reported in terms of [Z] 

and r/ , not R and X. 

All the runs made on cells display a l arger impedance effect than 

that of the non- rea ctive resi stor, however the blank cells (2 and 7) 

dis pl ay impedance effects only of the order of 0. 5& ( graph 52) which 

may be an electrode effect or due to the instrumentation . This impedance 

effect of the order ~f 1fo is consi dered to be a normal one for the various 

cells measured . 

JI:easurements number 8, 9 and 10 of a massive clay , a dried and 

re- we tted slurry wi til 20- 50 me sh glass spheres, and a plastic clay with 
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50',10 20- 50 mesh glass spheres , all show a similar dispersion of impedance 

(graph 52) , displaying a maximum between 1 and 10 Hz, and decreasing to 

high and low frequency . The maximum f . e . observed is 

Cell number 8 f . e . = t% 
9 f . e . = 0.6f{, 

10 f . e . = 1 . 1$& 

For cells 8 and 10 a 1 . ~~ drop in the i mpedance occurs between 

1 and 0 . 1 Hz - t he characteristic shape of t his drop and the similarity 

between the two cur ve s suggests that this is not a r andom effect but 

r a ther a char acteristic feature of such moist clay systems • 

.hn i mpea.ance dispersi on more t ypical in shape of an LP; effect 

is observed for cell 1, gr aph 52c - a clay/sinter/0 . 01 M NaCl system 

which di spl ays a Le . of 4~ vvi t h [Z] still r ising at 0 . 001 Hz . 

A s econd cell containing a l arger volume sinter with 0 . 1283 g 

clay was t e sted (Cell 16 , gr aph 52c) but the shape of t he i mpedance 

spectrum was suspicious ana. t he fre quency effect only 1 . 1%, and the 

data was rejected. 

The second group of determinations contains just two runs , both 

of clay mounted on 100- 200 mesh sint ers , equilibra ted with O.01M CaC12 

(grapr. 54-) . Cell 17 ("ayoming bentonite) displayed a 9';; f . e . while cell 15 

(bentolite) displ ayed ~& . ~or both curves t he disper sion is broad with 

no sign of a minimum to 1, 000 Hz , and while the bentonite cell displays 

a maximum a t about 0 . 01 Hz, the i mpedance for the bentoli te cell 

3 -3 increases smoothly over the entire frequency span from 10 to 10 Hz . 
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In contrast to this, measurements on ion exchange resins (group 

one) show a much less broad impedance dispersion . For cells 4, 6 and 

11 the shape of t he impedance spectra are very similar, but for cell 12 

the spe ctrum is shifted to much lower f requency and t he c omplete form 

cannot be observed (graph 55) . 

The form of the impedance spectra for resin cells is well 

represented by the equation 

where 

[z] = A/(f + a) 

A =l Maximum frequency effect) x (cons t ant) 

f f (Hz') = re quency 

a = frequency of maximum slope of the i mpedance 

versus log fre quency plo t (and is also the 

frequency corresponding to the midpoint of such 

a plot) . 

This general form is shown as graph 56 . 

The impli cations of this form on a Laplace analysis will be 

dis cussed in the next chapter. 

Also apparent from graph 55 is that a bed of calcium resin 

equilibrated wi th O. 01 M CaC12 displ ays only 5q-'b of the frequency effect 

tha t an identical bed of sodium r esi n equilibrated wi th O . OH.~ NaC l. 

The mid- point of the impedance spectrum is also moved to lower frequency 

and it is apparent tha t t he pre sence of calcium ions instead of sodium 

both diminishes the percent change of i mpedance , and increase s the 

relaxation time constant (see Chapter 14) . 
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Two measurements were made on sodium resin/glass sphere/0 . 01 M 

NaCI systems. Cell number 11 ~ 200-400 mesh resin 

95'/0 20-50 me sh glass spheres 

12 17/0 20-50 mesh resin 

83% 20-50 mesh glass spheres 

For each of these the maximum percent change in the magnitude of 

3 -3 the i mpedance between 10 and 10 Hz is 20~ , however for cell 12 the 

impedance is still rising at 10-3 Hz . Cell 4 containing 10qb 20- 50 

mesh sodium resin equilibra t ed vrl th 0 . 01 11 NaCl displays a 40[0 frequency 

effect. If one attempts to correlate this percent change of impedance 

with ion exchange resin in cells 4 , 11 and 12, it is immediately apparent 

that there is no correspondence between f.e . and volume of exchanger"' , 

and very little with surface area . The best correspondence is between 

surface area of resin in c ells 11 and 12, where the frequency effects 

are the same but the area of the 200- 400 mesh beads is 2 . 5 times that of 

20- 50 mesh resin . 

As stated previously a fault in the phase measuring circuit 

prevented phase determinations a t fre quencies greater than about 1 Hz, 

but quali t a tive informa tion regarding ~ can be obtained from measurements 

a t lower frequencies . This phase information roughly corresponds with 

t he i mpedance spectrum, t he maximum in the low frequency negative phase 

shift occurring rou ghly at ti1e same fre quency as the maximum slope of 

the i mpedance curve, and large phase shifts corresponding to large 

frequency effects . 

* For a sulfonic acid exchange resin, exchange sites are distributed 

uniformly through the bulk of the particle (31). 
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Because of the apparent phase shift of a non- reactive circuit 

even at low fre quencies , cells displaying a phase shift of the order of 

0.1 degrees or less are considered to have zero phase shift. VYhen this 

criterion is applied 5 cells are observed to have no phase response . 

C ell number 2 

3 

7 

8 

10 

0 . 01 M NaCl/Blank resin cell 

Model 104 ohm non-reactive circuit 

0 . 01 M CaCl/sinter cell 3/Blank 

0 . 011 CaC12/ Massive clay 

o . 01M CaCl/20-50 mesh gl a ss spheres/wet clay slurry 

(See graph 57 of % versus log f requency) . 

These are exactly the cells observed to display frequency effects 

less than ~b , with two exceptions : 

Cell number 1 0 . 011'.1 NaCl/ Clay bonded to sinter 

9 0 . 01}/ CaC12/Clay bonded to gl a ss spheres . 

For the f irst of these t he impedance curve i s similar to that expected 

for an I . P. r esponse, and alt hough the observed f . e . is only qb the 

impedance is still rising a t 10- 3 Hz . It is a l most certa i n tha t the 

cell displ ays an I.P. r esponse . This response is small probably because 

ver y litt le clay has been deposited on the sinter* . The second cell (9) 

should displ ay an effect simil ar to a 20-50 mesh sinter/clay system, 

* The amount of clay was not determined, but visual comparison with 

subsequent sinter s containing knovm weights of clay suggests that t here 

was less t han 50 mg of clay on the sinter . 

The rea son for this small amount of clay is t hat the lyoming bentonite 

was deposited in the sodium f orm and r e-equilibrated with NaCl 

electrolyte, under which conditions i t disperses . 
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however when attempting to bond clay to the spheres it was noted that 

very little clay had adhered to the glass . A maximum f . e . of only O .~ 

suggests tha t there is in fact no impedance dispersion, however the 

observed phase shift has a maximum of 0 .3 degrees, which is far from 

negligible . The observed response of these two cells sugges ts tha t 

observations of t he phase shift are very sensitive to a small percent 

clay on an inert matrix . Large amounts of clay not bonded (cells 8 and 

10) display no phase dispersion . 

Table 8 is a brief summary of the [ZJ and ~ data in this section . 

That a significant phase shif t occurs for clay cells only in 

four cases, for all of which the clay has been bonded to a matrLx, is not 

considered to be a coincidence . These cells are 

Cell number 1 O. OHI NaCl/bentoni te bonded to sinter 

9 0 . 01 \ ~ CaC12/bentonite bonded to gl as s sphere s 

15 0 . 01111 CaC12/bentoli te bonded to sinter 

17 O .OH~ CaC12 bentonite bonded to sinter 

(Phase response graph 57) . 

Previously Vacquier et al (54) have observed a similar effect, 

and it seems that only when clay systems are prepared for which the 

surface l ayers of clay are strongly constrained , can an I . P. response be 

observed . 

As with the frequency effect, the maximum phase shifts for all 

resin cells (graph 58) are l arger t han t hose for clay cells, being 5 to 

10 times l ar ger . Perhaps by coincidence the maximum percent frequency 

effect and the maximum phase shift correlate almost exactly for the 



Table 8 

The Electrical Properties of the Final 17 Cells 

Group Cell Maximum Maximum Frequency Frequency Form of 
No. % f . e . ~ (x 1000/ of ~ of maximum [ z] 

2 11' , radians) max . 
slope [Z] dispersion 

III 1 2 . 0 - 0 . 75 0 .05 B 

III 2 1 . 1 

3 Model 

I 4- 4-0 - 15 1. 0 2 . 0 A 

- 21 0 . 04-

5 Model 

I 6 20 - 9 0 . 2 0 .3 A 

III 7 0 . 5 

III 8 2. 0 C 

III a 0 . 6 - 0 .9 0 .08 D ./ 

III 10 1.4- C 

I 11 20 - 9 10 10 A 

I 12 20 -9 0 . 01 0 . 008 A 

13 

14-

II 15 5. 0 - 0 . 85 0 . 1 B 

III 16 1 .1 

II 17 9 . 0 - 2 . 1 0 . 3 B 

A) A symmetric increase of [Z ] be t ween a minimum and maxi mum value , 

with decreasing log fr equen cy . This form is characterised by the 

equati on [Z] = A/(f + a) where A and a are constants and f is 

fre quency (see graph 56) . 

B) A broad , a l most linear increa se of [Z ] with decrea sing log fre quency . 

C) The i mpedance spectrum maximises between 1 and 10 Hz, wi th a 

sha r p decrease between 1 and 0 . 3 Hz . 

D) The impedance spectrum maximises betw"een 1 and 10 Hz but is very 

broad and shal low. 



-1 \-0 )(\0 

o 

\0 

~ RAp li S-~ 
\J~ r- (, '-'\ <:, \(l...~ ~ lA~N Ly 

X c. e- tt -# 1. 
+ C. c.. l\ :U= !-
0 C.c-ll ~ ;, 
p,.. C (..- II -iF q 

[J C. c . ..\\ -#= ID 

, . " . 

'. ' .... ~ -
~ e - -- ""f.- . - -:$~~- . +- -- .+ ---\- . . - _ . -=-.-:- ' --;n 

. -.:...-- ____ ~ 0 -e- -- ~-O 
• '- -. - - -- - 7'"i --- _)( _ __ - --: • 

.......... ~ 'U - - 0_ - - - -- - - 0 - -'/ \ . / 
X ,. ',,--- . ~" /' ... , ........ , '- . _x' __. '" v·_ _ ~ "-

" . -y;;:- . - . --X' j,). . " "'---" ------ --- " " lJ::,.- " 
~ ·-. -x 

0·00 \ 



o 

10 

\ 

\ 
\ 

\ 

\ 
\ 

\ \ 
\-. 

\ .. 
,\ 

"'. 

- ---- .~ - -~-

x Cc Il :#: 7-
+ ( c- II ::#=- C(? 

CJ c.. e- " :#= I 5 
(J C c- Ii -:iF I 1-

"" t,,, 
' ",. ~ )< - - - - --~ \-.-. -- - ~ - -' . - :t:- ~Q:::::-:t - -~ -~-.>J + _ _ ' _ . I 7' ___ _ 

" 
.0 .......... --'--'0· -- --

- - .. - ---

. -+ -_·x • --=::::=--~-' 



S \-\. \ ~ "\ uc.~~ '--\s \f\.<Ccz..~c..,....,c...~ 
t 

(~q ) l '0) ~ Lc:..l\ :# 4 
-+ Ce __ l \ * 6 -'3 
0 L.c.-l\ :::ft::: II 

\0 X\O 

A Cc..l\ -:::#= \1. 

- . --+ ----- ~..-:::. 
__ ---- -- ~.-t-- '"':- ---- - -S -1 - x\O " -'+ -A -..:>-,.-

-- ~ --

- . .-/ "+: ". X _ - ___ ' ~ _ ,~ 

~--- ' -'f ' -'1 ' ~ 
- lOx.\O " 

"x 

\ 
\ 

x" -K" 
""-X~ .. -X.· 

O·l 0·0 \ _____________ _ 
------------ --- -.~-

0-00 \ 



143 . 

resin cells, but this is not true amongst clay cells or between clay and 

resin cells, as sho\vn by the follovang table . 

Cell No. Max . % f . e . Max ¢ 
(x 1000j2"1f Radians) 

- f .e ./cj 

~ 4 42 - 21 2. 00 
6 20 - 9 2. 22 

( 11 20 - 9 2 . 22 
( 12 19 - 9 2. 11 

resins 

clays ~ 1 2 - 0 .75 2. 67 
9 0 . 6 - 0 . 9 0 .67 

( 15 5 - 0 . 85 5. 88 
( 17 10 - 2 . 1 4.76 

The frequencies at vlhi ch the impedance and the phase shift 

maximise are not the same, and the frequency of maximum phase shift 

appears to coincide with the frequency of maximum slope of the 

impedance spectrum. For cells 6, 11 and 12 which display single peaked 

phase spectra ( graph 58) this correlation is immediately apparent, 

however for cell 4 the higher frequency peak corresponds with the 

maximum slope of [Z ] versus log ~. Similarly in clay cells, al though 

the i mpedance spectra are so spread out as to prevent the finding of a 

mid- point or maximum slope , transient observations of cell 17 indicate 

a decay time of 3 to 4 second. s w:b.i ch is in almost exact agreement with 

the obsercved reciprocal fre quency of the maximum phase shift (3 seconds) . 

These apparent correlations sugge st t wo rela tions for resin cells, 

a s follows . 
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(1) ~ 0 = - "1l' (f . e . )/ 10 

( 2) IO = f maximum slope of f . e . versus log f 

where ~ o = maximum phase shift (radians os- 1) 

10 = frequency at which ~ o occurs . 

To these can be added t ne previousl y observed empirical rela tion 

f or resin cells, 

(3) [z] = A/(f + a) 

where A and a are constants 

f = frequency in Hz . 
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CHAPTER 14 

THE APPLICABILITY OF THE LAPLACE ~~SFOR1 

i) Introduction 

It has been mentioned previously in this thesis that time and 

fre quency domain data are equivalent through Fourier or Laplace transforms , 

for a linear medium . It is assumed, for all cells, that the current 

density employed is sufficiently low for linearity conditions to be 

obeyed, and it is now useful to perform an elementary transform on 

the primarily fre quency domain data of this thesis in order to correlate 

this data Vii. th the more commonly ob served 1. P. relaxation phenomenon . 

ii) Theory 

Using the Lapl ace transform, a time function f(t) may be 

transformed to a compl ex fre quency function f(s) , 

00 

f'(s) " j f'(t)exp( - st)dt 

where s is the Lapl a ce transform variable . 

where J and L) have dimensions of frequency (radi ans/second) . The 

complete function f(s) is t hus described by a complex plane in which 

all absolute valu es of (J and W may be employed, provided t he integral 

in (1) converges. 
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Real or imaginary axis transformations of time to frequency 

domains may be accomplished by using the real or imaginary parts of 

s (s = (j or s = j W respectively) . In the case of a real axis 

transformation, (1) becomes 

( 2) = ] £(t) exp ( - " t) dt 

and for the imaginary axis 

co 
f( j (.) ) = S f(t) exp (- j U t) dt 

o 

Equation (3) is the well known single sided Fourier transform, 

and the Fourier transfor m is identical to a Laplace in which the 

integration is made along the i maginary axis (4) . 

The imaginary axis transformation describes the system behaviour 

as i f the perturbation \~re a steady state sinusoidal functi on (4) . 

If f(t) is a causal function* then an imaginary axis transform will be 

possible , resul tine; in a compl ex function , f( j 1,.)), where f is expressed 

in terms of the real angular frequency , £J • 

Impedance of an electrochemical system can be defined validly 

only in an appropriate frequency domain , because of its vector and phasor 

properties (55) . Therefore , in order to obtain an impedance £'unction from 

time domain behaviour it is necessary to convert both the perturbation 

* A causal function is one for whi ch 

f( t ) = 0 for t i.. 0 

GlO 5 [ f(t) ' dt <. co 
o 
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and the response from time functions into frequency functions and 

take a ratio 

i(t) ---+ I(j G.» 

vet) --+ V(j (J ) 

Z(j W) = V(j tl)/I(j c.J ) 

The impedance determined in this way behaves identically to and 

obeys the same relationships a s the impedance measured using A. C. sine 

wave techni ques , thus 

Z(j W) 

and the magnitude of t he impedance , [ZJ , and the phase shift of the 

voltage with respec t to t he curren t , 1', can be determined from the 

relationships 

[ZJ = 

tan rj = X/R 

iii) Practical 

Transforma tions between time and fre quency domains may be made 

using (3) . In addition , the Borel or convolution integral theorem, 

t 
(4) e (t) = S i (1" ) Z (t - -r) <!f' 

o 

where l' is an integr a tion variable , may be used to describe the 

time domain potentia l r esponse , e(t), to a current excita tion function , 

i(t) , applied to an impedance . 
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Unfortunately the time domain data cannot be transformed into 

frequency domain impedances , since t his data consists only of an 

observation of the decay vol tage , and measurements of the currents 

associated with the diffusion processes within the sample are not made 

during the decay cycle . 

~ile it would be unreasonable to assume the current behaviour in 

transient domain observations , it is not unreasonable , as a first 

approximation, to assume a cons t ant current during frequency domain 

observa tions . Assuming this , t he compl ex impedance derived from [Z] and 

¢ via 

( 5) Z ( j lJ) = [Z] ( Co s % + j Sin ¢) 

is proportional to the compl ex voltage 

(6) V(j cJ ) = I Z(j cJ ) 

which may be transformed i nto t he t ime domain via (3) , and there represents 

the transient voltage decay r esulting f rom a Dirac curren t impulse* . 

It was observed in Chapter 13 that 

[z] = B (f . e . )/(f + a) see p . 139 

Also observed phase shifts are less than 7 degrees , and t hus from (5) 

* The transform of a constant, I( j W) , is t he same constant times the 

unit i mpulse , S (t), as defined below. 
o 

So(t) = unit impulse, a lso called Di rac "delta" function 

= 0 , t <. 0 

= 0 t > 0 
00 

= 00, if t = 0 and ~ SoC t) dt = 1 

-00 
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since 

Cos i = 0 . 992 

and Sin i = 0 . 122, 

Z( j (..) ) - [Z] (= 21t B(f.e . )/(W + 21{ a)) -
and from (6) 

V(j W) - 2'1f B(f.e . )I/(W + 21r a) 

This corresponds to the transform of 

vet) = 2\{ B(f . e . )I exp( - 21f a t) 

This represents an exponential decay with a single time constant, 

b = 1/2~ a, and pre- exponential , A = 2"1f' (f.e . )I. 

Thus for the resin cells , which adhere rou ghly to the form of 

equation (7) , one would ex;?ect to see an exponential decay of the voltage 

in the time domain, as a r esult of a Dirac unit cur rent impulse . The 

clay cells , however , do not obey equati on (7) , and the dispersion effects 

are much more spread out . Rather than postulating that an entirely 

different r el axation mechanism ocCUrs for clay than for resin systems , it 

seems probable that t he dispersion effect of clay cells in fact results 

from a distribution of exponential relaxations of widely varyine decay 

constants , resulting from the widely variant pore geometries of clay 

systems as compared with resin beds . 
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CHAPTER 15 

DISCUSSION OF RESULTS 

i) Rems.rks 

The work described in t his thesis is of a developmental nature 

and the prime concern was in developing a measuring techni que suitable 

for the observation of the i mpedance dispersion of model soil systems 

for fre quencies from about 10, 000 Hz to as low as is feasible . Such a 

system has bee n developed and the effects of a number of paramet ers on 

resin and clay model soil systems has been investigated and certain 

empirical relationships observed . 

It is not possible to evaluate the models of Vac quier et al (54) 

or Keller (2 , 25 , 26 , 27) in terms of the data obtained as the vague 

terms of these models made predic tions impossible , nor to evaluate the 

model of Madden and Marshall (35, 36 , 37, 38, 39) as four parameters of 

this model are indeterminate (see p . 3\ ) . 

It has been determined that a clay model system suitable for the 

observation of the membrane polarisation effect may be constructed by 

bonding a (Ca form) clay to a sinter framework . Only bonded clays 

displa.y an LP. effect . 

A model is not immediately apparent to describe the observations 

of this thesis , and since it is intended to pursue this line of research, 

data has been left in its empirical form, and no rea l attempt has been 

made to fit it to a general rna. thema ti cal mode 1. In f a c t , pre ci se 

wide frequency range impedance observations have been made on relatively 
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few systems (4 resin and 2 clay/sinter systems) , and observa tions of the 

temperature dependence of [Z] has been made for only one resin system, 

and this with low precision. 
1 
~ 

The observed C dependence of R (and thus the equivalent 

conductance - see p .129) in resin/electrolyte systems, is of possible 
1 

conse quence to disciplines other than Geophysics. Plots of R versus C~ 

are linear for the NaGl data of this thesis (see p .129 and graph 47) , and for 

NaN0
3

, Ca( N03)2 ' La(N03)3 ' Th(N03)4 data of Schufle (52) , which is the 

only literature data for which such a plot can be made (graph 50 this 

thesis) . 

Sufficient data has been a ccumula ted in t his t hesis t o indicate 

the behaviour of model soil systems to be sufficiently anomalous to 

warrant further investigation . Although the application of the prepared 

model systems to the rea l earth is as yet uncert ai n, the form of the 

fre quency and time domain observations , and of t he Laplace transform 

of fre quency domain data l eaves little doubt tha t t he effect under 

study in t he model systems is i n f act the phenomenon !mown a s induced 

po l arisation in the ground . 

ii) Suggestions for further work 

Observa tions of clay/sinter systems indicate a fr equency dispersion 

spread out over a much wider f requency range than tha t employed in t his 

study . In order to ob serve t he i mpedance spectrum between i t s limits , 

it is necessary to make measur ements below 10- 3 Hz and possibly make a 

D.G . observation, and to extend measurements a-oove 104 Hz , possibly to 

as hi gh a s 106 Hz . 
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The problem of practical interest is the I.P. effect of clays 

in geologica l situations. For a variety of r eas ons resins are easier 

to investigate than clays ( p .39 ), and for this reason have received 

the majority of attention i n this thesis; but clay model systems are 

more directly applicable to the earth . It is thus suggested that further 

investigation be conducted into clay model systems , varying such parameters 

as clay type and concentration on an inert framework, and the pore size of 

this framework and cationic form of the clay. The effects of both the 

anion and ca tion type i n the electrolyte is as yet indeterminate, and the 

effects of electrolyte t ype and concentra tion should be studied bea ring 
1 

in mind t he C-2 dependence of R observed abo ve . Marshall and Madden 

made I .P. determinations of compressed clay systems (37), and a 

determination of the similarity between these and clay/sinter systems 

would be of value. 

Suggested experiments with artificia l membrane sys tems involve 

wide frequency range LP. determina tions on well ca t agorised membranes 

for which the unknown parameters of Marshall and Madden ' s model may be assessed 

by additional experiment . The purpose of this experiment is to test their 

model . I t is conceivable too, that observa tions of a system comp osed of 

alternating l ayers of anion and cation exchanger may yield extremely 

interesting results in view of the fact that the transference number of 

the cation, say , in such a system may be made to var y from nearly unity 

to effectively zero in alternate zones . A somewhat anomalous temperature 

effect was observed in Chapter 7 of the magnitude of the impedance of 

a resin/electrolyte system. This observa tion possibly V8rr ants further 
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investiga tion in resin systems and for clays both mounted to an inert 

framework , and massive . 

In any further work on the membrane polarisation phenomenon, the 

practical implications should be considered, and a successful 

investigation of the I . P. effect should be complemented by field 

observations in which the l aboratory results may be applied to 

problems of geophysical prospecting . 
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APPENDIX I 

PREPARATION OF PLATINISED PLATINUM ELECTRODES 

Pla tinised pl atinum electrodes t hrou ghout this vyork vrere 

prepared by the method described in Vogel (56 - p . 972) using a plating 

solution of 3g chloroplatinic acid, prepared by the me thod in Ives and 

Janz (23 - p . 107) , and 0 . 025g lead acetate in 100 ml of double 

distilled ·water . The electrodes to be platinised are made 

the cathode in t his solution, and the current was not reversed . A 

plating current density of about 100 mAlcm
2 

was passed for 5 to 10 

minutes , t he resultant coating in all cases being jet black. 
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APPENDIX II 

PREPARATION OF Ag/AgCl ELECTRODES 

Silver silver chloride electrodes were prepared primarily 

by chloridising 1 rom silver wire in 0 . 1M BCl, after the method of 

Brown and MacInnes (9) , described in Ives and Janz (23 - 0 . 206) . 

Initially pairs of electrodes were prepared in par allel, but smaller 

asymmetry potentials were observed when pairs of el ec trodes were 

chloridised in series (Fig. 28) , and -this was done for l a ter electrodes . 

In all ca ses a cur rent density of about 10 mA/cm
2 

was applied for 30 

minute s using silver wire counter electrodes. 

Upon completion of chloridisation the electrode pairs were 

short circuited and left in t he plating solution for a t least 

24 hours . The electrodes were then car efully washed in distilled 

water and left standing in dilute NaCl solution, still short circuited . 

One pair of electrodes was prepared using 0 . 5 rom Pt wire a s 

base , onto which Vias deposited a plating of silver by passing 8 mAlcm2 

for a period of about 5 hours . The pla ting s olution was KAg (CN)2 ' 

prepar ed as described in Ives and Jand 11..243 g
0 Tc 11.2 0 0 11.2 433.56 240733 
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