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ABSTRACT 

The possible effect of ground polarization (elec

tro-chemical dispersion) on geophysical inductive resis

tivity methods is investigated in this work. First, known 

closed-form mutual impedance formulae between two small loop 

antennas are reviewed for homogenous full-space and half-

space models (Wait 1954). The frequency dependence of the 

conductivity is allowed for by using the Cole model first 

suggested for this purpose by Pelton et al (1977), and 

mutual impedance of loop pairs are plotted as a function of 

normalized frequency, which show this frequency dependence. 

Next, the response of a sphere immersed in a conductive 

medium subjected to an magnetic field is considered in a 

similar fashion. Results obtained show that the effects of 

strong ground polarizability in geologic media on inductive 

resistivity surveys can cause a relative interpretation 

error of mutual impedance of up to 200 percent in amplitude 

and 60 degree error in phase within the conventional 

frequency range encountered in inductive studies. 

xix 



CHAPTER ONE 

INTRODUCTION 

Exploration of the earth using ground resistivity 

methods have been used since the 1930's to explore the 

earth's subsurface. These systems involved grounded, direct 

current arrays. The received signal from these systems 

respond to massive metallic ore deposits, to the presence of 

water tables, and to otherwise hidden buried faults which 

offer large resistivity contrasts. With grounded resis

tivity methods, much time and effort is involved in setting 

grounded electrodes (usually in the form of iron or copper 

stakes pounded into the ground), and also in insuring a good 

electrical connection with the subsurface (possibly in

volving the import of large quantities of brine). This 

expenditure led explorers to develop alternating current (or 

transient) resistivity methods which allowed the surveying 

systems to be inductive (e.g. completely isolated from the 

ground). This development made a host of other surveying 

systems possible, most of which were more mobile and thus 

less expensive to operate. 

In the early 1950's, it was discovered that dis

seminated, economically important sulfides, which did not 

necessarily respond to conventional resistivity methods, 

1 
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displayed a large response to induced polarization. Even 

though the technique of induced polarization normally 

requires grounded electrodes, it makes use of an inter

rupted, or transient signal, and more recently of a har

monically oscillating source. 

Since both prospecting techniques can use oscil

lating source fields, a question naturally arises as to 

whether the response of one of these surveying techniques is 

in part due to the phenomena involved in the other. It has 

long been recognized that the effect of electromagnetic 

induction and coupling on induced polarization surveys can 

sometimes have marked results (Wait 1959, Dey and Morrison 

1973). Yet little has been determined on the possible 

effects of ground polarization on conventional resistivity 

surveys. 

Conventional resistivity survey techniques which use 

time-harmonic (or transient) sources usually assume that the 

resistivity of the ground is frequency (or time) in

dependent. Yet the success of induced polarization clearly 

shows that this is not so: in modern resistivity techniques 

where shorter travel times (or higher frequencies) may 

sometimes be used, the complex nature of the ground im

pedance may play an influential role in the total resis

tivity response obtained. 

This work investigates the role that the induced 

polarization characteristics of the- ground may have on AC 
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resistivity surveys. To explore this effect, the mutual 

impedance of five specific dipole configurations (ap

proximating small antennas) are calculated, and mutual im

pedance versus frequency curves are plotted for each con

figuration. An analysis of the effect of ground 

polarization on these curves are thus conducted. 

The near-field scattering of a sphere buried in an 

infinite, conductive medium, due to an incident magnetic 

field is also considered. The effect of sphere permittivity 

on the scattered field is analyzed in a way similar to the 

dipole configurations described above. The magnetic dipole 

induced in the sphere is plotted as a function of frequency, 

while the induced polarization characteristics of the sphere 

are varied. 



CHAPTER TWO 

INDUCED POLARIZATION 

The geophysical survey method of induced 

polarization (IP) is primarily concerned with the detection 

of subterraneous metallic mineralization by current 

injection and observation of the electric field response 

resulting from the polarization of mineral particles. This 

polarization arises due to an energy barrier which the 

source current must overcome to flow across the metallic 

interface. The additional energy (originally called 

overvoltage) needed to overcome this barrier remains after 

cessation of the source current and dissipates with finite 

time to the surrounding medium. In the time domain this 

decay is observed at the receiver as a continuation of the 

signal after abrupt interruption of the source, and can be 

analyzed for the bulk capacitive character of the medium 

under investigation. 

Because linear time-domain induced polarization 

observations are mathematically related to the frequency-

domain via the Fourier or Laplace transforms, IP effects 

also exist with harmonically oscillating current excitation 

(Wait, 1959; Madden and Marshall, 1959). In the presence of 

4 
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electro-chemical polarization effects, the amplitude of the 

time harmonic signal will exhibit a frequency dependence due 

to the presence of interfacial impedances associated with 

metallic grains. These complex impedances give rise to a 

phase shift in the received signal relative to the source 

and thus a possible modification to the signal amplitude. 

It is also this complex behavior which distinguishes the IP 

response from purely resistive geophysical investigations. 

This chapter covers the concepts and mechanisms of 

the IP method obtained from literature. A section is in

cluded which analyzes previously published complex 

resistivity data for Cole model parameter ranges. To obtain 

these parameter ranges, the original data needs•to be 

converted—the procedure of conversion is subsequently des

cribed in this section. 

Historical Development Q£ Induced Polarization 

The concept of IP as a geophysical exploration 

method was first documented by Schlumberger in 1920 but was 

not put into use by him (Schlumberger 1930). IP as is used 

today was first developed as a mine detector during the 

Second World War (Brant 1959). In the mine detector, 

electrodes were lowered down into the water on poles, and a 

current was intermittently applied to them—their subsequent 

discharge rate being diagnostic of the presence of metallic 

conductors. 
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Funded by the Newmont Mining Corporation, Brant and 

Radio Frequency Laboratories located in Boonton, N.J., ex

plored the characteristics of this phenomenon in 1948/49 on 

miniature ore body models immersed in moist sand. Since 

these tests proved favorable in recognizing the presence of 

metallic ores, field tests were begun with promising 

results. Results were encouraging enough to warrant a 

full-scale research and development effort in Jerome, 

Arizona, in the early 1950*s. 

For this purpose, Newmont hired graduate students, 

many from the University of Toronto, to investigate both the 

applied and theoretical aspects of IP. It was thus in 

Jerome that much of the pioneering work on IP took place. 

The research included both time and frequency domain IP, as 

well as in the theory of data analysis and instrumentation. 

A review of the early investigations of IP has been 

assembled in a monograph edited by Wait (1959). 

Subsequently, Madden and his group began 

investigating the IP phenomenon in the frequency domain 

(Madden and Marshall, 1959). As the success and popularity 

of the IP method increased, many more researchers joined the 

ongoing investigation. It is thus that the IP method came 

of age in the 1960's and early 1970's. 
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Concepts of Induced Polarization 

Since the IP effect is caused by the overvoltage 

phenomenon on the boundary of electrically different media, 

a review is needed on the nature and occurences of these 

boundaries, as well as IP mechanisms, to understand the 

behavior of overvoltage. 

The most significant mechanism of charge transport 

in geologic media is the presence of water containing elec

trolytes in rock-pores and fractures. Water, being a polar 

solvent, will eventually dissolve ions from the surrounding 

rock which can, be put in motion by an external electric 

field. The type and concentration of the dissolved ion is 

dependent upon the chemical composition of the host rock, 

and the age of the pore-fluid. 

Polarization caused by an external time-harmonic 

field can be caused by various mechanisms depending upon the 

frequency of the external field. From frequencies of zero 

to about 10 kHz, the mechanisms involved in charge 

separation are primarily caused by the migration and 

subsequent accumulation of ions on the boundary of 

electrically different media. Between frequencies of 1 MHz 

and 1 GHz, the major mechanism of polarization is the re

orientation of the polar molecules to the external fields. 

This is known as dipolar (or Debye) polarization. Above 

1000 GHz, the polarization becomes molecular: the form of 

the molecule distorting in response to the external field 
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(Poley, Nooteboom, and de Wall 1978). It can be deduced 

that interfacial polarization (from DC to about 10 kHz) is 

the only mechanism needing dissolved ions in solution, while 

dipolar polarization simply needs a polar substance to 

occur, such as water. All other charge separation 

mechanisms associated with frequencies higher that 1000 GHz 

can occur in any substance. 

Since conventional surface IP surveys (frequency-

domain) restrict their operating frequencies to well below 

10 kHz due to greater signal attenuation at higher 

frequencies, ionic charge transport within geologic media is 

of greater interest (Olhoeft, 1981): The two relevant 

processes at these frequencies are called migration, which 

is the movement of ions in response to an external electric 

field, and tunneling, a term well known in the disciplines 

of physics as the quantum-statistical movement of charge 

through an energy barrier. Migration pertains to the charge 

transport occuring primarily in the pore and fracture 

fluids, while tunneling accounts for the transmission of 

charge across interfaces of electrically different 

materials. 

When a metallic mineral grain (e.g. sulfides, certain 

oxides, and even graphite) comes into contact with, or 

blocks, a rock pore or fissure, the charge transport 

mechanism changes from the migration of free ions to 
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tunneling, which gives rise to an electro-chemical impedance 

condition at the interface known as electrode polarization. 

Conduction mechanisms through a mineral are of two types: 

faradaic and non-faradaic (Ward and Fraser 1967). Faradaic 

conduction across the metallic grain boundary is achieved by 

electro-chemical reduction-oxidation (redox) reactions on 

the interface of the grain. For example, if a pore 

completely blocked by copper sulfide is considered, one can 

formulate the possible reaction needed for charge transport 

across the metallic grain (see figure 1). 

As can be understood from the reaction of figure 1, 

the redox reaction shown needs a constant movement of ions 

to be maintained. It is important in the subsequent 

development of equivalent circuits to note that this 

reaction will reach equilibrium if the external applied 

field is held constant for a long enough period of time (or 

if the frequency of the oscillating source used is low 

enough). It is the ionic diffusion apparant in figure 1 

which often sets the limit on the rate of chemical reaction 

at the interface. The impedance which is associated with 

this diffusion limited redox reaction (Ward and Fraser, 

1967) has been named the Warburg impedance since its 

characteristics cannot Ije described by a simple combination 

of circuit elements. This form of impedance displays a 

dependence on the reciprocal of the square-root of frequency 

(Grahame 1952), yet remains finite at zero frequency. 
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++ 

Figure 1. A possible electro-chemical reaction involving a 
copper particle in an electrolytic pore fluid. This would 
represent a metallic mineral grain blocking a rock pore. 
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It must not be forgotten that so far the extreme 

case of a metallic grain completely blocking a pore or 

fracture has been considered. In reality, one must assume 

that metallic grains are as likely to partially block the 

pore as to block it completely. Partial blockage of the pore 

gives rise to surface conduction (Madden and Cantwell 1967). 

Surface conduction has, as its mechanism, the 

abnormally high concentration of ions found in the vicinity 

of the metallic grain. If a pore passage exists which 

shares a border with such a grain, the extra ionic 

concentration of that pore in the vicinity of the mineral 

grain will increase its overall conductivity. Studies have 

shown that the impedance of these pores displays a 

reciprocal fourth-root dependence on frequency (Madden and 

Marshall 1957). Due to the extreme cases considered, the 

frequency dependence of the metallic mineralized rock is 

expected to range from the two extremes: from a reciprocal 

one-half to a reciprocal one-quarter power of the frequency. 

It has previously been stated that because of the 

changes in charge-transport mechanism as well as the 

specificity of the electro-chemical reaction, an 

accumulation of ions is found near the pore-metallic grain 

boundary. This concentration of ions has been called the 

'ionic double-layer'. This double-layer acts capacitively 

(thus constituting the non-faradaic conduction pathways) and 

adds greatly to the electric permittivity of the 
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disseminated metal containing media. Some theoretical 

studies have been done on this subject, mostly approaching 

the problem from the impedance conditions of a metallic 

grain and subsequently allowing for the interaction of many 

such particles (Wait 1959,1983). Alternatively, Wong 

(1979), and Chew and Sen (1982) have approached the dis

seminated particle problem by an extensive electrochemical 

investigation of the particle as a whole. 

The Effects Boundary Inhomogeneities and Clay; 
Membrane Polarization 

Membrane polarization gives results similar to 

electrode polarization but has a different origin. It is 

caused by the net electric charge naturally encountered at 

pore boundaries (e.g. the rock-pore interface) and to a 

larger degree by clay particles found within the pore 

structure. 

Because of their chemical composition, most rock 

materials have a slight negative charge on their pore-

boundary. This negative charge in turn attracts positive 

ions from the pore-fluid, which can, if found in sufficient 

concentrations (and when the pore is sufficiently small) 

affect the electrolytic flow of ions through the pores. 

This in effect creates the same condition as is encountered 

in electrode polarization and gives rise to overvoltage 

effects. 
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Another mechanism which strongly affects the overall 

IP phenomenon is the presence of clay particles. Clay 

minerals are normal products of mineral oxidation 

(weathering) and are found in almost all rock pores to 

different degrees (Deer, Howie, and Zussman 1966). 

Clay minerals are predominantly layered alumino-silicates, 

composed of two basic structural units, namely a tetrahedron 

of oxygen atoms surrounding a central cation, usually Si4+, 

and an octahedron of oxygen atoms or hydroxyl group 

surrounding a larger cation, usually Al3+ or Mg2+. The 

tetrahedra are joined along their basal corners and the 

octahedra are joined along their edges by means of shared 

oxygen atoms. Thus tetrahedral and octahedral layers are 

formed. The structures described above are ideal ones: 

typically some substitutions of Al3+ for Si4+ occur in 

tetrahedral layers, and substitutions for Mg^+ for Al3+ 

occur in the octahedral layers. Hence, internally 

unbalanced negative charges occur at different sites of the 

sheets. 

Another source of unbalanced charges on clay 

minerals is the incomplete charge neutralization of terminal 

atoms on lattice edges, arising from discontinuities of 

aluminosilicate sheets. These charges are balanced 

externally by exchangeable pore-fluid ions, mostly positive 

ones, which concentrate near the external surface of the 

particle (Hillel 1980). 
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The accumulation of these cations may be great 

enough to also affect the elecrolytic flow of ions though 

the rock pore (Vacquier 1959, for example). This mechanism 

is similar to rock boundary effects discussed above. To 

generalize the effects of membrane polarization, it can be 

said that the presence of clays in geologic media can give 

an equal (or greater) IP effect as that of polarization due 

to metallic grains. Even though the results of membrane 

polarization appear similar to electrode polarization, their 

mechanisms (i.e. blockage of electrolytic flow vs. a 

diffusion dependent reduction-oxidation reaction) differ so 

greatly in nature that one would think the contribution of 

each mechanism separable (see for example comments by 

Bhattacharyya 1964, Nicoletis 1981). 

Classical Parameters of IE 

Because the data produced by IP surveys in the time-

domain is so different from that produced in the frequency 

domain, each technique has had its own mode of measurment 

and interpretation. 

In the time domain, where a DC waveform of current 

is injected (or induced) into the ground and then abruptly 

interrupted at t=0, IP is detected by an logarithmic decay 

in the received signal voltage after the source has been 

interrupted (Wait, 1982). This logarithmic tail in the 

resulting signal is sampled and analyzed as a function of 
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time. The common measure of IP in the time domain is the 

chargeability defined by Hallof (1964) as 

(2.1) m = 

E( t )  -  E( t )  
t-w° t"K) 

E( t )  

where Eft) is the electric field as recorded by the 

receiver, and t=0 marks the interruption of the signal. 

In the frequency domain, complex resistivity is 

measured at a minimum of two frequencies and a comparison 

of these resistivities is taken as a measure of IP. 

Formulae have been developed to describe this frequency 

dependent resistivity. The frequency effect (FE) is defined 

as 

po " p» 
(2 .2 )  FE =  — 

Poo 

where pQ is the ground resistivity at a convenient low 

frequency and is the ground resistivity at a convenient 

high frequency. In the frequency limits of these 

measurments (i.e. as these 'convenient' frequencies reach 

zero and infinity), the frequency effect and chargeability 

can be approximately related by (Halloff 1964) 
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Another classical measure of IP in the frequency 

domain is called the metal factor (MF). The metal factor is 

defined as the frequency effect (PE) normalized to the low 

frequency resistivity. It is thus defined by Madden and 

Cantwell (1967) as 

(2.4) MF = — x constant 
po 

where constant=27TE5. This quantity, even though not 

dimensionless, has proven to be useful in frequency-domain 

IP studies where the DC resistivity values of the terrain 

surveyed is of consequence (Hallof, 1964). The frequency 

effect, however, can be more useful in the absolute measure 

of ground polarization (Wait, personal communication) which 

is relatively independent of DC resistivity. 

Equivalent Circuit Analysis 

Now that the mechanisms of IP have been explored, it 

would be enlightening to review some equivalent circuits 

which have been proposed to model this frequency dependent 

complex resistivity. 

With the origin of the characteristic Warburg 

impedance discussed, a first order equivalent circuit can be 

envisioned which models the impedance mechanism of a metallic 

grain boundary. The equivalent circuit is presented in 

figure 2. The double layer capacitance (e.g. the non-

faradaic pathway) is set parallel to the pore-space 
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resistance, which is in series with the Warburg impedance 

(Ward and Fraser 1967). To model the empirical behavior of 

laboratory samples and in-situ data, a terminal of the 

circuit shown can be fed by a time-harmonic or transient 

current, and the subsequent voltage, relative to ground, 

recorded from the other terminal. 

This equivalent circuit modeling electrode 

polarization can now be set into a more general circuit 

modeling the response of a rock containing mineralized 

grains (e.g. disseminated mineralization). This circuit must 

model membrane polarization (if present), and also 

conduction in pores which are not in contact with metallic 

grains. The equivalent circuit of figure 3 has been 

proposed by Ward and Fraser (1967). This equivalent circuit 

takes into account most mechanisms of the electro-chemical 

impedances, as well as resistances representing higher order 

reactions. Explicitly, the equivalent circuit in figure 3 

is labeled: the Warburg impedance, W; the double layer 

capacitance, Cf; the chemical capacitance, Cch; the reaction 

resistance, R; the resistance representing higher order 

terms, R'; the resistance of ionic paths, Ri; and the 

resistance of a metallic vein path or particle, Rm. Ward 

and Fraser have modeled the membrane polarization as part of 

the Warburg impedance, which they consider sufficient to 

represent this effect. 
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From an empirical point of view, however, most of 

the electro-chemistry illustrated in figure 3 cannot be 

assigned their proper role because of an overlap in their 

effect as seen by the mutual impedance of the system. A 

simplified equivalent circuit model which displays the 

proper frequency dependence characteristics is shown in 

figure 4. Madden and Cantwell (1967), as well as Pelton et 

al (1977), have used this equivalent circuit as a 

justification of their empirical model development. To 

model the complex transfer impedance across the sample, the 

impedance is solved for 

R (R,  + a )  
(2 .5 )  Z( im)  -  R  +  R  + a  

0 I 

-k  
where a = (iu>X) 

which Pelton et al (1977) defines as the complex impedance 

(dimensional analysis, however, does not indicate this). 

Following Pelton's derivation, the complex impedance can be 

derived. 

7 /  •  \  R ,  +  a  
Z(1M)  _  I  

R R +  R,  +  a  
0 0 I 
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c 

Figure 2. An equivalent circuit modeling the electrical 
behavior of a metal-electrolyte interface. C is the non-
faradaic double layer capacitance. R represents the resis
tance which takes place at the metal grain interface. Z is 
the Warburg impedance. 

Figure 3. An equivalent circuit model for a general min
eralized rock (after Madden and Cantwell, 1967). W is the 
Warburg impedance, Cf is the double layer capacitance; Cch 
is the chemical capacitance; R is the reaction resistance; 
R'is the resistance representing second order reactions; Ri 
is the resistance of ionic paths; Rm is the resistance of a 
metallic vein path or particle. 

CH 

aR' 
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Figure 4. Empirical equivalent circuit for the Cole 
polarization model. Rq is the real part of grouped 
impedances. Rj is the pore resistance. X is the complex 
impedance. 
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where m = 
R l + R o 

1 - m  
R o 

1 -

ma 
R 
o 

1 + 
ma 
R. 

= 1  -  m 1 -
1 

ma 

(2.6) Z(iw) = R 1 - m 1 -
1 

1 + (iux) 

where r = X 
l m 

1/k  

The 'time constant1 (t) has the units of seconds. 

Again, dimensional analysis reveals the dimensions of x as 

seconds, which would not make X an impedance. The 

dispersion exponent (k) is an empirical variable and has 

been found to vary from 0.5 for mineral grains completely 

blocking the pore (i.e. from a pure Warburg impedance) to 

0.25 in the case where surface conductivity is prevalent 

(Madden and Marshall 1959). 

It is precisely equation 2 . 6 ,  called the Cole 

model fashioned after the work of Cole and Cole (1941), 

which Pelton et al (1977) use in their in-situ field data 

modeling. Even though Pelton's derivation of equation 2.6 

is non-rigorous, the empirical Cole model is still valid in 
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describing the frequency-dependent impedance of geologic 

media. Pelton et al (ibid) found the dispeirsion exponent 

(k) to have a range of about 0.1 to 0.6. 

Cole and Cole developed their empirical model to 

describe the frequency dependent complex permittivity of 

certain dielectrics, but it was found by Pelton et al (1977) 

to also describe the frequency dependent complex resistivity 

(the reciprocal of which, the complex conductivity, is used 

in this work) of geologic media. Not surprisingly, the 

equivalent circuit the Coles used to explain complex 

dielectric behavior is identical to the circuit in figure 4 

with the resistors replaced by capacitors. 

The frequency dependent impedance as dictated by the 

Cole model, normalized by the low frequency limit 

resistivity, is displayed by plotting its modulus and phase 

as a function of the frequency-time constant product. 

Figure 5 shows a family of curves varying in chargeability 

(m), while the other Cole parameter (k) is held at a 

constant value. Figure 6, in turn, shows the phase of the 

complex resistivity (chosen negative by causality) for the 

same Cole parameters as figure 5. Similarly, figures 7 and 

8 show the amplitude and phase of the frequency dependent 

impedance of the same families of curves, this time 

dependent on a different value of the Cole parameter (k), 

namely k=0.50. 
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Figure 5. Amplitude of the Cole model (frequency dependent 
resistivity). dispersion exponent=0.25. Curve A: m=0.0, 
curve B: m=0.2, curve C: m=0.4, curve D: m=0.6, curve E: 
m=0.8. 
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Figure 6. Phase of the Cole model. k = 0.25. Curve A: m=0.0, 
curve B: m=0.2, curve C: m=0.4, curve D: m=0.6, curve E: 
m=0.8. 
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Figure 7. Amplitude of the Cole model. k=0.50. Curve A: 
m=0.0, curve B: m=0.2, curve C: m=0.4, curve D: m=0.6, curve 
E: m=0.8. 
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Figure 8. Phase of the Cole model. k = 0.50. Curve A: m=0.0, 
curve B: m=0.2, curve C: m=0.4, curve D: m=0.6, curve E: 
m=0.8. 
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These plots are very similar to those of Pelton et 

al (1977) who plotted the same function. It must be stated 

however, that it appears they used values of the dispersion 

exponent (k) greater than those indicated on their plots to 

emphasize the change of the complex resistivity with 

frequency. 

Experimental Data; A Survey ol Cole Parameter Ranges 

To obtain a range of Cole parameters found in 

geologic media, it is useful to review both field and 

laboratory measurments found in published literature. 

Madden and Cantwell (1967) give some laboratory 

results for some various rock types. These data are given 

as the impedance of the rock sample at 1 Hz divided by their 

low freqency (0.1 Hz) resistivity. A ratio of the high 

frequency resistivity (10 Hz) to low frequency resistivity 

(0.1 Hz) is also provided. This information and their 

assumed 0.25 value for the dispersion exponent (k) is enough 

to convert Madden and Cantwell's 1967 experimental results 

into Cole parameters as defined by Pelton et al (1977). 

Table 1 is a presentation of these values. Similarly, Table 

2 shows the average Cole parameters of certain rock types 

derived from experimental data gathered by Madden and 

Cantwell (1967). 

Pelton et al (1977) did many in-situ experiments on 

exposed sulfide ores bodies. These ore bodies were 
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Table Is Cole Parameters of Madden and Cantwell's (1967) 
results of certain rock types. 

ROCK DC RES, (ohm-m) ZD t (sec.) k. 

gabbro 7E3 0.71 1.35E-3 0.25 

dolerite 9E3 0.47 2.47E-2 0.25 

quartzite 
(graphitic) 1.7E3 0.704 5.15E-3 0.25 

greenstone 
(pyritic) 5.5E3 0.714 2.05E-2 0.25 

Table 2s Cole parameters of Madden and Cantwell's (1967) 
results of typical formations. 

ROCK TYPE rn x(sec.) 

Sedimentary copper ore 
(White Pines) 0.20 1 .60E-3 0 .25 

'Duluth' Gabbro 0.43 3 .46E-1 0 .25 

Quartz Porphyry,N.M. 1.0 6 .67E-7 0 .25 

Volcanics and conglomerates 
(Keewenaw Copper Ores) 0.40 9 .53E-3 0 .25 

Andesite, Az. 0.36 2 . 19E-4 0 .25 

•Dakota' Sandstone 0.22 2 .56E-3 0 .25 

Tuff, Az. 0.25 5 .05E-3 0 .25 

Metamorphics, Ontario 0.50 1 .60E-3 0 .25 
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classified as 'dry' if they contained sulfides which occured 

in discrete disseminated grains as opposed to sulfides which 

are typically distibuted in veins and veinlets, which were 

referred to as 'wet' porphyries. To fit their data to the 

Cole model, Pelton et al had to adjust their model by 

multiplying two Cole models together, for example: 

(2 .7 )  Z( io i )  =  R„  1 - m 
1 

1 
1 + (i an: -j) 

1 

1 + (I UJT 2) 

Modification to the Cole model was done, however, only to 

fit the high frequency portion of their field data. Visual 

inspection of their impedance vs. frequeny plots reveal that 

adjustment of the Cole model is not needed until about 1 

kHz. This fact is also noted by the very small values of 

the second time constant used. Still, their Cole parameter 

values can be used to give us estimates of the range these 

parameters can take. Parameter values given by Pelton et al 

(ibid), can be used directly in this comparative study as 

the Cole model used in this study was first proposed by 

Pelton and his group. The parameter values given on their 

plots are tabulated in table 3. 

Finally, another source of experimental data comes 

from Sauck (1969) who studied the complex resistivity of 

some very polarizable specimens. With the aid of con

ductivity amplitude versus frequency curves provided by 
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Sauclc (ranging from 0.03 Hz to 1 kHz), the Cole parameters 

of his samples can be obtained. 

These samples were kiln dried and subsequently 

soaked in an electrolytic solution for an average of 

approximately 100 hours before being measured. The 

conductivity of the rock samples at 0.03 Hz is taken to be 

the low frequency conductivity limit, while that of the 

samples at 1 kHz is taken to be the limit of the high 

frequency conductivity limit. These values allow the 

calculation of the chargeability (m). By calculating the 

percent FE of each rock sample at two adjacent frequency 

ranges with means of 10 and 100 Hz, respectively, two 

equations can be obtained to solve for the two unknown Cole 

parameters (k) and (x). The results of Sauck's experiment 

are tabulated in table 4. 

It must be remembered that the samples or locations 

studied above were chosen for their large metallic mineral 

content and therefore are subject to large IP responses. 

Non-mineralized rock can also give an IP response 

called the 'normal effect*. This effect has been studied by 

Vacquier (1957) and Mayper (1959) and arises predominantly 

from membrane polarization since the source of electrode 

polarization (i.e. metallic mineralization) is missing from 

the rock. 
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Table 3: Cole parameters resulting from in-situ experiments 
done by Pelton et al (1977) . 

DEPOSIT DC RES (ohm-m) JUL xtsec.) 

Lornex 4 
(dry porphyry) 126 

Copper Cities 1 
(dry porphyry) 155 

Tyrone 3 
(wet porphyry) 251 

Gibraltar 8 
(wet porphyry) 131 

Iron Mountain 5 
(magnetite) 25 

Sudbury 4 
(pyrrhotite) 100 

0.46 

0.42 

0.63 

0.71 

1.0 

1.0E-4 0.16 

6.9E-3 0.28 

6.4 

127 

6.3E-5 

0.65 1.0E-5 

0.32 

0.28 

0.53 

0.16 

Table 4: Cole parameters of highly polarizable rock 
specimens investigated by Sauck (1969). 

SAMPLE LQW RES (ohm-m? m T (sec,? Is. 

HC-1605-B 7.57E+3 0.55 0.25 0.49 

CBOU-51-B 476 0.59 0.84 0.53 

MINN-1 22.1 0.53 8.34 0.48 

CBOU-24-C 810 0.53 0.02 0.34 

BC-F 11.96E+3 0.52 0.04 0.36 



CHAPTER THREE 

ELECTROMAGNETIC INDUCTION SOUNDING 

Electromagnetic induction methods are sometimes 

preferred over galvanic resistivity ones (i.e. where current 

is injected into the ground) in the presence of a conducting 

overburden which would otherwise channel the injected 

current. The portability of the equipment and the speed of 

an inductive survey are also attractive advantages. Often 

the geometry of the target itself will produce a better 

response to induced currents rather than it would to 

galvanic ones (Sequin 1971). 

In electromagnetic surveys, a part of the electro

magnetic field, produced by an oscillating current sent 

through an insulated loop (or coil), is propagated below the 

surface. These alternating fields will induce current in 

conducting subsurface media. This induced current is 

roughly proportional to the conductivity of the target, the 

frequency of the oscillating source, and the amplitude of 

the primary electromagnetic field. This induced current 

will, in turn, give rise to secondary electromagnetic fields 

which are detectable at the surface. Electromagnetic 

sounding methods measure the secondary fields created by the 

conductive body, usually with a mobile insulated coil which 

32 
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makes use of Faraday!s Law, or with a sensitive mag

netometer. 

In the frequency domain, the frequencies normally 

used in EM sounding range from 0.1 to 5 kHz in surface 

studies, with the possibility of higher frequencies used in 

subsurface bore-hole measurments. It is the frequency 

chosen, as well as the survey geometry and the conductivity 

of the subsurface which dictate the depth obtainable with 

frequency domain sounding methods. 

Time-domain, or transient sounding systems have been 

developed for a variety of reasons. For example, transient 

systems help remove the geometric limitations of the survey, 

as well as some of the skin depth limitations (Kaufman and 

Keller 1983). Without these skin depth limitations, 

transient systems make the depth of penetration more 

dependent on input power. Another advantage of these 

systems is that they help reduce the interference of the 

source on the secondary signal, which can at times be very 

small relative to the source (Wait 1982). Transient methods 

make use Qf an abruptly interrupted waveform as the primary 

source and record the secondary fields which are temporally 

separable from the primary ones. It is this possible 

increase in sounding depth, as well as the possible noise 

reduction in the signal, which is making time domain more 

useful in the exploration of deep-seated geologic targets. 
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In this section, a literature review is made to 

describe the history and the method of induced resisitivity 

surveys. Also reviewed are some relatively modern tech

niques which try to combine the advantages of induction 

resistivity principles with those of induced polarization to 

improve their survey. 

Historical Overview 

Electromagnetic sounding methods were first 

put to practical use in Sweden in the 1920's (Kaufman and 

Keller 1983). Since the successful discovery of ore bodies 

by the Swedes, much progress has been made in the 

understanding of the behavior of electromagnetic fields in 

geologic environments. The outcome of this research has 

been a multitude of patented source/receiver configurations 

as well as many publications on the theoretical response of 

buried targets. These configurations use sources which may 

be fixed or mobile, on the ground or in the air, and which 

use either frequency domain or transient input signals. A 

good review and classification of induction sounding methods 

has been done by Keller and Prischnecht (1966), and also by 

Seguin (1971). 

Much effort has been spent investigating the 

theoretical responses of many geologic forms subjected to 

electromagnetic fields. This theory has been predominantly 

developed in the frequency domain, since the use of a 
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time-harmonic source greatly simplifies the analysis of 

Maxwell's equations, the starting point of electromagnetic 

induction analysis. 

In the western world, some of the many theoreticians 

who have contributed by developing mathematical solutions 

to scattering and modification of electromagnetic fields 

from geologic structures are Belluigi (1949); a large 

advancement of our present knowledge by Wait, who actively 

published in this area in the 1950, 60 and 70's; 

Bhattacharyya (1955, 1963), and many more who explored dif

ferent aspects of ground properties and geometries, as well 

as new source and receiver configurations. 

Of particular interest in this thesis are 

theoretical analysis by Wait (1954) who derives closed form 

expressions for certain source/receiver geometries in a 

homogenous space and on a half-space interface. These for

mulae represent the mutual impedance of the transmitter and 

receiver, normalized by their primary field. 

Another derivation of Wait (1951) which will be of 

interest is that of a magnetic dipole induced in a con

ducting and magnetically permeable sphere when subjected to 

an incident magnetic field. This problem geometry may be 

considered a first order model of an ore body, and it has 

been used because it exists in closed-form and hence can be 

manipulated readily to provide insight without excess use of 
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computer time. This model can still show the effects of 

electrical permittivity on the scattered fields of a sphere 

and can be used in the analysis of magnetic induced 

polarization (MIP) data discussed later, as introduced by 

Seigel (1974). 

Recognition q£ £M Coupling in. IE Studies 

With an increase of IP use, researchers have become 

aware of the role of electromagnetic coupling in IP data. 

It has been shown that electromagnetic coupling of grounded 

wires used in IP studies are of 'prime importance', even at 

low frequencies (Dey and Morrison, 1973). The hope was to 

study the behavior of this inductive coupling and then 

separate it from the pure IP response. Coupling in wires 

had already been studied in the 1930's in the context of 

transmission lines by Riordan and Sunde (1933), Foster 

(1933), and Sunde (1968). They assumed the ground 

permittivity to be negligible, however, thereby neglecting 

the polarization characteristics of the ground. 

Notable studies were undertaken by Millett (1967) 

who studied the mutual impedance of finite, colinear, 

grounded wires on a homogenous half-space. The same 

geometry was also studied for wires over a simply stratified 

half-space by Dey and Morrison (1973) and Hohmann (1973) in 

the explicit context of IP surveys. These studies resulted 

in plots of percent frequency effect (PFE), defined in this 
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context by Millett, versus an independent parameter com

prised of frequency, the length of the wire, and ground 

resistivity. Figures 9 and 10 show an increase in PFE with 

this independent parameter, with distance between wires, and 

also with depth of resistive overburden. 

Later, Pelton et al (1977) investigated the problem 

of inductive coupling in IP data while trying to fit Cole 

models to IP field data over ore bodies. In a test case 

over alluvium having a very low expected IP response (and 

with his IP survey geometry adjusted for maximum induction 

response, e.g. large transmitter/receiver spacing), Pelton 

was able to fit the data gathered extremely well to a Cole 

model having a dispersion exponent (k) between 0.95 and 1.0. 

In light of previous discussion, these values are much 

higher than those found in lab specimens and field studies 

of polarizable rock. Even from a quasi-theoretical point of 

view, the mechanisms giving rise to frequency dispersion in 

geologic media do not explain such a large exponent. It is 

thus assumed by Pelton that the data, which can be fitted to 

a Cole model with a dispersion exponent of approximately 

one, represents electromagnetic coupling. 

Even though these publications are significant as 

they mark the recognition and concern of an electromagnetic 

coupling response in IP field data, the theory of the 

separation of the two responses is far from complete. 

Again, it is assumed that the response due to 
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Figure 9. Comparison between coupling and true IP response 
as a function of transmitter/reciever spacing, f^ = 1Hz, 
fQ=0Hz. lOOOn is the transmitter/receiver distance in feet. 
After Hohmann (1973). 
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Figure 10. Comparison between coupling and true IP response 
as a function of transmitter/receiver spacing. f1=lHz, 
fQ=0Hz. lOOOn is the transmitter/receiver distance in feet. 
After Hohmann (1973). 
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electromagnetic coupling exists in superposition with IP 

data. This assumption is not correct since ground 

polarization modifies electromagnetic coupling. Wait (1981, 

1982) as well as many surveyors have examined this problem 

intensively, and use it as a diagnostic tool (Pelton, 

personal communication). 

Ihfi. Hybrid Methods 

A geophysical survey method which makes use of both 

grounded and induced resistivity methods was developed and 

patented by Jakoski in 1940 (Edwards and Howell 1976). In 

this system, called magnetometric resistivity (MMR), current 

is injected galvanically into the ground, and the subsequent 

magnetic fields, presumed enhanced over a conducting target, 

are recorded on the surface with the use of a sensitive 

magnetometer. 

The advantage of this method is the ability to 

detect electrical inhomogeneities even when they are located 

below conductive layers. A galvanic receiver would prove 

unsatisfactory in this case due to channeling of the signal 

in these conductive beds at higher frequencies. 

A variation of the MMR method is an IP surveying 

technique introduced by Seigel (1974). The same trans

mitting and receiving methods as in MMR are used, but 

instead this surveying technique obtains IP data and is thus 

called the magnetic induced polarization method (MIP). MIP 
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is of interest as it represents a hybrid between conven

tional IP methods and electromagnetic sounding techniques. 

With this method cunent is galvanically injected into the 

ground and 'polarization fields' created by a polarizable 

target are recorded on the surface. 

Theoretically, the polarizable target is considered 

in bulk, containing a distribution of dipolar current 

sources which exist upon the interruption of the primary, 

exciting current (considering now transient soundings). 

Upon cessation of the primary source, the distribution of 

dipolar currents can be replaced by an equivalent current 

distribution on the surface of the body as seen from its 

exterior. This equivalent current distribution can be 

integrated over the surface of the target via the Biot-

Savart Law to calculate the expected magnetic field at the 

observation point. The inverse can be done to obtain the 

polarization anomaly from the magnetic field data. The MIP 

method therefore measures the magnetic field which is due to 

the electric dipole induced in a polarizable buried target, 

a first order model of which is presented in chapter five. 

Some advantages and disadvantages of the system have 

been brought out by Seigel. This can be viewed as general 

for any realized inductive IP scheme of this type. 

First, the use of an insulated coil or magnetometer 

to collect data can increase the mobility of the system, and 
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decrease the non-linearity problems associated with grounded 

electrodes. Second, this method can be used even if the 

receiver is placed over a conductive layer, which will not 

affect the resulting magnetic fields as much as it would the 

signal current in conventional IP surveys. Third, this 

method allows an increase in depth penetration as the survey 

spacing need not be as large as with conventional IP 

techniques. 

The disadvantages of this system is that the 

recorded magnetic fields are so small that it is difficult 

to obtain precise rock parameters calculated from data using 

this method. MIP is therefore better suited to detect 

anomalous IP response rather than obtaining quantitative 

rock parameters. 

The Results of Hohmann al_t. 1370 

An article has been published by Hohmann and his 

colleagues (1970) which is of direct relevance. Hohmann et 

al (ibid.) attempted to obtain IP values from inductive 

electromagnetic field data of areas of known sulfide 

content. The source/receiver configuration he used was that 

of horizontally coplanar insulated loops, placed on the 

ground, separated sufficiently to approximate vertical mag

netic dipoles. 

Three areas in Nevada were studied, the first one a 

salt flat with no expected IP response. The authors proved 
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that their equipment was in good working order by matching 

their data very well to theoretical curves produced for a 

homogenous, non-polarizable, half-space. 

The first site of known polarization response 

surveyed is called the Northern Lights Mine area by the 

authors, and had already been surveyed by conventional IP, 

and DC resistivity methods. Resistivity data showed a thin 

resistive overburden of about 40 meters covering a more 

conductive unit having an IP response of 20 PFE per decade. 

Electromagnetic sounding data matched theoretical curves 

created for models having no polarization, but with the 

lower layer about three times more resistive than that 

determined using DC resistivity studies. 

In the second test area, called the Buffaloe 

Mountain Area, previous conventional IP and DC resistivity 

surveys were done and a test bore-hole was drilled which 

gave good information of depth and IP characteristics of the 

substratum. 

The test area has three hundred feet of alluvium 

overburden, underlaid by about 130 feet of Paleozoic 

sediment. This sediment in turn covers the responsive unit 

made up of disseminated pyrite in carbonaceous limestone and 

shale. This responsive unit starts at a depth of 430 feet 

and has a measured PFE of about 30 with an order of 

magnitude increase in relative conductivity (this data was 

gathered by conventional IP and resistivity logs). 
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Again, the induction IP data was fitted well to a 

theoretical layered half-space model having no polarization, 

which made this technique ambiguous. Moreover, Hohmann 

claims that the resistivity data he obtained inductively 

agree well with conventional resistivity surveys. 

Thus the induction IP method was proclaimed a 

failure by Hohmann and his colleagues, stating that even in 

the best possible geologic conditions, surveys over areas 

with large IP anomalies can be fitted with synthesized 

curves made for non-polarizable ground. 

Yet with the failure of this technique to provide 

diagnostic survey data, Hohmann's research demonstates that 

IP effects, if not accounted for, can lead to substantial 

interpretation error. In fact, the effect of ground 

polarizability can be so great that it can change the whole 

character of the received signal (see for example Lee and 

Green 1972). 



CHAPTER POUR 

INDUCTIVE RESISTIVITY MEASUREMENTS IN AND ON A 
POLARIZABLE MEDIUM 

In this chapter, frequency-domain mutual impedance 

formulae are derived for various induction transmitter/ 

receiver geometries. The first two geometries will be of 

magnetic dipoles (approximating small loop antennas) in an 

infinite medium., The transmitter is excited by a time-

harmonic oscillating current, so that an exp(icjt) factor is 

implied in the following presentation. Also implied is that 

the medium modeled is simple, that is that the properties of 

the medium are distance independent (indeed, the medium 

considered is homogenous), and that the electromagnetic 

properties of this medium have reached their steady-state. 

•rhe last three geometries considered are dipoles on 

a half-space. This geometry models a homogenous geologic 

medium bordered by the earth's atmosphere. The ap

proximation made in these geometries is that the dis

placement currents in free-space at the frequencies con

sidered (<10 kHz), are much smaller than those found within 

the lower half-space. Again the media involved are con

sidered homogeneous, except for the half-space boundary. 

44 
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The derivation of the closed-form mutual impedance 

formulations of the five dipole configurations considered 

follows that of Wait (1951, 1982). A pertinent extension to 

these derivations has been done by Wait and Debroux (1985) 

and includes the polarization of the medium in the form of a 

loss tangent. This work makes use of the Cole model to 

refine the complex resistivity behavior of the geologic 

medium considered. 

Electromagnetic Fields oL a. Magnetic Dipole 
In &n infinite Medium 

To derive the electomagnetic fields due to a 

magnetic dipole in a medium of infinite extent, the dipole 

is set at the origin of a cylindrical coordinate system, 

oriented in the positive z direction (see figure 11). A 
* 

magnetic Hertz vector potential n is used to solve for 

the fields and is defined by 

(4.1) E  =  - i y Q ( j o  ( v x n  )  

From the geometry of the problem (the fact that in 

this coordinate system the magnetic dipole is oriented 

purely in the z direction), it can be deduced that only a z-

directed Hertz vector component will be required. Thus 

( 4 . 2 )  n  =  ( 0 , 0 , n z )  
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The fields are then derived as 

rv * 
9 n z  

( 4.3)  ^  1 y o u  3r  

From Maxwell's equations 

(4.4) 

2 * 
a n 

H = 
r  ar  9z  

(4.5) u _ 1a 
z  r  sr  

2 * 
Tlf "z 

The magnetic Hertz vector potential component for a z-

directed magnetic dipole is (Wait, 1985, eq. 6.44, p.232) 

.  .  —. *  _ I5A -YR 
(4 .6 )  n z  4 i r R  e 

where 

2 
y  =  Ci V  (cr + i eo ) ) ]  

R =  (z 2  + r 2 ) *  

Re =  ( r )  >  0  

o=DC conductivity of the medium 

e=electric permittivity of the medium 

ij0= magnetic permeability of the medium (considered here as 
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that of free space 47TE-7) 

I = current injected in the loop approximating a dipole 

6A = incremental area of a loop approximating a dipole 

The fields can now be calculated as follows 

(4 .7 )  E,  =  
i u  w 16  A R  

(4 .8 )  H r  = (3  +  3 Y R + Y 2 R 2 )  e " Y R  

R 

(4.9) H z  =  -
I  5 A 

4ir 

2y  Y
2 r 2  -  2  3 Y r 2  3r 2  

' 7  "7"  " i 5 "  

3-yR 

ElectromagnetAc^Field^flf^Hagnetic Dipole 

To solve for the electromagnetic fields of a mag

netic dipole over a conducting, polarizable half-space, the 

magnetic dipole is shifted a distance h up the z-axis, whose 

origin now in on the interface of the half-space (see figure 

12). This follows the derivation first calculated by Wait 

(1951). 

Again the Hertz vector potential is used, but a 

secondary potential is allowed for, resulting from the 

presence of a conducting half-space. Thus the Hertz vector 

potential used is 



Figure 11. Coordinate system used to solve for the fields of 
a magnetic dipole in an infinite medium. 

Figure 12: Geometry and coordinate system used in solving 
for the fields of a magnetic dipole over a half-space. 
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(4.10) n * = (0,0,n*) 

so that 

*  * D  * S  
(4.11) nz = nz

p + nz 

*n 
where rtz

K is the 'primary1 vector potential component due 

to the source dipole, and nz
s the 'secondary' vector 

potential component due to the presence of the half-space, 

n P is the same potential as found in equation 4.6 which 

can be represented by the Sommerfeld integral representation 

(Sommerfeld 1949, eq.14, p.242). For this geometry 

- Y  R  | |  

, ,  „ *p  _ I  6 A e  0  _ I  5 A r  x _" u o ' z  "  h '  ,  
z  4tt R 4T  F e  

0  )  
J 0  0  

where R =  (  (z -h )^  +  r 2 ) 2  

- m2 * 2\ *  uq- (\ + y0) 

Re(u Q )  >  0  

_ 
Y 0  ~  C  

c = speed of light in free-space (2.998E8 m/s) 

The secondary Hertz vector potential can be expected to be 

of the same form, namely 

\ 
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(4.13) n 
* s  = 1  6 A 

4tt 

( z  +  h)  

o o 
~ R ( \ ) e  0  J Q (x r )dx  

where R(x) can be considered a reflection coefficient of 

the interface. Similarly, the Hertz vector potential in 

the region below the interface can be written as follows 

(4.14) 

where 

I  5 A 
4tt 

•» u,z 
77- T(x)e 1 J (xr)dx 

o u1 0 

^ = (x2 + y^)i 

Y- ]  =  [ ip 0 u(a- |  +  i  Gia i )  ] '  

Re(u^)  >  0  

T(X) can be considered a transmission coefficient. 

Upon combination of equations 4.12 and 4.13, the 

Hertz potential is defined everywhere but at the source 

dipole in the upper half-space, while equation 4.14 

defines the potential everywhere in the lower half-space. 

For z>0, 

(4.15) n * =1AA 
u z  4  it 

" i f  
0 u0 L 

-uJz-h |  -u  (z  +  h )  
5 0  + R(x)e  0  J Q (x r )dx  

For z<0, 

t A  1 A \  TT* 1 5 A (4.14) Tlz a 4?r 

CO u,z 
r f -  T(x)e  1  J  (x r )dx  

o 1 0 
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To solve for R(  x )  and T(x)  the boundary conditions 

of the problem are used, namely that the tangential fields 

must; be continuous at the interface. From the definition of 

the field components (equations 4.3 through 4.5), it can be 
• k  

deduced that for E_ to be continuous, it suffices that n be 
* z 

continuous at the interface, while for Hr to be 
* L 

an 
continuous, —Z- must be continuous at the interface (z=0). 

d Z  

Applications of the two boundary conditions yield 

two equations to solve for the two unknowns, as follows 

(4.16) ~ e U°h(1+RU) ) =TT(X) 

o u1 

- u h  
(4.17) X e ( 1 - R(X)  )  =  XT (X )  

From which R  ( x) and T ( x) can be solved. 

u 0 -u i  
(4.18) R(X) = 

uo + ul 

-u  h  
2u,e 0 

T(i) = 

Solutions to the reflections and transmission 

coefficients offer the formal solution to the boundary 

problem since complete integral representations are nov; 
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defined from which the electromagnetic field components can 

be derived. 

Closed-Form saluJLions. o£ a Vertical Magnetic DJipole 
Lying on a Conductive^. Polarizable Half-space 

Following Wait (1951), the quasi-static assumption 

is made to obtain closed-form expressions for the electro

magnetic fields of a vertical magnetic dipole on a half-

space: It is assumed that the propagation constant of free-

space (yq), which approximates the propagation constant of 

the atmosphere, is negligible with respect to the 

propagation constant of the lower half-space (Y-|), or that 

yq = 0. This assumption holds for geometric survey dis

tances which are not too great relative to the free-space 

wavelength (Wait 1982, p.121), or that |Y0r| <<lr and where 

the lower half-space is not too resistive. 

Using this condition, which is well justified for 

the frequencies and survey distances used, the expressions 

for the Hertz vector potentials become as follows: 

For z>0, 

(4.20) n_ = 
I 6 A 

Z 4tt 
Qe"xIz  "  hl +R(x)e"X^z+ J J Q (x r )d ;  

For z<0, 

(4.21) n, = 
I  6 A 

Z 4n 

00 i "u1z 

rr- T(x)e 1 

o 1 0 
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X ~  U  - I  
where R(x )  =  

2u,e"xh 

and T ( x )  =  x + ^  

To solve this problem using the Hertz vector 

potential valid only in the upper half-space, the source and 

receiver are initially located above the interface. The 

distances of the source and observer from the interface are 

then reduced to zero. 

The reflection coefficient is rewritten as 

x  -  u, 
R(x)  =  1  

x + u.| 

( x - U ] ) 2  

( x  +  ) (x  -  u- j )  

2X 2  -  y?  -  2Y IH  
(4.22) R(x)  =  ^  l -

"y1 

and z and h are reduced to zero to give a Hertz vector 

potential for a dipole on the interface, valid for the 

fields on the interface. This vector potential can be 

expanded giving 
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z=o 
h=o 

I  6 A 
4ir 

ff J 0 M d \ (  X 2  J Q (x r )dx  
1—j<) y-j jo 

J Q (  x r  )dx  +  -=2 Xu 1 J ( ) (Xr )dX 
yi 

(4.23) I  6 A 
~ O 2 z = 0 ilttyl 

h=o 

f  ?  1  
u-|X J Q  (x r )dx  -  x  J 0 ( x r ) d x j  

To solve the first integral, the Sommerfeld integral 

representation is used: 

f°° \ "uiz 

(4.24) -7 -  e (Xr )  dX =  
."y1r 

o u1 

where R =  (z 2  + r 2 ) ^  

If the second derivative of both sides are taken with 

respect to z, and evaluated at z = 0, the desired results can 

be obtained 

(4.25) 
oo 2 

xu, J (xr)dx = 
o 1 0 8zz r 

"y1r 

•Y (1+Y t r )  

z=o 

To solve the second integral, the Lipschitz integral 

representation (Wait 1982, Appendix B) is used, namely 

(4.26) e" X z J 0 (x r )dx  =  £  
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where  R =  ( r 2  + z 2 )  *  

Again, the second derivative with respect to z is taken and 

evaluated at z=0, the proper result is obtained, viz: 

(4.27) x 2  J  (Ar )dx  =  9  1  

sz 
2 R 

1 

z=o 

The Hertz vector potential valid when the source and 

observer are on the interface is thus: 

(4.28) n, 
I  6 A 

z=o 2tty-i >-r' 
h=o 1 

[i t1 -<l+^,r)e 

-y,r 

The definition of the Hertz vector potential (equations 4.3 

to 4.5) is used to obtain the field components and Hz as 

follows: 

(4.29) E = -
I  <5 A  

2 t t  (a - j  +  i  e- |a) ) r  

(4 .30)  H =  -  1  6
2

A  
5  9-(9 + 9Ylr + tYi^ + Y:;rJ)e 

2tt yi r *• 

op 
3 -  (3  +  3Y- j f *  +  Y i r  )e  

2  2 .  3„3 ,_  Y l r  

as were first derived by Wait (1951, 1982). 

To solve for Hr, whose definition (equation 4.4) 

has a z-derivative, another approach needs to be taken. 

The source can be set on the interface without interfering 

with the z-derivative in equation 4.20. Thus 
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(4.31) IL 
h=o 

I  6 A 
4tt 

e_xz j0 (xr)dx " 
0 0  U 1  "  X  - X 7  

0 U^TT e Z J0 (ir)dx 

The derivative with respect to z is now taken before 

evaluating at z=0, to give 

(4.32) 
an z  =  16 A 
8Z ~ 4tt 

- \ e ' X z  J Q  (x r )dx  +  
C» x (u ,  -  x )  

q ~u^tt e 

(4.33) 3Z z=o 
h=o 

I  6 A 
4tt 

°° r® X(ll, - X) 
-A  J  (x r )dx  +  '  J  (x r )dx  

o 0 jo u1 a 0 

The first integral can be solved using the first derivative 

with respect to z of the Lipschitz integral represen

tation, yielding 

(4.34) J  J 0 ( i r )dx  =£1  = 0 
z=o 

To solve the second integral, Wait's (1952) derivation 

is followed, whereby the integral can be rewritten as 

(Watson p.386, eq.7) 

(4.35) 
•<*> x(ti.. -x) 

0 ̂ nr Vlr>dl"2 
T  ^0(tic) 

e 5 ——•— xJ (xr)dx dc 
£ o 

Again, the Lipschitz relation is used to solve the 

integration with respect to A , yielding 
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(4.36) 2 
» ,r jo(yic) -
e ——•— x J (xr)dxdc = - 2 #-

c ov ' 35 

» j2(y-|c) 

cn 
d? 

where n = + r2)* 

This integral can be rewritten in equivalent form as 

(4.37) -2 
8? 
r J2(y1c) • _ 21 
0  cn  c  r  ar  

•°° J2(y-|?) 
dc 

This equation can be solved (Abramowitz and Stegun, 1965, 

eq.11.4.48, p.488), yielding 

(4.38) 1 _!l 
r  8r  

00 j2(y-jc) 2 9 rt fy1r 
d? = " £ T = \  i [ r  3r  1  2  

II! 
2 ] 

where I-j and K-j are first order modified Bessel functions. 

Thus 

(4.39) ! ! z = ._  I  5 A 
3 z " 2 it 

and 

(4.40) „r=-i^A 1j_ 
r  3r  2 « i ( ¥ ] ]  

This can be solved using recurrence relations, (Hildebrand, 

1976, p.148-149) 
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(4.41) VUiOj [ 4v,r (I^-W+Y^lVrW + lei,*,] 

ylr 
where all Bessel functions have the argument (-^—). This 

solution (equation 4.41) agrees with the solution first 

developed by Wait (1952). 

Closed-Form Expressions &£ the. Electromagnetic Field 
Components Without Using the Quasi-Static Approximation 

A closed form representation of the ̂  and 

components of the electomagnetic fields of a vertical 

magnetic dipole located on a homogenous half-space has been 

developed by Wait (1954), using no quasi-static 

approximations. He begins with the formal integral solution 

for this geometry given by Sommerfeld (Sommerfeld, 1949, 

p.249, eq.10), in the form of the Hertz vector potential 

integral, namely 

*  I S A  r  X J o ( x r )  _ u - z  
4.42) n = ±4-2- — 

z  2  IT „ u +u ,  
o o 1 

e 0  dx  

Prom which, using a derivation which the one above 

parallels, he arrives at closed form equations for z=0: 

iu u> I 6 A 
(4-43) er, 2 ^  2tt(y1  -  yq  ) r  

•  £ ( 3  +  3 y . ] r  +  y 2 r 2 )  e  1 - (3 + 3yQ r  +  y2 r 2 )e  0  J  
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(4.44) Hz = IAA f (9 + 9Ylr + 4Y^r2 + YJr3)e Y]r 

2tt(y] - yo)r l 

- (9 +9yQr + 4YQr2+y^r3)e 0 J 

In the numerical solutions which follow, it is 

assumed that the quasi-static approximation (i.e. yQ =0) is 

valid for geometrical survey distances which are much 

smaller (e.g. an order of magnitude) than the free-space 

wavelength at the maximum frequency employed. As a 

numerical example, a transmitter/receiver spacing of 250 

meters will yield 1 Y0
rI =0.083 at a frequency of 10 kHz. 

The validity of assuming |y0r| negligible in the geometries 

used (a necessary assumption of the quasi-static 

approximation) in this work will be examined in appendix C. 

Data Measurement: th£ Physics of the. Receivers 

Now that the various field components of a magnetic 

dipole antennas in an infinite medium (equations 4.7 through 

4.9) and those of a vertical magnetic dipole on a half-space 

(equations 4.29, 4.30, 4.41) are solved for, receivers need 

to be considered which record the fields produced by the 

source. 

The first type of receiver considered is a small, 

single turn loop having the same dimensions as the source 

loop. Such a loop can be used to record a time-varying 

magnetic field in accordance with Faraday's law of 
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induction, viz: 

(4 .45)  X = - if 
6A 8 t  

where B= u0H, and 6 A the area of the loop. 

Equation 4.45 can be rewritten as 

(4 .46)  V =  -  | |  6A 

if the loop dimension is much smaller than the wavelength. 

Since the area of the loop, as well as the permeability of 

free space is considered time invariant, and that the field 

is implicitly dependent on the harmonic time factor 

exp(iwt): 

( 4 . 4 7 )  v  =  -  i j i  w 6A f t  •  n  

A second form of receiver, is that of a 

voltage induced in a small wire element. This voltage is 

given by 

(4 .48)  V =  -  E •  6 Z  

where s i  is the incremental length of wire considered. 
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It can thus be seen that the different electro

magnetic field components of the magnetic dipole source can 

be used to excite voltages in two types of receivers if 

these are oriented in appropriate coordinate directions. 

A Geophysical Measure; The. Mutual impedance 

A measure often used in geophysical induction 

surveys is the mutual impedance of the transmitter and 

receiver. This mutual impedance is defined as: 

(4.49) Z = Vtopen circuit-voltaae in receiving antenna) 
I(current at transmitting antenna terminals) 

By doing this, the mutual impedance can approximate the 

frequency domain transfer function between the input and 

output signal. 

The. mutual impedance at Various Dipole Configurations 

With the definition of the mutual impedance, 

formulae can be developed for various loop configurations 

oriented so as to maximize the received signal arising from 

a particular field component. If it is assumed that the 

radius of the transmitting and receiving loops are small 

compared to the wavelength of the signal propagating through 

the medium, the transmitting and receiving loops can be well 

approximated by magnetic dipoles. Pure field components are 

sought relative to a particular coordinate system so as to 
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be able to model the received signal and thus infer a 

meaningful prediction from the model. 

Because the source considered is purely transverse 

electric (TE), only the r and the z components of the 

magnetic field exist, along with the <f> component of the 

electric field. It would then seem intuitive to maximize 

the signal due to a field component induced in the receiver 

by orienting the axis of the loop antenna (approximated as a 

dipole), or a wire element (approximated by an electric 

dipole) to parallel to the source field considered. 

The argument above leads to the development of 

mutual impedance formulae for a variety of dipole 

configurations for the vertical magnetic dipole source in an 

infinite medium and one lying on the surface of a half-

space. The configurations to be considered are: A) Coaxial 

magnetic dipoles in an infinite medium; B) Parallel magnetic 

dipoles in an infinite medium; C) A vertical magnetic dipole 

and a horizontal electric dipole lying normal to each other 

on a half-space; D) Parallel vertical magnetic dipoles lying 

on a half-space; and P) Vertical and horizontal magnetic 

dipoles normal to each other lying on a half-space. Figure 

13 illustrates these configurations. 

For configuration A, the coaxial vertical magnetic 

dipoles in an infinite medium, the z-component of the 

magnetic field is calculated with r=0 from equation 4.9. 

This calculation yields 
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Figure 13. Schematic configurations of transmitter/receiver 
pairs considered. Loops are not to scale as dipole 
approximations are used. 
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(4 .50)  Hz =  3  (1  +  yz)e"  
2ttz 

The signal voltage induced in the receiving loop is given by 

equation 4.47 as 

»«:2 

3 

i u  wI (6A)  
(4 .51)  V =  3  (1  +  Yz)e" Y  

2TTZ-

And the mutual impedance of the system (from equation 4.49) 

is given as 

i u  w(6A ) 2  

(4 .52)  Z =  3  (1  +  yz)e  Y  

2irZ 

To simplify computation, as well as to somewhat 

standarize numerical results of different configurations, 

the mutual impedance calculated is divided by the mutual 

impedance of an identical configuration located in an 

infinite free-space. The mutual impedance of this 

configuration in free-space, Zq, can be deduced by 

observation from equation 4.52. By use of the quasi-static 

approximation (i.e. Y = Y0 =0): 

i  o 
{4-53> zo=rV6A> 

idirz 

The normalized mutual impedance of configuration A is thus 
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(4 .54)  A =  ~  = (1  +  yz)e~ Y Z  

o  

Similarly, for configuration Br parallel vertical 

dipoles in an infinite medium, the z-component of the 

magnetic field is calculated with z=0, from equation 4.9. 

This calculation yields: 

(4 .55)  H z  = -  ^4  (1 +  y r  +  y 2 r 2 )e~ Y r  

4irr 

In turn, the signal voltage induced in the magnetic dipole 

receiver is 

i u  wI (6A) 2  7 ?  - Y r  
(4 .56)  V =  — = (1  +  y r  +  y  r  )e  y r  

4trrj 

and the mutual impedance (equation 4.49)  is 

i u  w(6A) 2  
?  ?  

(4 .57)  Z =  -2 -^  (1  +  Y r  +  y r c )e  y r  

4-rrr 

As in the treatment of configuration A, equation 

4.57 is normalized by the mutual impedance of the system 

in free space to give 

> 2  

(4 .58)  2  =  0  
iu u(sa)' 

o » 3  
4irr 

(4 .59)  B =  j -  = (1  +  y r  +  y 2 r 2 )e " Y r  

o 
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To find the normalized impedance of configuration C, 

a vertical magnetic dipole and a normal horizontal electric 

dipole lying on a half-space, equation 4.29 is used to 

obtain the voltage induced in the receiver. From equation 

4.48: 

I  6 A 6 I  ( ,  , o _ 2 2\ ~Y l r  u i 0 h 0 j6 , /-, . o 
( 4 . 6 0 )  V =  T 3  -  ( 3  +  3  y, r  +  y, r  ) e  

2tt(oi + i e i oj) IT *• 

and 

7 <5 A 6 «, f  ,  . 2 „2\ ~ 1 
( 4 . 6 1 )  Z = — ;  ;  — 4  3  -  ( 3  +  3  Y - , r  h y ,  r  ) e  

2n ( CT 1 + i  £-|u)r *• 

To normalize this mutual impedance, the mutual impedance of 

this system in free space is calculated. Under the quasi-

static assumption, equation 4.7 can be used setting Y, =0, 

and z=0. Thus, 

i  <5 A 6 l  
(4.62) =  5 

0 4irr 

and 

i  uqwi5A6£ 
(4.63) zn = k 

0 4irr 

Thus 



[_ y y* 
3 -  ( 3  +  3 Y - | r  +  Y ^ r 2 ) e  1  

For configuration D, equation 4.30 is used to 

obtain the voltage induced in the receiver, viz: 

(4.65) 

V = 
i  PqwI(SA)' 

2̂ p 

2 2 , 3„,3< ~ylr 9  -  ( 9 +  9 Y l r + 4 y ^  +  y ^ r  ) e  

(4.66) 

Z = 
ipow(6a)' 

9  2 5 
2iryi r  

2.2 . 3. 3v ~Y l r  
9  -  ( 9 +  9 y 1 r  +  4 y ^ r  + y ^ r  ) e  

To normalize equation 4.66, equation 4.58 can be used to 

give 

d . £ - 2 2 
ylr 

(4.67) 

9 -  ( 9  +  9 y 1r + 4 y 2r2  + y ^r3)e 
- y , r  

Finally, the voltage induced in the receiver of 

configuration F is obtained from equations 4.41 and 

4.47, viz: 
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i  u0wl(<5A)*" 

r ? ? i 
•  [ v  ( I i ko-ioki, + v < ¥ i - W  

+ 16 
¥ 1 ]  

Equation 4.68 produces the following mutual impedance: 

in io(<5A)^ 
7 = y 

3 
4trrJ 

(4.69) 

• _4r,''(I1K0-I0K1) + Yl''2(I,K,-I0Kt))*16 l,K, ] 

To normalize this impedance, another loop geometry in free 

space must be chosen since no signal would be induced in the 

receiver of geometry F in free space. Thus to keep this 

mutual impedance standardized to the others, it is 

normalized by the mutual impedance of parallel dipoles in 

free space (equation 4.58). Thus, 

(4.70) F = I 4v r (I,K0 - I K,) + T?r2(I,K, - I K„) f 16 I,K, 
0 
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Inclusion OJL Ground Polarization: 
The. Cole. Relaxation Model 

To allow for the dispersive character of the medium, 

the Cole relaxation model which defines a frequency 

dependent conductivity is included in the normalized mutual 

impedance formulae. From chapter two, the Cole model (in 

the frequency domain) is 

where m= D . D 
R1 +Ro 

T=time constant 

k=dispersion exponent 

aQ=low frequency (DC) conductivity of the medium which 

is independent of conductivity 

To include the Cole model, the mutual impedance formulation, 

the propagation constant and distance between antennas ( yr ) 

are manipulated as suggested by Wait (personal com

munication). From equation 4.6, 

R, 0 

(4.72) yr = r( iy0o)(a + ieca) 

This can be rewritten as 
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(4.73) yr  =  r [  iy0wa(iw) ]  * 

where a(iu>) can be identified as a frequency dependent 

complex conductivity. With further manipulation, the Cole 

relaxation model can be included into the propagation 

constant, viz: 

(4.74) yr = r  i y  c o  a  a (  ̂ )  
0 0 °0 

where j.s the Cole model. 

To render the parameters used in producing curves 

dimensionless (a great advantage in curve matching, as units 

of dimension need not be considered if they are consistant 

in a measuring system), the equation can be further 

parameterized as follows: 

2 

Yr •[ 
rVor 

u)t 
<t (i co ) t 

°o -1 

(4.75) 1 6 COT 
g( iui) 

where 
oo 

will be called the induction factor. 

Analytical verifications of some of these mutual impedances 

as the propagation constant yr reaches high and low values 

limits will be considered in appendix A. 
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Presentation &£ Numerical Results 

Thus by manipulating yr in this manner, 

normalized mutual impedance plots can be created as a 

function of wt which appears both in the propagation 

constant and in the Cole model. Using this form the 

polarization properties of the ground can be fully described 

(within the frequency range for which the Cole model is 

valid) by three variables, namely the induction factor (g), 

the chargeability (m) , and the dispersion exponent (k). 

The normalized mutual impedance plots are presented 

as the amplitude of the normalized mutual impedance 

followed by the phase of of the normalized mutual impedance 

defined as 

impedances of the five sounding geometries described earlier 

(figure 13) are plotted against frequency using a 

representative set of empirical Cole parameter data 

published by Pelton et al (1977). In doing this each 

(4.76) 

o 

First, the amplitude and phase of normalized mutual 
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variable in the induction factor is assigned a value (in

cluding a transmitter/receiver distance of 250 meters). 

Figures 14 through 23 show the amplitude and phase of the 

normalized mutual impedance of these five survey geometries. 

Curve A of these plots represent the polarization-free case 

(where m=0) while curve B models the mutual impedance of 

loops in a medium which has polarization characteristics as 

described by the Cole parameters. 

As can be seen by these plots, strong medium 

polarization affects the normalized mutual impedance of 

the transmitter/receiver pairs which are found within or 

adjacent to such media. The frequency range of this effect 

is dependent on transmitter/receiver spacing and manifests 

itself well within the conventional frequency range of 

surface resistivity surveys. 

The most striking difference which strong medium 

polarization can produce is seen in schemes B and D, the 

cases of coplanar loops in and infinite medium and lying on 

a half-space. This variation due to IP effects is perhaps 

due to the enhancement found in the normalized mutual 

impedance of these geometries. At or about the frequencies 

of maximum enhancement, as much as a 20 percent relative 

error can be made if the amplitude of the data are used to 

interpret the mutual impedance of the loops, while a 
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relative error of 30 percent (about 10 degrees) can be made 

in the phase. 

Now that the mutual impedance plots modeled with 

true empirical Cole variables have been presented, a 

thorough parameter analysis of the various survey geometries 

discussed is carried out by plotting normalized mutual 

impedance data as a function of wt , showing families of 

curves dependent on one of the variables m,k,6 while the 

other variables are held constant. 

Figures 24 through 33 display the amplitude and 

phase of the five loop configurations as a function of the 

Cole parameter m. As will be seen, the chargeability (m) 

plays the greatest role in defining ground polarizability, 

and thus large chargeability values will alter the nor

malized mutual impedance data the most from the 

polarization-free case. Survey geometries A and B (figures 

24 through 27) show some variation of the normalized mutual 

impedances due to ground polarizability, with a possible 

relative error of as much as 50 percent in amplitude and a 

60 percent (30 degree) relative error in phase. The survey 

configurations which are lying on a half-space (geometries C 

through P, figures 28 through 33) show an even larger pos

sible relative error in the normalized mutual impedance of 

up to 200 percent in amplitude and a 40 percent (50 degree) 

relative error in phase. 
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Next the normalized mutual impedance plots of the 

same survey geometries are presented, this time showing 

families of curves which vary in the dispersion exponent 

(k) (see figures 34 through 43). As can be seen, the 

dispersion exponent does not influence the overall mutual 

impedance characteristics of the ground as much as the 

chargeability does, and the deviations in the normalized 

mutual impedance plots occur in a different frequency range 

(namely at lower frequencies in these plots). The possible 

relative error in survey geometries A and B (figures 34 

through 37) are as much as 10 percent in amplitude, with 

very little deviation observed in the phase. In the survey 

geometries of antennas over a half-rspace (figures 38 through 

43), however, the possible relative error due to ground 

polarizability can be 75 percent in amplitude and a 20 

percent (20 degree) relative error in phase. 

Lastly, the amplitude and phase of the normalized 

mutual impedance of the five schemes are reconsidered, this 

time displaying families of curves which vary with the 

induction factor (e). Here the chargeability and the 

dispersion exponent are held at average constants. As 

observed in figures 44 to 53, a large part of the variation 

caused by changes in the induction factor is a shift of the 

curves up or down the wt axis. This can be understood, in 

the context of this parametrization of the Cole variables, 
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if it is noted that the induction factor ( 3 )  is related 

directly to (Yr)^. Therefore, the normalized mutual 

impedance at a given frequency will be inversely 

proportional to the induction factor, as the propagation 

constant (yr) is found in the mutual impedance formulae in 

the exponential form exp(-yr). Changes in the induction 

factor also cause a change in the shape of the mutual 

impedance curve. This can be seen by considering the peak 

value of the mutual impedance plots of, for example, figure 

50 whose peak values increase with increasing values of the 

induction factor. This effect is present in these curves 

because the medium modeled is still made polarizable, so 

that the complex conductivity is still dependent on 

frequency, which in turn also affects the propagation 

constant. 
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Figure 14. The amplitude of the normalized mutual impedance 
of coaxial magnetic dipoles in an infinite medium using 
published Cole parameter data (Pelton 1977). DC 
conductivity=6.5E-3 mho/meter, dispersion exponent=0.28, 
time constant=6.9E-3 sec., and survey spacing=250 meters, 
i-urve A: chargeability=0.0f Curve B: chargeability=0.42. 
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Figure 15. The phase of the normalized mutual impedance of 
coaxial magnetic dipoles in an infinite medium using 
published Cole parameter data (Pelton 1977). DC 
Conductivity=6.5E-3 mho/meter, dispersion exponent=0.28, 
time constant=6.9E-3 sec., and survey spacing=250 meters. 
Curve A: chargeability=0.0, curve B: chargeability=0.42. 
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Figure 16. The amplitude of the normalized mutual impedance 
of colinear magnetic dipoles in an infinite medium using 
published Cole parameter data (Pelton 1977). DC 
Conductivity=6.5E-3 mho/meter, dispersion exponent=0.28/ 
time constant=6.9E-3 sec., and survey spacing=250 meters. 
Curve A:chargeabilty=0.0, curve B:chargeability=0.42. 
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Figure 17. The phase of the normalized mutual impedance of 
colinear magnetic dipoles in an infinite medium using 
published Cole parameter data (Pelton 1977). DC 
Conductivity=6.5E-3 mho/meter/ dispersion exponent=0.28, 
time constant=6.9E-3 sec., and survey spacing=250 meters. 
Curve A: chargeability=0.0, curve B: chargeability-0.42. 
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Figure 18. The amplitude of the normalized mutual impedance 
of a vertical magnetic dipole and a horizontal electric 
dipole on a half-space using published Cole parameter data 
(Pelton 1977). DC Conductivity=6.5E-3 mho/meter, dispersion 
exponent=0.28f time constant=6.9E-3 sec., and survey 
spacing=250 meters. Curve A: chargeability=0.0, curve B: 
chargeability=0.42. 
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Figure 19. The phase of the normalized mutual impedance of a 
vertical magnetic dipole and a horizontal electric dipole on 
a half-space using published Cole parameter data (Pelton 
1977). DC Conductivity^.5E-3 mho/meter, dispersion 
exponent=0.28f time constant=6.9E-3 sec., and survey 
spacing=250 meters. Curve A: chargeability=0.0, curve B: 
chargeability=0.42. 



82 

1.4 

1.3 

1.2 

a 11 

fc 

s »  
p 
d 

5  - 9  
a 
2 
« .8 

.6 

<7(0)=6.5E-3 m=0.0,0.42 k=O.20 T=6.9E-3 r=250 
f i" i i i i m 1 1 i i mll| 1 1 i i i ll(| 1—i i i i 1111 i 1 ii i !l| 

-ft-B frb AD k D 

/ft 
xay 

ts » -

w » 

FREQUENCY (HZ.) 

Figure 20. The amplitude of the normalized mutual impedance 
of vertical magnetic dipoles on a half-space using published 
Cole parameter data (Pelton 1977). DC Conductivity=6.5E-3 
mho/meter, dispersion exponent=0.28, time constant=6.9E-3 
sec., and survey spacing=250 meters. Curve A: 
chargeability=0.0, curve B: chargeability=0.42. 
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Figure 21. The phase of the normalized mutual impedance of 
vertical magnetic dipoles on a half-space using published 
Cole parameter data (Pelton 1977). DC Conductivity=6.5E-3 
mho/meter, dispersion exponent=0.28r time constant=6.9E-3 
sec., and survey spacing=250 meters. Curve A: 
chargeability=0.0, curve B: chargeability=0.42. 
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Fiqure 22. The amplitude of the normalized mutual impedance 
of perpendicularly oriented magnetic dipoles on a half-space 
using published Cole parameter data (Pelton 1977). DC 
Conductivity=6.5E-3 mho/meter, dispersion exponents.28, 
time constant=6.9E-3 sec., and survey spacing=250 ™eters. 
Curve A: chargeability=0.0, curve B: chargeability-0.42. 



85 

<7(0)=6.5E-3 m=0.0,3.42 k=0.2B r=5.9E-3 r=250 
8.4 

—8 

2.3 

2.2 

2.1 

3 2.0 

1.6 

1.5 

1.4 
1 ,0 1 2 3 ,4 

FREQUENCY (HZ.) 

Figure 23. The phase of the normalized mutual impedance 
of perpendicularly oriented magnetic dipoles on a half-space 
using published Cole parameter data (Pelton 1977). DC 
Conductivity=6.5E-3 mho/meter, dispersion exponent=0.28, 
time constant=6.9E-3 sec., and survey spacing=250 meters. 
Curve A: chargeability=0.0f curve B: chargeability=0.42. 
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Figure 24. The amplitude of the normalized mutual impedance 
of coaxial magnetic dipoles in an infinite medium. Curve A: 
chargeability=0.0, curve B: chargeability=0.25, curve C: 
chargeabilty=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35, induction factor-1.0. 
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Figure 25. The phase of the normalized mutual impedance of 
coaxial magnetic dipoles in an infinite medium. Curve A: 
chargeability=0.0, curve B: chargeability=0.25, curve C: 
chargeabilty=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35r induction factor=1.0. 
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Figure 26. The amplitude of the normalized mutual impedance 
of colinear magnetic dipoles in an infinite medium. Curve 
A: chargeability=0.0, curve B: chargeability=0.25, curve 
C: chargeabilty=0.50, curve D: chargeability=0.75. 
Dispersion exponent=0.35, induction factor=1.0. 
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Figure 27. The phase of the normalized mutual impedance of 
colinear magnetic dipoles in an infinite medium. Curve A: 
chargeability=0.0, curve B: chargeability=0.25, curve C: 
chargeabilty=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35, induction factor=1.0. 
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Figure 28. The amplitude of the normalized mutual impedance 
of a vertical magnetic dipole and a horizontal electric 
dipole lying on a half-space. Curve A: chargeability=0.0, 
curve B: chargeability=0.25, curve C: chargeabilty=0.50, 
curve D: chargeability=0.75. Dispersion exponent=0.35, 
induction factor=1.0. 
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Figure 29. The phase of the normalized mutual impedance of 
a vertical magnetic dipole and a horizontal electric dipole 
lying on a half-space. Curve A: chargeability=0.0, curve B: 
chargeability=0.25f curve C: chargeabilty=0.50, curve D: 
chargeability=0.75. Dispersion exponent=0.35, induction 
factor=l.0. 
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Figure 30. The amplitude of the normalized mutual impedance 
of vertical magnetic dipoles lying on a half-space. Curve 
A: chargeability=0.0f curve Bs chargeability=0.25, curve C: 
chargeabilty=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35, induction factor=1.0. 
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Figure 31. The phase of the normalized mutual impedance of 
vertical magnetic dipoles lying on a half-space. Curve A: 
chargeability=0.0, curve B: chargeability=0.25, curve C: 
chargeabilty=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35, induction factor=1.0. 
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Figure 32. The amplitude of the normalizea mutual impedance 
of perpendicularly oriented magnetic dipoles lying on a 
half-space. Curve A: chargeability=0.0, curve B: 
chargeability=0.25, curve C: chargeabilty=0.50, curve D: 
chargeability=0.75. Dispersion exponent=0.35, induction 
factor=l.0. 
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Figure 33. The phase of the normalized mutual impedance of 
perpendicularly oriented magnetic dipoles lying on a half-
space. Curve A: chargeability=0.0, curve B: 
chargeability=0.25, curve C: chargeabilty=0.50, curve D: 
chargeability=0.75. Dispersion exponent=0.35, induction 
factor=1.0. 
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Figure 34. The amplitude of the normalized mutual impedance 
of coaxial magnetic dipoles in an infinite medium. Curve A: 
dispersion exponent=0.00, curve B: dispersion exponent=0.25, 
curve C: dispersion exponent=0.50, curve D: dispersion 
exponent=0. 75. Chargeability=0.5, induction factor=1.0. 
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Figure 35. The phase of the normalized mutual impedance of 
coaxial magnetic dipoles in an infinite medium. Curve A: 
dispersion exponent=0.00, curve B: dispersion exponent=0.25, 
curve C: dispersion exponent=0.50, curve D: dispersion 
exponent=0.75. Chargeability=0.5f induction factor=1.0. 
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Figure 36. The amplitude of the normalized mutual impedance 
of colinear magnetic dipoles in an infinite medium. Curve A: 
dispersion exponent=0.00, curve B: dispersion exponent=0.25, 
curve C: dispersion exponent=0.50, curve D: dispersion 
exponent=0.75. Chargeability=0.5, induction factor=1.0. 
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Figure 37. The phase of the normalized mutual impedance of 
colinear magnetic dipoles in an infinite medium. Curve A: 
dispersion exponent=0.00r curve B: dispersion exponent=0.25, 
curve C: dispersion exponent=0.50, curve D:dispersion 
exponent=0.75. Chargeability=0.5, induction factor=1.0. 
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Figure 38. The amplitude of the normalized mutual impedance 
of a vertical magnetic dipole and a horizontal electric 
dipole lying on a half-space. Curve A: dispersion 
exponent=0.00, curve B: dispersion exponent=0.25, curve C: 
dispersion exponent=0.50, curve D: dispersion exponent=0.75. 
^hargeability=0.5, induction factor=1.0. 
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Figure 39. The phase of the normalized mutual impedance of a 
vertical magnetic dipole and a horizontal electric dipole 
lying on a half-space. Curve A: dispersion exponent=0.00, 
curve B: dispersion exponent=0.25, curve C: dispersion 
exponents.50, curve D: dispersion exponent=0.75. 
Chargeability=0.5, induction factor=1.0. 
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Figure 40. The amplitude of the normalized mutual impedance 
of colinear magnetic dipoles lying on a half-space. Curve 
A: dispersion exponent=0.00, curve B: dispersion 
exponent=0.25, curve C: dispersion exponent=0.50, curve D: 
dispersion exponent=0.75. Chargeability=0.5f induction 
factor=1.0. 
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Figure 41. The phase of the normalized mutual impedance of 
colinear magnetic dipoles lying on a half-space. Curve A: 
dispersion exponent=0.00, curve B: dispersion exponent=0.25, 
curve C: dispersion exponent=0.50, curve D: dispersion 
exponent=0.75. Chargeability=0.5, induction factor=1.0. 
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Figure 42. The amplitude of the normalized mutual impedance 
of perpendicularly oriented magnetic dipoles lying on a 
half-space. Curve A: dispersion exponent=0.2, curve B: 
dispersion exponent=0.4f curve C: dispersion exponent=0.6, 
curve D: dispersion exponent=0.8. Chargeability=0.5, 
induction factor=1.0. 
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Figure 43. The phase of the normalized mutual impedance of 
perpendicularly oriented magnetic dipoles lying on a half-
space. Curve A: dispersion exponent=0.2, curve B: 
dispersion exponent=0.4, curve C: dispersion exponent=0.6, 
curve D: dispersion exponents.8. Chargeability=0.5, 
induction factor=1.0. 
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Figure 44. The amplitude of the normalized mutual impedance 
of coaxial magnetic dipoles in an infinite medium. Curve A: 
induction factor=0.001, curve B: induction factor=0.01, 
curve C: induction factor=0.1, curve D: induction 
factor=1.0. Chargeability=0.5, dispersion exponent=0.35. 
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Figure 45. The phase of the normalized mutual impedance of 
coaxial magnetic dipoles in an infinite medium. Curve A: 
induction factor=0.001, curve B: induction factor=0.01, 
curve C: induction factor=0.1, curve D: induction 
factor=1.0. Chargeability=0.5, dispersion exponent=0.35. 
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Figure 46. The amplitude of the normalized mutual impedance 
of colinear magnetic dipoles in an infinite medium. Curve 
A: induction factor=0.001, curve B: induction factor=0.01, 
curve C: induction factor=0.1, curve D: induction 
factor=1.0. Chargeability=0.5, dispersion exponent=0.35. 
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Figure 47. The phase of the normalized mutual impedance of 
colinear magnetic dipoles in an infinite medium. Curve A: 
induction factor=0.001, curve B: induction factor=0.01, 
curve C: induction factor=0.1, curve D: induction 
factor=1.0. Chargeability=0.5, dispersion exponent=0.35. 
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Figure 48. The amplitude of the normalized mutual impedance 
of a vertical magnetic dipole and a horizontal electric 
dipole lying on a half-space. Curve A: induction 
factor=0.001, curve B: induction factor=0.01, curve C: 
induction factor=0.1, curve D: induction factor=1.0. 
Chargeability=0.5, dispersion exponent=0.35. 
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Figure 49. The phase of the normalized mutual impedance of a 
vertical magnetic dipole and a horizontal electric dipole 
lying on a half-space. Curve A: induction factor=0.001, 
curve B: induction factor=0.01, curve C: induction 
factor=0.1, curve D: induction factor=1.0. 
Chargeability=0.5, dispersion exponent=0.35. 
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Figure 50. The amplitude of the normalized mutual impedance 
of vertical magnetic dipoles lying on a half-space. Curve 
A: induction factor=0.001, curve B: induction factor=0.01, 
curve C: induction factor=0.1, curve D: induction 
factor=1.0. Chargeability=0.5, dispersion exponent=0.35. 
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Figure 51. The phase of the normalized mutual impedance of 
vertical magnetic dipoles lying on a half-space. Curve A: 
induction factor=0.001, curve B: induction factor=0.01, 
curve C: induction factor=0.1, curve D: induction 
factor=1.0. Chargeability=0.5, dispersion exponent=0.35. 
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Figure 52. The amplitude of the normalized mutual impedance 
of perpendicularly oriented magnetic dipoles lying on a 
half-space. Curve A: induction factor=0.001, curve B: 
induction factor=0.01, curve C: induction factor=0.1f curve 
D: induction factor=1.0. Chargeability=0.5, dispersion 
exponent=0.35. 
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Figure 53. The phase of the normalized mutual impedance 
ofperpendicularly oriented magnetic dipoles lying on a half-
space. Curve A: induction factor=0.001, curve B: induction 
factor=0.01, curve C: induction factor=0.1r curve D: 
induction factor=1.0. Chargeability=0.5, dispersion 
exponent=0.35. 



CHAPTER FIVE 

THE MAGNETIC DIPOLE INDUCED IN A PERMEABLE 
SPHERE BURIED IN AN INFINITE, CONDUCTIVE MEDIUM 

After the mutual impedances of antennas in 

homogenous spaces and over homogenous half-spaces which are 

polarizable have been analyzed, a study can be made of a 

bounded body buried in an infinite medium. This body can 

have a resistivity and/or a polarizability contrast. The 

simplest closed body to consider is a sphere which, 

seemingly highly idealized, can approximate a variety of 

geologic targets ranging from large scale spheroidal ore 

bodies having a diameter on the scale of kilometers, to a 

particular metallic sulfide grain whose diameter is on the 

order of millimeters. To consider a physical problem which 

lends itself to analytic (closed form) solutions, sources 

and medium restrictions are made. 

In this chapter, the sphere buried in an infinite 

homogenous medium is analyzed. The quasi-static ap

proximation, which is needed for a closed-form solution, is 

made and thus the propagation constant of the external 

medium can be neglected. This allows the source to be a 

simple magnetic field component which is uniform upon in

cidence on the sphere. 

116 
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The buried sphere analysis is done to show some of 

the effects which target polarizabilty can have on the many 

complicated scattering problems which arise in geophysics. 

See, for example, the discussion of the MMR method in 

chapter three. 

The solution of the scattered magnetic field in the 

proximity of a buried sphere buried in an infinite medium 

was first derived by Wait (1951), and later republished by 

Ward (1967). The following derivation follows Ward's (ibid) 

work except for minor deviations: The incident magnetic 

field is taken to be in a z-direction while the sphere is 

buried ih an infinite medium. This differs from Ward's 

geometry, which was a sphere buried in a half-space with the 

incident field paralled to the half-space interface. Also, 

modified spherical Bessel functions are used in accordance 

with Stratton (1941). The solutions derived are in 

agree with solutions first published by Wait (1951) and 

those of Ward (1967). 

scattering Emm a PolarizabJLe Sphere Buried In a 
Homogenous. infinite, and Conductive Medium. 

The geometry of the problem is a sphere of radius c 

buried in an infinite medium. Both the sphere and the ex

ternal medium have characteristic conductivity, permittivity 

and permeability. The sphere is subjected to a uniform 

magnetic field whose only component is incident (radial) to 

the sphere. This defined source implies that the quasi-
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static approximation is made for the fields external to the 

sphere. The geometry is displayed in figure 54. 

As can be seen by the geometry of the target and of 

the incident exciting field (H=(0,0,Hz)), symmetry allows 

solutions of the scattered fields with no <j> dependence. 

Also, it can be seen that if the quasi-static approximation 

is used, the electric and magnetic fields in this problem 

will be uncoupled, allowing for the analysis of each field 

separately. To help solve this problem, a Hertz vector 

potential is defined as 

(5.1) H = vxvxn* 

which by way of a vector identity can be rewritten as 

, ">•*> 2 
(5.2) H = v(v • n )  -  v n 

2 
Even though the 'Laplacian' ( v ) of a vector in spherical 

coordinates has no physical meaning, this vector identity 

can still be used (mathematically) to obtain equations which 

will satisfy the boundary conditions. The definition of the 

magnetic Hertz potential (equatiom 5.1) is independent of 

the coordinate used. Since Hg=(0,0,Hz), the primary 

field must be able to be obtained with n =(0,0»n ). With 

the use of the homogenous wave equation, which this Hertz 

potential component must satisfy everywhere but at the 

source: 
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Figure 54. Geometry, coordinate system and physical medium 
parameters used to solve for the scattered fields of a 
buried sphere. 
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(5.3) (v2  -  Y 2 )  n* = 0 

Hence, 

2 * 
an 2 * 

(5.4) H = —- y n 
8z 

Since the primary field is uniform (i.e. now that 

the quasi-static approximation is made on the exciting 

field), it is divergenceless so that 

( 5 . 5 )  H q  = -  Y*n* 

n* must satisfy the wave equations 

? * o * 
( 5 . 6 )  v nz  = y n2  

The variables in this system are separable, and the solution 

in spherical coordinates is found to be (Stratton 1941) 

(5.7) n ® = I b
n
kn (y^) Pn (cos e) r>c 

n=o 

( 5 . 8 )  n
z 2  =  I  a n  i ' n  ( Y 2

r )  P n  ̂ c o s  r < C  

n=o 

where k and i are modified spherical Bessel functions of 
ri n 

the first and third kind with argument (yi") as found in 

Abramowitz and Stegun (1965, p443, eqs. 10.2.2 and 10.2.4). 

It is noted that 
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(5.9) kn(Yr)  -  -Ipj-

when using the quasi-static approximation. 

The total field external to the sphere is made up of 

the incident (source) field and the resulting secondary 

fields. Thus 

H 
(5.10) n* = I b n

k n ( Y 1 r ) p n (c o se)-- |  r>c 
n=o Y-j  

The boundary conditions of the problem are that the normal 

magnetic flux density and the tangential fields are 

continuous. 

In order for the boundary conditions to be fully 

satisfied, only the n=0 terms of the series representation 

survives as the source field is inherently a zero order 

harmonic. For n=0, 

(5.11) Po(cose) = 1 

< 5- 1 2' koh r> = ̂  

sinh y 0 r  
(5.13) Uy9r)  = 

0 2 ' Y£r 

The expression for the Hertz vector thus becomes: 



122 

(5.14) 
lzl 

" y1 r  

b n e H 
n _o 

" 2 
y1 

Z y ^ r  
r>c 

(5.15) 
nz2 =  an 

sinh y^r 

Y2r 
r<c 

or that 

(5.16) 
bo e  

" yl r  

lzl 
Ho 

2 
y1 

r>c 

(5.17) 
nz2 "  ao 

sinh y^r 
r<c 

where the constants have been absorbed by the coefficients 

a0 and bg. To apply the boundary conditions, expressions 

for the Hr and H0 components of the magnetic field are 

needed. It is found that: 

(5.18) n r  = nz  cos 6 

(5.19) n* = -n* sine 
U Z 

Then 

* 

(v . n*) = cos 6 _3_ 2 *  _.^z 3_ s i n2 
n  ;  

r2 ar z r  sin e se 
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= COS & J -  r V  -  ̂  
ar z r ] 

( 5 . 2 0 )  = cos 
M z 
ar 

and 

( 5 . 2 1 )  v(v n )  = r  cos e 

2  *  - r  

i^z 

ar 2  

•1 
an. 

r  9r 
sine 

Since 

-b 0 * 

H = v(v • n )  -  y n 

then 

2 * 
3  nz 2 *  (5.22) H = cos e —^ - y n cos 
ar 

3TI 
( 5 . 2 3 )  H 0  =  ̂  s i n  e +|sin e)n* y2  

so that the boundary conditions become 

( 5 . 2 4 )  

• 2 * 
3 nzl 2 * 
ar2 "Vzl 

=  V r  
~ mz2 

ar 
J " y 2  

u
z2 

( 5 . 2 5 )  
an 

zl 
ar 

2 * 
" Ylnzl 

an 
z2 

ar "  Y2nz2 

at the boundary c=r. 



124 

With 

-v,r 
"y1 

Tzl =  bo 

H  
o 
~z 
Y 1 

(5.26) 
an ,  -b -y,r  

(5.27) 

2 * 
si , b 
—M- = -4 (2 + 2Ylr + Yfrfc)e 
dr  r  

2„2\ ~y1r 

and 

* sinh Yp1" 
nz2 =  ao r  

an ?  a 
(5.28) = — [Y2r  cosh yzr  -  sinh y2r ]  

2 * 
3 ^-jQ p 2 

!=•' = -4 [y 9 r  sinh y 9 r  -  2y 9 r  cosh y 9 r  
3r r e. e. 

(5.29) + 2 sinh Y2r ]  

The boundary conditions are thus, for the normal magnetic 

flux 
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u1 

b .. o f <L 
3 'y1 

-YlC 

2c2 + 2y-|C + 2)e "
Ylc , Y1boe 

+ H. 

( 5 . 3 0 )  o 

c 

2 2 
Y£C sinh Y2C - 2y£c cosh y2c + 2 sinh y^c 

Y2ao • —— sinh y2c 

which, with rearrangement, 

^(2 +  2v,c) e" y l c  
+  h 0  

c 

- p' -J (2 sinh Y2C  _  2y2c  c o sh y2 c^ 
c 

For the tangiential magnetic field component to be 

continuous 

( 5 . 3 1 )  

-b -Y-iC b ? -Y-.C 
— (1+Y1c)e - T Y-, e + Hc 

c 

ao 

c 
y2c cosh Y2C - sinh Y 2c 

y2 ao 
sinh y2c 

Which, with rearrangement, 
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-b * I ? *? 1 1 ̂  "ft 
J- 1 - y-jC + yic e + H0 =-| [y2c cosh y2c 

2 2 
- sinh y2c - Y2 c sinhY2cl 

At this point, the quasi-static approximation is 

again applied which makes |y-|^| <<1 and thus neglidgible. 

Hence the boundary conditions become: 

3  2 y ?  
(5.32) 2 bn + c Hn = — a0 (sinh y2c - y2c cosh y2c) 

o u 
1 

(5.33) < 

3  2  2  
-fc>0 + c Hq = aq(y2c cosh y2c-sinh y£C" y2c sinhY2c) 

2 2 
- y2c sinh y2c 

from which the coefficients ag and bg can be determined, 

viz: 

3 / 2  c° H  

(5.34) a„ = 

r^-i 
p 

(sinh a - a  cosh a )  -  a  sinh a  

where a = 

and 
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bo -

(5.35) 2  

2u2(sinh a -  a cosh a) -  2y.|  (a cosh a -  sinh a -  a sinh a) . : _ 
p - |  (sinh a  -  a  cosh a )  +  2 y |  ( a  cosh a -sinh a - a  sinh a )  

With the coefficient aQ and b0 calculated, the magnetic 

fields on the interior and the exterior of the fields can be 

calculated. 

If the permeability contrast between the sphere and 

its surrounding medium is allowed to reach zero (i.e. y-| = y2 ) r 

which is the case in most geophysical situations, extremely 

compact forms of these coefficients are obtained, viz: 

2 
-3 c H 

(5.36) a = —2 — 
2a sinh a 

(5.37) b = ^  H c3  \~X- + I  - c o t h  a  

0  2  0  I d  3  a  L_ a  ~ 1  

Inclusion of Ground Polarizability; Xhfi. Cola H<2d£i 

To include the effects of ground polarizabilty in 

this formulation, precisely the same steps are taken as in 

chapter four: 



128 

y£c = c(iy2u (a2 + ^ 

( 5 . 3 8 )  =  0 ( 1 ^ 2 "  0 2 ( i u )  ) '  

and manipulating further 

Y Q C  c(ip2u a2 

a2(l'u) 

2 
p2^2c 

ut 

( 5 . 3 9 )  

where $ = 

factor. 

(i u) 
1 tf) 0)t 

^2^2° 
can again be referred to as the induction 

Presentation fif Numerical Results. 

With the possible polarization of the target 

included in the field solutions, the effect of target 

polarization can be displayed graphically by plotting the 

coefficient bQ normalized so as to remove the dependence of 

the incident field and geometric distances, as a function of 

the normalized frequency (wt). 

( 5 . 4 0 )  +  
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This normalized coefficient is proportional to the magnetic 

dipole which is induced within the sphere. Thus the 

amplitude and the phase of the induced magnetic dipole, 

defined as 

(5.41) =  ( a 2  +  e 2 )  
i 

(5.42) a r g  —  =  -  a r c t a n  ( - )  

b „  

where a is the real part and s the imaginary part of the 

magnetic dipole induced, are plotted as a function of mi 

while the Cole parameters are each singly varied. Figures 

55 and 56 show changes in the induced magnetic dipole with 

variations of the chargeability (m) of the sphere. As can 

be seen, the effects of IP can change the dipole induced in 

the sphere as much as 20 percent (relative error) in 

amplitude, and 20 percent relative error (more than 23 

degrees) in phase for large values of chargeability. Figures 

57 and 58 show changes in the induced dipole when varying 

k, the dispersion exponent. As expected from chapter four, 

the dispersion exponent does not vary the dipole induced in 

the sphere as much as the chargeability does. Large values 

of the dispersion exponent (k) can give rise to as much as 8 

percent relative error in amplitude and phase. 
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As displayed in figures 59 and 60, variation in 

the induction factor will mainly shift the induced dipole 

curves up or down normalized frequency axis. It is noted, 

however, that just as in the case of the mutual impedance 

plots of chapter four, a slight change in curve shape 

appears with large variations of the induction factor. 

This, again, is due to the fact that the conductivity of the 

sphere modeled in these plots is frequency dependent and 

thus will change the shape of the curve if this curve is 

greatly displaced in normalized frequency. (In the case of a 

non-polarizable sphere, variation in the induction factor 

will cause a pure shift on the normalized frequency axis 

without changing the shape of the curve). 

The induction factor (ilO is dependent upon, among 

other things, the radius of the polarizable sphere. The 

high frequency limit (about 10 kHz), for which the Cole 

model is valid, can be considered to give operating 

frequency and sphere radius ranges in which the IP effect 

will influence the magnetic dipole induced in the sphere as 

predicted by the Cole model. If the Cole time constant (x) 

and the sphere DC conductivity (a^) are assumed to have 

average values (1 millisecond and 6.5E-3 mho/meter, 

respectively), the radius of the buried sphere will have to 

be under 350 meters to obtain a measurable IP effect in 

resistivity surveys having an operating frequency below the 
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10 kHz limit. Since many subterranioua geological struc

tures of interest are smaller than 350 meters in radius, the 

IP effect should be considered when interpreting the scat

tered field data of these geologic targets for their con

ductivity. 

As was first suggested by the problem geometry 

presented by Ward (1967), this modeling can be used to 

predict the response of a medium sized conductive body to 

magnetotelluric excitation. Since the natural geomagnetic 

fields are often assumed locally uniform, with a component 

parallel to the earth's surface (see the plane wave model 

developed by Wait, 1982, p.185), it would be easy to rotate 

the source field so that it would parallel the earth's 

surface. Hence the presence of the interface would not 

complicate the primary source of the problem considered with 

reflections or attenuations. 
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Figure 55. The amplitude of the magnetic dipole induced in a 
sphere. Curve A: chargeability=0.0, curve B: chargeability 
=0.25, curve C: chargeability=0.50, curve D: chargeability 
=0.75. Dispersion exponent=0.35, and induction factor=1.0. 
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Figure 56. The phase of the magnetic dipole induced in a 
sphere. Curve A: chargeability=0.0, curve B: chargeability 
=0.25, curve C: chargeability=0.50, curve D: chargeability 
=0.75. Dispersion exponent=0.35, and induction factor=1.0. 
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Figure 57. The amplitude of the magnetic dipole induced in a 
sphere. Curve A: dispersion exponent=0.00, curve B: dis
persion exponent=0.00, curve C: dispersion exponent=0.25, 
curve D: dispersion exponent=0.50. Chargeabilty=0.75, and 
induction factor=1.0. 
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Figure 58. The phase of the magnetic dipole induced in a 
sphere. Curve A: dispersion exponent=0.00, curve B: dis
persion exponent=0.25, curve C: dispersion exponent=0.50r 

curve D: dispersion exponent=0.75. Chargeabilty=0.50, and 
induction factor=1.0. 
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Figure 59. The amplitude of the magnetic dipole induced in a 
sphere. Curve A: induction factor=0.001, curve B: induction 
factor=0.01, curve C: induction factor=0.1, curve D: in
duction factor=1.0. Chargeabilty=0.50, dispersion 
exponent=0.35. 
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Figure 60. The phase of the magnetic dipole induced in a 
sphere. Curve A: induction factor=0.001, curve B: induction 
factor=0.01, curve C: induction factor=0.1, curve D: 
induction factor=1.0. Chargeabilty=0.50f dispersion 
exponent=0.35. 



CONCLUSIONS 

As displayed in chapters four and five, a 

significant interpretation error can be made if ground 

polarization is not taken into account when surveying with 

the transmitter/receiver configurations examined, as well as 

when interpreting the size, depth and electromagnetic 

properties of scatterers. Hence there exists the chance 

that mutual impedance data obtained at a given surveying 

frequency is partially due to the induced polarization of 

the ground. 

Making use of the Cole model, which is an empirical, 

generalized form of the Debye relaxation model as applied to 

frequency dependent resistivity, the polarization 

characteristics of the ground for the frequency range of 

interest can be described by three 'Cole variables'. The 

use of this model then represents an extremely simple way to 

characterize most bulk polarization phenomena from DC to 

about 10 kHz in geologic media. 

Further parametrization of the normalized mutual 

impedance formulation developed allows the establishments of 

dimensionless quantities to be used to create amplitude and 

phase plots of these mutual impedances, as a function of 

normalized frequency. Plotting dimensionless quantities are 
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an obvious advantage if the curves are to be used in curve 

matching. 

A graphical analysis reveals that the chargeability 

(m) parameter of the Cole model plays the largest role in 

affecting the synthesized mutual impedance data, having a 

possible relative error of as high as 200 percent in amp

litude and a 40 percent (50 degree) relative error in phase 

due to large values of chargeability (thus a strong ground 

polarization). 

Next in importance in modifying mutual impedance 

curves is the dispersion exponent (k) of the Cole model. 

Large values of the dispersion exponent can give a relative 

interpretation error of 75 percent in the amplitude of the 

data, with a possible 20 percent (20 degree) relative error 

in the phase. 

In the variable analysis conducted in chapters four 

and five, the effects of the induction factor (3,^) are 

analyzed. This variable is not purely a Cole variable but 

also takes into account the survey spacing, as well as the 

electromagnetic properties of the medium which are not 

related to the polarization mechanisms, such as the DC 

conductivity and the magnetic permeability of the medium. 

The effects of enlarging the induction factor while keeping 

the chargeabilty (m) and the dispersion exponent (k) con

stant seems mainly to shift the curves down the nor

malized frequency axis. This can be understood if it is 
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realized that the induction factor is not found in the Cole 

model, but instead is directly proportional to (yr)2. Yet 

upon further analysis, it is seen that two families of 

curves which have widely differing induction factors are 

different in shape if the normalized frequency difference is 

neglected (see appendix B). This, in turn, is because the 

frequency dependent conductivity (the Cole model) changes 

values for largely different frequencies, thus changing the 

shape of mutual impedance curves which have largely 

different induction factors. Hence this curve shape 

variation for different induction factors (b) is not present 

in mutual impedance curves taken over non-polarizable media. 

The effects which the Cole time constant (x) has on 

the mutual impedance curves can be seen if it is 

assumed that the transmitter/receiver separation, the DC 

conductivity and magnetic permeability of the medium remain 

constant. Because this shift occurs on a normalized 

frequency axis, variation in the time constant will affect 

only the shape and variation of mutual impedance curve, 

without large frequency shifts, if plotted against pure (not 

normalized) frequency. 

It must be noted that the Cole model has been used 

to describe rock polarization which has ionic charge 

separation as its mechanism. This would restrict the 

operating frequency of the survey to below 10 kHz. Indeed, 
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the quasi-static assumption used to develop the closed-form 

mutual impedance formulae in the context of this work 

require such a frequency restriction. Since the frequency 

dependence of the conductivity is a capacitive effect of 

some sort (ie. the conductivity increases with frequency), 

it is expected that the possible interpretation error due to 

ground polarization is found at higher operating 

frequencies. Hence, in the analysis of the effect of IP on 

mutual impedance curves, one is always balancing the upper 

frequency limit of the Cole model with the frequency range 

of the impedance variation due to IP effects. 

As mentioned earlier, the frequency range of 

impedance variation due to IP is inversly proportional to 

the induction factor (6). Therefore, the effects of IP in 

resistivity data as described by the Cole model can affect 

conventional induction resistivity surveys when the 

transmitter/receiver spacing, or the DC conductivity is 

large (the Cole time constant does not play a role here as 

it is used to normalize the frequency, thus establishing the 

independent variables for the mutual impedance plots). 

Widening the transmitter/receiver spacing to increase the 

effects of electromagnetic coupling in grounded IP surveys 

has been noted by Hohmann (1973). 

As a general numerical example, let the survey 

spacing be given as 250 meters, DC ground conductivity as 

5E-3 mho/meter, and the Cole time constant as 
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5 milliseconds. These values give rise to an induction 

factor of 0.28 (see equation 4.75). This would make the 

variation in mutual impedance due to the IP effect manifest 

itself in a range roughly centered at 9.5 kHz—a value below 

the 10 kHz frequency limit for which the Cole model is 

valid. 

Besides possible interpretation errors being made in 

the resistivity of the medium on which the mutual impedance 

data is taken, it may be possible to misinterpret a 

polarizable homogenous structure as an inhomogenous, 

non-polarization one. To explore this possible 

misinterpretation, two plots of the amplitude of the 

normalized mutual impedance calculated by Verma (1980) are 

presented. The independent variable which Verma uses is 

different than the normalized frequencies used in this 

thesis, being proportional to the period, or the reciprocal 

of frequency. Because the mutual impedance plots presented 

by Verma (ibid.) and in this work are semi-logarithmic, the 

variation in shape of Verma's mutual impedance curve can be 

compared to those in this work by considering the abcissa of 

Verma's plots proportional to the negative of the abcissa of 

the curves calculated in chapter four. 

The first plot (figure 61, from Verma, 1980, p.346) 

shows the amplitude of the normalized mutual impedance of 

horizontal coplanar loops (this scheme is referred to in 
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Figure 61. The amplitude of the normalized mutual impedance 
of horizontal coplanar loops over a two layered earth as 
calculated by Verma (1980). R is loop spacing, dl is the 
thickness of the top layer, P is the resistivity of the top 
layer, T is the period. 
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this thesis as configuration D) lying over a two layered 

earth. Upon examination of figure 61, it is found that the 

peak value of the amplitude of the normalized mutual 

impedance decreases as the resistivity constrast between the 

two layers increase. Examination of figure 30 shows that 

large induced polarization in the mutual impedance of 

horizontal coplanar loops over a homogenous half-space 

causes an enhancement in peak value of these curves. Again, 

figure 61 shows a decrease in peak value as the model 

changes from a homogenous half-space to a two-layered case. 

It is thus unlikely that mutual impedance data of a 

homogenous, polarizable half-space taken with horizonal 

coplanar loops could be misinterpreted as a non-polarizable 

two-layered case. 

Next, the amplitude of the normalized mutual 

impedance of perpendicular loops over a two-layered earth as 

calculated by Verma (1980, p.363) is presented in figure 62. 

The perpendicular loop configuration is referred to as 

scheme F in this work. Upon inspection of figure 62, the 

peak value of the mutual impedance of coils of this 

configuration show an increase as the resistivity contrast 

between the two layers increase. Figure 32 displays the 

mutual impedance of perpendicular loops over a homogenous, 

polarizable half-space. Figure 32 also shows an increase in 

peak value with increased polarization. Hence because both 
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Figure 62. The amplitude of the normalized mutual impedance 
of perpendicular loops over a two layered earth as cal
culated by Verma (1980). R is loop spacing, dl is the 
thickness of the top layer, p is the resistivity of the top 
layer, T is the period. A different normalization has 
Verma's mutual impedance plots larger than plots found in 
this work by a factor of two. 



146 

the two-layered case and the polarizable half-space case 

show an increase of peak value for this loop configuration, 

it is possible that a polarized half-space can be mistaken 

for a two layered half-space when interpreting data obtained 

using this surveying configuration. 

In general, it should be possible to invert the 

mutual impedance data to recover values of the Cole 

parameters. Even though the mutual impedance is given by 

one equation having the three unknown Cole variables, mutual 

impedance data would have to be obtained at many 

frequencies, so as to overdetermine the inverse problem. 

A very simple attempt has been made to 

regain Cole parameter values from synthesized normalized 

mutual impedance data. This was done to show the uniqueness 

of the mutual impedance curves as far as the chargeability 

and the dispersion exponent were concerned. The program 

designed uses an iterative method to find values of the 

chargeability (m) and the dispersion exponent (k), given the 

transmitter/receiver spacing, the DC conductivity of the 

homogenous medium, the operating frequency, and a value of 

the Cole time constant (x). Choosing initial values of the 

two unknown parameters, the program iterate the 

parameter values to the real and the imaginary parts of the 

normalized mutual impedance equation until changes in these 

parameters become very small with succesive iterations. 
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As can be expected from the forward synthesis of the 

mutual impedance plots, the inverse technique will regain 

the proper value of chargeability (m) with least iterations, 

as the chargeability affects mutual impedance data the most. 

The proper value for the chargeability is obtained quickly 

no matter what the initial guess of its value was. A harder 

parameter to regain is the dispersion exponent (k). The 

solution of this parameter oscillates wildly as it iterates 

back to its proper value, giving rise to a need for 

oscillation damping techniques containing empirical damping 

parameters (or sophisticated error minimization techniques), 

as well as many iterations. This can be understood by the 

smaller change that occurs in the mutual impedance curves 

due to large values of the dispersion exponent (k) 

parameter. To iterate back to values of the Cole time 

constant (x), would seem to be very difficult, as a large 

variation in the time constant brings about relatively small 

changes in the shape of the mutual impedance curves. 

Admittedly, this iteration routine is very limited, 

as only data given at one frequency is used. An inverse 

program could be written using linear algebra (matrix 

decomposition) techniques which would utilize mutual 

impedance information over a wide range of frequencies (see, 

for example, Lanson and Hanson 1974) and thus have a chance 

of returning to correct values of all three Cole variables 

and the DC conductivity. 
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Further work that is suggested by these conclusions 

is to model complex resistivity data in a similar manner for 

more complicated, and thus perhaps more realistic geologic 

cases. It would be of interest to model the effects of IP 

on the apparant resistivity of a layered medium, measured 

at the surface. Also, the mutual impedance and the induced 

dipole data could be put through an inverse Fourier 

transform program to obtain the effects of polarization on 

transient data. Even though the frequency range of the 

mutual impedance curves synthesized are limited, the fact 

that the amplitude of the mutual impedances of the 

configurations considered go to zero at higher frequencies 

should help in the convergence of the inverse transform 

integral. 



APPENDIX A 

ANALYTIC LIMITING FORMS 

As a verification of some of the graphical data 

presented, the amplitude of the mutual impedances can be 

analyzed analytically as the magnitude of the propagation 

constant |yr| becomes very small or very large. 

The first loop geometry considered, is of the 

coaxial loop antennas in an infinite medium (scheme A, 

equation 4.54). This function can be very readily evaluated 

in the limit as |yr| goes to zero and infinity, yielding 

(A. 1) 

and 

l im |A| = 1 
lyrl+0 

(a.2> , !;m w = 0 
|  Yr | -w° 

by use of l'Hopital's rule. 

Similarily, the mutual impedance of coplanar loops 

in an infinite medium (scheme B, equation 4.59) can be 

analyzed at these limits, viz: 

(A.3) , 11m JBi = 1 

yrb-o 
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and 

(A.4) 
l i rn |B j = 0 
yr |-*» 

The mutual impedance formula of geometry C, a magnetic 

dipole normal to a homogenous half-space and an electric 

dipole lying on the half-space, perpendicular to the 

magnetic dipole, can be analyzed to yield the desired limits 

(scheme C, equation 4.64), 

C  =  — ( 3  -  ( 3  +  3 Y r  +  Y
2 r 2 ) e " Y r  )  

(A.5) 

from which, 

To analyze the low frequency limit the exponent 

is expanded to yield, 

2 2 3 3 
(A.7) e"Yr 

thus 
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( v r ) 2  ( v r ) 3  f v r ) 4  

(A.8) C - 1 ^—+ TO 2A~ + higher order terras 

from which 

(A 9) , ']m |C| = 1 
| y r | - K )  

The limits of the mutual impedance of coplanar loops 

lying on a half-plane (scheme D, equation 4.67) can be 

obtained in a similar way, viz: 

( A . 1 0 )  D  =  — ^  [ 9  -  ( 9  +  9 y r  +  4 y 2 r 2  +  y 3 r 3 ) e ~ Y r  ]  

( y r )  

All terms of A.10 go to zero as | y r |  goes to infinity, 

including the last one which also goes to zero by 

application of l'Hopital's rule. Thus 

n ni ]1> l°l = 0  
( A . 1 1 )  l y ^ L y Q  

To find the low frequency limit of scheme D, the exponent of 

this mutual impedance is expanded as before, yeilding: 

( v r ) 2  4 ( v r ) 3  

(A.12) D = 1 + ^ + higher order terms 

so that 
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For small values of y r ,  it can be seen that the 

second term of the series (A.12) will dominate the 

contribution of all terms containing yr. This explains the 

enhancent of the amplitude and phase of the normalized 

mutual impedance plots for this configuration. 

The limits of scheme F, the normalized mutual 

impedance of perpendicular loops lying on a half-space, 

are difficult to solve analytically, as this formula 

contains sums of products of modified Bessel functions, some 

of which go to zero in the limits while others go to 

infinity at these limits. Therefore, the limits of the 

amplitude and phase of this normalized mutual impedance (F) 

has been compared favorably to work done by Wait (1982), and 

Verma (1980), respectively. 



APPENDIX B 

ADDITIONAL MUTUAL IMPEDANCE PLOTS OP INTEREST 

It is instructional in the analysis of the Cole 

variables to compare two chargeability plot families at 

largely different induction factors. These are shown in 

figures 63 trough 66 for the mutual impedance of coplanar 

loops lying on a half-space (scheme D). Neglecting the 

obvious shift in frequency between the cases where the 

induction factor is 0.001 and 10, it is interesting that the 

shape of the curve families differ, thus confirming the 

observation that change in the induction factor (e ) does 

more than shift the resistivity data up or down the 

normalized frequency axis. 
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Figure 63. The amplitude of the mutual impedance of 
coplanar loops lying on a half-space. Induction 
factor=0.001. Curve A: chargeability=0.0, curve B: 
chargeability=0.25, curve C: chargeability=0.50, curve 
chargeability=0.75. Dispersion exponent=0.35. 
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Figure 64. The phase of the mutual impedance of coplanar 
loops lying on a half-space. Induction factor=0.001. Curve 
A: chargeability=0.0f curve B: chargeability=0.25, curve C: 
chargeability=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35. 
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Figure 65. The amplitude of the mutual impedance of 
coplanar loops lying on a half-space. Induction factor=10.0. 
Curve A: chargeability=0.0, curve B: chargeability=0.25, 
curve C: chargeability=0.50, curve D: chargeability=0.75. 
Dispersion exponent=0.35. 
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Figure 66. The phase of the mutual impedance of coplanar 
loops lying on a half-space. Induction factor=10.0. Curve A: 
chargeability=0.0, curve B: chargeability=0.25, curve C: 
chargeability=0.50, curve D: chargeability=0.75. Dispersion 
exponent=0.35. 



appendix c 

ANALYSIS OP THE VALIDITY OF USING THE QUASI-STATIC 
APPROXIMATION IN THIS WORK 

Because the mutual impedance formulations of 

coplanar loops on a half-space, and that of a loop and a 

wire element on a half-space (schemes C and D, chapter 4) 

can be solved for either by the use of the quasi-static 

approximation, or exactly, the possibility exists to compare 

the two approaches to establish the validity of using the 

quasi-static approximation in this work. 

To compare these two approaches, the normalized 

mutual impedances cannot be compared, since the 

normalization entails the use of the quasi-static 

approximation. Instead a ratio is created of the mutual 

impedances using the two approaches. This gives rise to a 

dimensionless quantity which can be plotted as a function of 

frequency. As expected, the deviation from unity of this 

impedance ratio is significant of the breakdown of this 

approximation. As can be seen from figures 67 and 68, the 

quasi-static approximation breaks down at about 1E6 rad/sec, 

well above the frequencies used in this work. It is noted 

that the frequency range for which the quasi-static 

approximation is valid is directly proportional to the DC 
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conductivity of the model, and is also dependent on survey 

spacing. Yet at values of the induction factor used 

throughout this work (B=1.0), and with an assumed loop 

spacing of 100 meters, the DC conductivity would be on the 

order of 100 mho/m, an unrealistically high ground 

conductivity. Because the average ground conductivity is 

5E-3 mho/m, the quasi-static assumption is amply applicable 

for the frequencies employed in this research. 
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Figure 67. The amplitude of the impedance ratio formed by 
dividing the quasi-static impedance by the dynamic impedance 
of a horizontal loop and a normal wire element on the 
surface of a half-space. DC conductivity=0.0001 mho/m, 
antenna spacing=100 m. Curve A:chargeability=0.0, curve B: 
chargeability=0.25, curve C: chargeability=0.50, curve D: 
chargeability=0.75. Dispersion exponent=0.50, time 
constant=l.0. 
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Figure 68. The amplitude of the impedance ratio formed by 
dividing the quasi-static impedance by the dynamic impedance 
of coplanar loops on a half-space. DC conductivity=0.0001 
mho/m, antenna spacing=100 m. Curve A:chargeability=0.0, 
curve B: chargeability=0.25, curve C: chargeability=0.50, 
curve D: chargeability=0.75. Dispersion exponent=0.50, time 
constant=1.0. 



APPENDIX D 

COMPUTER PROGRAMS 

Some of the computer programs used to generate the 

plots displayed in this thesis are appended. Below are 

representative programs which generate data of the nor

malized mutual impedance of the five dipole configurations 

analyzed in chapter four. 

The first program presented is written in FORTRAN-77 

language adapted to run on a VAX-11 750 computer. This 

program calculates the normalized mutual impedance of the 

first four configurations, and includes the Cole relaxation 

model. The output of this program is formatted to be used 

in a in-house plotting program (JPLOT) created by the 

University of Arizona Electromagnetics Laboratory. JPLOT, 

in turn, makes use of a public-domain plotting program 

called NCAR. 

The second program presented is written in PASCAL as 

adapted for use on a personal computer (IBM-PC). This 

version of the PASCAL compiler is commercially available as 

TURBO-PASCAL (from Borland International, Scotts Valley, 

CA.) and differs from standard PASCAL only in I/O commands 

and intrinsic mathematical subroutines. Data for the 

normalized mutual impedance of the fifth dipole 

configuration is calculated using this program and the 
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output is formatted to be plotted using the JPLOT routine. 

A home computer was used to calculate these plots as the 

computing time needed for these calculations are prohibitive 

on a computer with limited access funds. 

Computer Program Compute Mutual Impedance 
af First Four Pipole Configurations 

c 
C DEFINITIONS OF VARIABLES. 
C FILES: 
C TUX.DAT: FILE OF THE INDEPENDENT VARIABLE FOR PLOTTING 
C P1.DAT-P5.DAT: FILES OF FAMILIES OF CURVES PLOTTING 
C AMPLITUDE 
C P11.DAT-P55.DAT: FILES OF FAMILIES OF CURVES PLOTTING 
C PHASE 
C 
C SUBROUTINES: 
C UNWRAP: SUBROUTINE TO KEEP PHASE OPTICALLY CONTINUOUS 
C 
C VARIABLES: 
C ALPHA: THE INDUCTION FACTOR 
C MNOT: ARRAY OF COLE CHARGEABILITY VARIABLES USED IN 
C CURVE FAMILIES. 
C KAY: THE COLE DISPERSION EXPONENT 
C OMEGAT: (ANGULAR VELOCITY)(COLE TIME CONSTANT) 
C QOLE: COLE MODEL 
C QAMAR: (PROPAGATION CONSTANT)(DIPOLE SPACING) 
C QA-QD: NORMALIZED MUTUAL IMPEDANCE SCHEMES 
C DATA: 2D ARRAY CONTAINING ALL COMPUTED VALUES 
c 

c 
PROGRAM PLOT 
IMPLICIT COMPLEX(Q) 
INTEGER TP,TA,TB,TC,TD 
REAL MNOT(4),KAY,DATA(300,300),MUNOT,SIGNOT,ALPHA 
REAL RP,SP,RA,SA,RB,SB,RC,SC,RD,SD,OMEGAT 
REAL TUX(300) 
REAL PI(300),P2(300),P3(300),P4(300) 
REAL Pll(300),P22(300),P33(300),P44(300) 
CHARACTER* 40 FORMOUT,TAUX,PA1,PA11,PA2,PA22 
CHARACTER*40 PA3,PA33,PA4,PA44 
FORMOUT='(F15.7)' 
TAUX='TUX' 
PA1='PI' 
PA11=1Pll1 
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PA2='P21 

PA22='P221 

PA3='P31 

PA33='P33' 
PA4='P41 

PA44='P44' 
C 
C OPEN DATA FILES 

OPEN(UNIT=60,FILE=TAUX,STATUS=1 NEW•) 
OPEN(UNIT=61,FILE=PA1,STATUS=1 NEW') 
OPEN(UNIT=62,FILE=PA2,STATUS='NEW•) 
OPEN(DNIT=63,FILE=PA3 , STATUS='NEW1) 
OPEN(UNIT=64,FILE=PA4,STATUS='NEW') 
OPEN(UNIT=65,FILE=PA5,STATUS=•NEW«) 
OPEN(UNIT=86,FILE=PA11, STATUS='NEW *) 
OPEN(UNIT=87,FILE=PA22,STATUS=1 NEW') 
OPEN(UNIT=88,FILE=PA33,STATUS=1 NEW') 
OPEN(UNIT=89,FILE=PA44,STATUS='NEW') 

C 
C 
C INITIALIZE VALUES 

ALPHA=1.0 
KAY=0.35 
MNOT(l)=0.00 
MNOT(2)=0.25 
MNOT(3)=0.50 
MNOT (4) =0.75. 
PI=ACOS(-1.) 
Q1=(0.,1.) 
q2=(1.,0.) 

C 
DO 100 1=1,4 
TP=0 
TA=0 
TB=0 
TC=0 
TD=0 
DO 200 J=1,250 

C 
C COMPUTE INDEPENDENT VARIABLE 

OMEGAT=10.**(-1.+(5.0/250.)*(J-l)) 
C 
C COMPUTE CGAMAJR AND CEXP 
C 

QT1=CEXP(Q1*PI*(KAY/2)) 
QOLE=l./(1.-MNOT(I)*(1.-1./(1.+(OMEGAT**KAY)*QT1))) 
QGAMAR=CSQRT(ALPHA*OMEGAT* QOLE)*CEXP(Ql*PI/4.) 
QEXP=CEXP(-QGAMAR) 

C 
C COMPUTE CP 
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QP=QEXP 
C 
C COMPUTE CA 

qa=(1.+qgamar)*qexp 
c 
C COMPUTE CB 

QB=(1.+(QGAMAR**2)+QGAMAR)*QEXP 
C 
c compute cc 

QC=(2.*(3.-(3.+(3.*QGAMAR)+(QGAMAR**2))*QEXP)) 
& /(QGAMAR**2) 

C 
c compute cd 

QD=(2*(9-(9+9*QGAMAR+4*(QGAMAR* * 2) + (QGAMAR* * 3)) 
& *QEXP))/(QGAMAR**2) 

C 
GOTO 46 

46 CONTINUE 
C 
C SEPARATE AMPLITUDE AND PHASE AND BUILD ARRAY <DATA> 

DATA(1, J)=OMEGAT 
RP=REAL(QP) 
SP=AIMAG(QP) 
DATA(1+I,J)=ABS(QP) 
IF(RP .EQ. 0.0E-6 .AND. SP .EQ. O.OE-6)GOTO 13 
DATA(6+1, J)=ATAN2(SP,RP) 
IF(J .EQ. 1)GOTO 14 
CALL UNWRAP(J,DATA(6+1,J),DATA(6+I,J-l),TP,PI, 

& DATA(6+I,J),TP) 
TP=TP 
DATA(6+1,J)=DATA(6+I,J) 
GOTO 14 

13 DATA(6+1,J)=0.0 
14 RA=REAL(QA) 

sa=aimag(qa) 
DATA(11+1,J)=ABS(QA) 
IF(RA .EQ. 0.0E-6 .AND. SA .EQ. O.OE-6)GOTO 23 
DATA(16+1,J)=ATAN2(SA,RA) 
IF(J .EQ. 1)GOTO 24 
CALL UNWRAP(J,DATA(16+1,J),DATA(16+1,J-l),TA,PI, 

& DATA(16+I,J),TA) 
TA=TA 
DATA(16+1,J)=DATA(16+1,J) 
GOTO 24 

23 DATA(16+1,J)=0.0 
24 RB=REAL(QB) 

SB=AIMAG(QB) 
DATA(21+1,J)=ABS(QB) 
IF(RB .EQ. 0.0E-6 .AND. SB .EQ. O.OE-6)GOTO 33 
DATA(26+1,J)=ATAN2(SB,RB) 
IF(J .EQ. 1)GOTO 34 
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CALL UNWRAP(J,DATA(26+1,J),DATA(26+I,J-l),TB,PI, 
& DATA(26+1,J),TB) 

TB=TB 
DATA(26+1,J)=DATA(26+1,J) 
GOTO 34 

33 DATA(26+1,J)=0.0 
34 RC=REAL(QC) 

SC=AIMAG(QC) 
DATA(31+1,J)=ABS(QC) 
IP(RC .EQ. 0.0E-6 .AND. SC .EQ. O.OE-6JGOTO 43 
DATA(3 6+1,J)=ATAN2(SC,RC) 
IF(J .EQ. 1)GOTO 44 
CALL UNWRAP(J,DATA(36+1,J),DATA(36+1,J-l),TC,PI, 

& DATA(36+I,J),TC) 
TC=TC 
DATA(36+1,J)=DATA(36+1,J) 
GOTO 44 

43 DATA(36+1,J)=0.0 
44 RD=REAL(QD) 

SD=AIMAG(QD) 
DATA(41+1,J)=ABS(QD) 
IP (SD .EQ. 0.0E-6 .AND. RD .EQ. O.OE-6)GOTO 53 
DATA(46+1,J)=ATAN2(SD,RD) 
IF (J .EQ.DGOTO 54 
CALL UNWRAP(J,DATA(46+1,J),DATA(46+1,J-l),TD,PI, 

& DATA(46+I,J),TD) 
td=td 
DATA(46+1,J)=DATA(46+1,J) 
GOTO 54 

53 DATA(46+1,J)=0.0 
54 CONTINUE 

200 CONTINUE 
100 CONTINUE 

C 
C BREAK ARRAY <DATA> INTO OUPUT VECTORS 

WRITE(60,1000) FORMOUT 
WRITE(61,1000) FORMOUT 
WRITE(62,1000) FORMOUT 
WRITE(63,1000) FORMOUT 
WRITE(64,1000) FORMOUT 
WRITE(65,1000) FORMOUT 
WRITE(86,1000) FORMOUT 
WRITE(87,1000) FORMOUT 
WRITE(88,1000) FORMOUT 
WRITE(89,1000) FORMOUT 
WRITE(90,1000) FORMOUT 

C 
DO 111 1=1,250 
WRITE(60,1001)DATA(1,1) 
WRITE(61,1001)DATA(2,I) 
WRITE(62,1001)DATA(3,I) 



WRITE(63,1001)DATA(4,I) 
WRITE(64,1001)DATA(5,I) 
WRITE(65,1001)DATA(6,I) 
WRITE(86,1001)DATA(7,I) 
WRITE(87,1001)DATA(8,I) 
WRITE(88,1001)DATA(9,I) 
WRITE(89,1001)DATA(10,I) 
WRITE(90,1001)DATA(11,I) 

111 CONTINUE 
CLOSE(UNIT=60,STATUS='SAVE1) 
CLOSE(UNIT=61,STATUS='SAVE') 
CLOSE(UNIT=62,STATUS®'SAVE1) 
CLOSE(UNIT=6 3,STATUS='SAVE•) 
CLOSE(UNIT=64,STATUS='SAVE') 
CLOSE(UNIT=65,STATUS=1 SAVE1) 
CLOSE(UNIT=86,STATUS='SAVE') 
CLOSE(UNIT=87,STATUS='SAVE') 
CLOSE(UNIT=88,STATUS='SAVE1) 
CLOSE(UNIT=89,STATUS='SAVE1) 
CLOSE(UNIT=90,STATUS=1 SAVE1) 
STOP 

1000 FORMAT(A) 
1001 FORMAT(IX,F15.7) 

end 
C 
C SUBROUTINE TO MAKE PHASE CONTINUOUS IN FREQUENCY 
C 

SUBROUTINE UNWRAP(J,DAT2,DATI,T1,PI,DAT3,T2) 
INTEGER T1,T2 
REAL DAT2,DAT1,PI,DAT3,TT1,DATT 
DATT=DAT1-(2.*PI*T2) 
TT1=ABS(DAT2-DATT) 
IF(DAT2 .GT. DATT)THEN 
GOTO 37 
END IF 
IF(TT1 .GT. 2.90) T2=T1+1 
GOTO 36 

37 IF(TT1 .GT. 2.90) T2=T1-1 
36 DAT3=DAT2+(2.*PI*T2) 
35 CONTINUE 

RETURN 
END 
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PASCAL Program Calculate Scheme £ 

(**********************************************************) 

(output file: 
PERP.DAT. A DATA FILE CONTAINING THE DATA 
NEEDED TO PLOT A FAMILY OF AMPLITUDE AND PHASE CURVES 
IN FREQUENCY} 

(PROCEDURES: 
INOT, KNOT: PROCEDURE TO CALCULATE MODIFIED BESSEL 
FUNCTION OF ZERO ORDER (COMPLEX ARGUMENT) USING 
INTEGRAL REPRESENTATION. 

IONE, KONE: PROCEDURE TO CALCULATE MODIFIED BESSEL 
FUNCTION OF FIRST ORDER (COMPLEX ARGUMENT) USING 
INTEGRAL REPRESENTATION. 

POLAR, DIVI, SQUAROOT, SQUARE, MULT: PROCEDURES TO 
PERFORM BASIC MATHEMATICAL FUNCTIONS OF COMPLEX 
NUMBERS} 

(VARIABLES: 
M=COLE CHARGEABILITY 
KAY=COLE DISPERSION EXPONENT 
TAU= COLE TIME CONSTANT 
BETA=INDUCTION FACTOR} 

(ft*********************************************************) 

PROGRAM PERP; 
TYPE 

RE = REAL; 
INT = INTEGER; 
COMPLEX = ARRAYtl..2] OF REAL; 
ARRAY1 = ARRAY[1..5] OF REAL; 
ARRAY2 = ARRAY[1..3] OF REAL; 
VECTOR = ARRAY[1..101] OF REAL; 

var 
FILOUT: FILE OF RE; 
M: ARRAY1; 
ZETA: ARRAY2; 
KAY, TAU, CHARGE, AMPLITUDE, PHASE, BETA, FREQ: RE; 
OMEGAT, COLET11, BB: RE; 

COLE, GAMA2, GAMAR, SOLI, SOL2, SOL3, SOL4: COMPLEX; 
IMPT1, IMPT2, GAMA22, GAMAR2: COMPLEX; 
IMPT3, IMPT4, IMPT5, IMPT6, IMPT7, IMPT8, IMPT9: COMPLEX; 
IMPED, COLET12, COLET13, COLET14, COLET15: COMPLEX; 
A, B: INT; 
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PROCEDURE INOT( ARG: COMPLEX; VAR SOL: COMPLEX); 
VAR 

INTEGR, INTEGI, THEDA, TEMPI, TEMP2: RE; 
TEMP3, TEMP4, TEMP5, TEMP6: RE; 
ARRAYR, ARRAYI: VECTOR; 
TEMP6, SUMR, SUMI: RE; 
I, N: INT; 

LABEL 
10; 

BEGIN 
N :=101; 
FOR I : = 1 TO N DO 
BEGIN 
THEDA := (PI / (N - 1 )) * (I - 1); 
TEMPI := COS (THEDA); 
IP ((ARG[11 * TEMPI) < -85.195) THEN TEMP6 := 0.0E-37 
ELSE TEMP6 := EXP (ARG[1] * TEMPI); 
TEMP2 := COS (ARG[2] * TEMPI); 
TEMP5 := SIN (ARG[2] * TEMPI); 
TEMP3 := COS (0.0 * THEDA); 
INTEGR := TEMP6 * TEMP2 * TEMP3; 
INTEGI := TEMP6 * TEMP5 * TEMP3; 
IF (1=1) OR (I=N) THEN 
BEGIN 

ARRAYR[I] := INTEGR; 
ARRAYI[I] := INTEGI; 
GOTO 10; 

END; 
IF (FRAC(1/2) =0.0) THEN 
BEGIN 

ARRAYRtI] := (INTEGR * 4.0); 
ARRAYIII] := (INTEGI * 4.0); 

END 
ELSE 
BEGIN 
ARRAYRtI] := (INTEGR * 2.0); 
ARRAYI[I] := (INTEGI * 2.0); 

10:END; 
END; 
SUMR := 0.0E-35; 
SUMI := 0.0E-35; 
FOR I := 1 TO N DO 
BEGIN 
SUMR := SUMR + ARRAYR[I]; 
SUMI := SUMI + ARRAYIII]; 

END; 
SOLII] := SUMR / ((N-l) * 3); 
SOL 12] := SUMI / ((N-l) * 3); 
END; 
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PROCEDURE IONE(ARG: COMPLEX; VAR SOL: COMPLEX); 
VAR 

INTEGR, INTEGI, THEDA, TEMPI, TEMP2: RE; 
TEMP3, TEMP4, TEMP5, TEMP6: RE; 
ARRAYR, ARRAYI: VECTOR; 
SUMR, SUMI: RE; 
I, N: INT; 

LABEL 
10; 

BEGIN 
N :=101; 
FOR I := 1 TO N DO 
BEGIN 
THEDA := (PI / (N - 1 )) * (I - 1); 
TEMPI := COS (THEDA); 
IF ((ARGtl] *TEMP1) < -85.195) THEN TEMP6 := 0.0E-37 
ELSE TEMP6 := EXP (ARG[1] * TEMPI); 
TEMP2 := COS (ARGI2] * TEMPI); 
TEMP5 := SIN (ARGL2] * TEMPI); 
TEMP3 := COS (1 * THEDA); 
INTEGR : = TEMP6 * TEMP2 * TEMP3; 
INTEGI : = TEMP6 * TEMP5 * TEMP3; 
IF (1=1) OR (I=N) THEN 
BEGIN 

ARRAYR[I] := INTEGR; 
ARRAYI[I] := INTEGI; 
GOTO 10; 

END; 
IF (FRAC(1/2) = 0.0) THEN 
BEGIN 

ARRAYRtI] := (INTEGR * 4.0); 
ARRAYI[I] := (INTEGI * 4.0); 

END 
ELSE 
BEGIN 
ARRAYR[I] := (INTEGR * 2.0); 
ARRAYI[I] := (INTEGI * 2.0); 

10:END; 
END; 
SUMR := 0.0E-35; 
SUMI := 0.0E-35; 
FOR I := 1 TO N DO 
BEGIN 
SUMR := SUMR + ARRAYRIII; 
SUMI := SUMI + ARRAYI[I]; 

END; 
SOL[1] := SUMR / ((N-l) * 3); 
SOL[2] := SUMI / ((N-l) * 3); 
END; 



PROCEDURE KNOT(ARG: COMPLEX; VAR SOL: COMPLEX); 
VAR 

INTEGR, INTEGI, THEDA, TEMPI, TEMP2: RE; 
TEMP3, TEMP4, TEMP5, TEMP6: RE; 
ARRAYR, ARRAYI: VECTOR; 
SUMR, SUMI: RE; 
I, N: INT; 

LABEL 
10; 

BEGIN 
N :=101; 
FOR I := 1 TO N DO 
BEGIN 
THEDA := (I - l)/20; 
TEMPI : = EXP(THEDA); 
TEMP2 := EXP(-THEDA); 
IF (0.5 * -ARG[1] * (TEMPI + TEMP2) < -80.590) 
THEN TEMP3 := 0.0 
ELSE TEMP3 s= EXP (0.5 * -ARG[11 * (TEMPI + TEMP2)) 

TEMP4 := COS (0.5 * -ARG[2] * (TEMPI + TEMP2)); 
TEMP5 := SIN (0.5 * -ARG[2] * (TEMPI + TEMP2)); 
TEMP6 := 0.5 * (TEMPI +TEMP2); 
INTEGR := TEMP3 * TEMP4; 
INTEGI := TEMP3 * TEMP5; 
IF (1=1) OR (I=N) THEN 
BEGIN 

ARRAYR[I] := INTEGR; 
ARRAYIII] := INTEGI; 
GOTO 10; 

END; 
IF (FRAC(1/2) =0.0) THEN 
BEGIN 

ARRAYR[ I ] := (INTEGR * 4.0); 
ARRAYI[I] := (INTEGI * 4.0); 

END 
ELSE 
BEGIN 
ARRAYR[I] := (INTEGR * 2.0); 
ARRAYItl] := (INTEGI * 2.0); 

10:END; 
END; 
SUMR := 0.0E-35; 
SUMI := 0.0E-35; 
FOR I := 1 TO N DO 
BEGIN 
SUMR := SUMR + ARRAYRCII; 
SUMI := SUMI + ARRAYI[I]; 

END; 
SOL[1] := SUMR * (N - 1) / (2000 * 3); 
SOL[21 := SUMI * (N - 1) / (2000 * 3); 
END; 



PROCEDURE KONE(ARG: COMPLEX; VAR SOL: COMPLEX); 
VAR 

INTEGR, INTEGI, THEDA, TEMPI, TEMP2: RE; 
TEMP3 , TEMP4, TEMP5, TEMP6: RE; 
ARRAYR, ARRAYI: VECTOR; 
SUMR, SUMI: RE; 
I, N: INT; 

LABEL 
10; 

BEGIN 
N :=101; 
FOR I := 1 TO N DO 
BEGIN 
THEDA := (I - 1) / 20; 
TEMPI := EXP(THEDA); 
TEMP2 := EXP(-THEDA); 
IF (0.5 * -ARG[11 * (TEMPI +TEMP2)) < -80.590 
THEN TEMP3 := 0.0 
ELSE TEMP3 := EXP (0.5 * -ARG[1] * (TEMPI + TEMP2)) 

TEMP4 := COS (0.5 * -ARG12] * (TEMPI + TEMP2)); 
TEMP5 := SIN (0.5 * -ARGI21 * (TEMPI + TEMP2)); 
TEMP6 := 0.5 * (TEMPI +TEMP2); 
INTEGR := TEMP3 * TEMP4 * TEMP6; 
INTEGI := TEMP3 * TEMP5 * TEMP6; 
IF (1=1) OR (I=N) THEN 
BEGIN 

ARRAYR[I] := INTEGR; 
ARRAYI[I] := INTEGI; 
GOTO 10; 

END; 
IF (FRAC(1/2) = 0.0) THEN 
BEGIN 

ARRAYR[I] := (INTEGR * 4.0); 
ARRAYI[I] := (INTEGI * 4.0); 

END 
ELSE 
BEGIN 
ARRAYR[I] := (INTEGR * 2.0); 
ARRAYI[I] := (INTEGI * 2.0); 

10:END; 
END; 
SUMR := 0.0E-35; 
SUMI := 0.0E-35; 
FOR I := 1 TO N DO 
BEGIN 
SUMR := SUMR + ARRAYR[I]; 
SUMI := SUMI + ARRAYI[I]; 

END; 
SOLI1] := SUMR * (N - 1) / (2000 * 3) ; 
SOL[2] := SUMI * (N - 1) / (2000 * 3); 
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END; 

PROCEDURE POLAR (ARG: COMPLEX; VAR MAGNITUDE,PHASE:RE); 
VAR RATIO:RE; 
BEGIN 
IP (ARGlll - 0.0) AND (ARG[2] = 0.0) THEN 
BEGIN 
PHASE := 0.0E-37; 
MAGNITUDE := 0.0E-37; 
END 
ELSE 
BEGIN 
IF (ARG[1] = 0.0) THEN 
BEGIN 
PHASE 5= (PI / 2.0)* 
MAGNITUDE := EXP(0.5 * LN(ARGtll * ARGlll 
+ ARG[2] * ARG[2])); 
END 

ELSE 
BEGIN 
RATIO := ARG[21 / ARGlll; 
PHASE := ARCTAN(RATIO); 
IF (ARG[11 < 0.0) THEN PHASE := PHASE + PI; 
END; 

MAGNITUDE := SQRT(ARGtll * ARGlll + ARG[21 * ARG[21); 
END; 
END; 

PROCEDURE DIVI (ALPHA, BETA: COMPLEX; VAR GAMMMA: COMPLEX); 
VAR T1:RE; 
BEGIN 
T1 := BETA[11 * BETA[11 + BETA[21 * BETA[21; 
GAMMMA[11 := (ALPHA[11 * BETA[11 + ALPHA[21 * BETA[21) 
/ Tl; 

GAMMMA[21 := (ALPHA[23 * BETA[11 - ALPHA[11 * BETA[21) 
/ Tl; 

END; 

PROCEDURE SQUAROOT (ALPHA: COMPLEX; VAR BETA: COMPLEX); 
VAR MODU, PHASE: RE; 
BEGIN 
POLAR (ALPHA, MODU, PHASE); 
BETA[11 := SQRT(MODU) * COS(PHASE / 2.0); 
BETA[21 := SQRT(MODU) * SIN(PHASE / 2.0); 

END; 
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PROCEDURE SQUARE (ALPHA: COMPLEX; VAR BETA: COMPLEX); 
BEGIN 
BETA[1] := ALPHA[1] * ALPHA[1] - ALPHA[2] * ALPHA[2]; 
BETA[2] := 2.0 * ALPHA[1] * ALPHA[2]; 

END; 

PROCEDURE MULT (ALPHA, BETA: COMPLEX; VAR GAMMMA: COMPLEX); 
BEGIN 
GAMMMA[1] := ALPHA[11 * BETAtl] - ALPHA[21 * BETA[ 2 ]; 
GAMMMA[2] := ALPHA[1] * BETA[2] + BETAtl] * ALPHA[2]; 

END; 

BEGIN (* BEGINING OF MAIN PROGRAM *) 

ASSIGN (FILOUT, 'PERP.DAT'); 
REWRITE (FILOUT); 

{ INITIALIZE PROBLEM GEOMETRY >; 

Mil] := 0 .0; 
n l 2 ]  := 0 .25 
M [3] := 0 .50 
M [4] := 0 .75 
M [53 := 1 .00 

KAY := 0.25; 
TAU := 1.0; 
beta :=10.0* 

{ increment curve family index } 
FOR A := 1 TO 4 DO 
BEGIN 
CHARGE := MIA]; 

{ define and increment frequency } 

FOR B := 1 TO 36 DO 
BEGIN 
FREQ := EXP((-2.0 + ( (B - l)/9)) * LN(10)); 
OMEGAT := 2 * PI * FREQ * TAU; 

{ CALCULATE THE PROPAGATION CONSTANT GAMA >; 

COLET11 := EXP(KAY * LN(OMEGAT)); 
COLET12[1] := 1 + COLET11 * COS(PI * KAY / 2); 
COLET12[2] := COLET11 * SIN(PI * KAY / 2); 
COLET13[1] := 1.0; 
COLET13121 : = 0.0; 
DIVI(COLET13, COLET12, COLET14); 
COLET15[1] := 1.0 - M[A] * (1.0 - COLET14tl]); 
COLET15[21 := MEA] * COLET1412]; 
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DIVI(C0LET13, C0LET15, COLE); 
GAMA2[1] := BETA * OMEGAT * -COLE[2]; 
GAMA2[2] := BETA * OMEGAT * COLE[11; 
GAMA22[11 := GAMA2[1] / 2.0; 
GAMA22C2] := GAMA2[2] / 2.0; 
SQUAROOT(GAMA2,GAMAR); 
GAMAR2[11 := GAMAR[II / 2.0; 
GAMAR2[2] := GAMAR[21 / 2.0; 

{OBTAIN MODIFIED BESSEL FUNCTIONS OF COMPLEX ARGUMENT) 

INOT(GAMAR2,SOLI) ; 
IONE(GAMAR2,SOL2) ; 
KNOT(GAMAR2,SOL3) ; 
KONE(GAMAR2,SOL 4); 

{OBTAIN NORMALIZED MUTUAL IMPEDANCE OF PERPENDICULAR LOOPS) 

MULT(SOL2/ SOL4, IMPT1); 
MULT(SOLI, SOL3, IMPT2); 
IMPT3[1] := IMPTltl] - IMPT2C1]; 
IMPT3[21 := IMPT1[2] - IMPT2I21; 
MULT(GAMA2, IMPT3, IMPT4); 

MULT(SOL2, SOL3, IMPT5); 
MULT(SOLI, SOL4, IMPT6); 
IMPT7[X3 := 4 * (IMPT5I11 
IMPT7[2] := 4 * (IMPT5I2] 
MULT(GAMAR, IMPT7, IMPT8); 

IMPT9[1] := 16 * IMPT1[1]; 
IMPT9E2I := 16 * IMPT1I21; 

IMPED 111 := -0.5 * (IMPT4[1] + IMPT8I1] + IMPT9[1]); 
IMPED[2] := -0.5 * (IMPT4I23 + IMPT8I2] + IMPT9[2]); 

{OBTAIN AMPLITUDE AND PHASE OF SIGNAL) 

POLAR(IMPED, AMPLITUDE, PHASE); 
BB := B * 1.0; 
WRITE (FILOUT,BB, CHARGE, OMEGAT, AMPLITUDE, PHASE); 
WRITELN (A,• ', B) ; 

END; 
END; 
CLOSE(FILOUT); 
END. 

- IMPT6[1]); 
- IMPT6[2]); 



GLOSSARY OF INDUCED POLARIZATION TERMS 

CHARGEABILITY: A common measure of conventional IP. 

Chargeability is defined as the difference of the 

transient electric field as time goes to infinity and 

that of the transient electric field as time equals 

zero divided by the transient electric field as time 

goes to infinity (see equation 2.1). 

COLE MODEL: A polarization model first developed by Cole and 

Cole (1941) and subsequently adapted to model 

frequency-dependent resistivity by Pelton et al (1977). 

See equation 2.6 for the definition. 

DIPOLAR (DEBYE) POLARIZATION: A polarization mechanism which 

has the re-orientation of dipolar molecules in response 

to an external oscillating electric field as its 

mechanism. This polarization mechanism prevails 

between 1 MHz and 1 GHz and occurs in substances made 

up of dipolar molecules. 

ELECTRODE POLARIZATION: An electro-chemical impedance 

condition which occurs as the charge transport 

mechanism changes from migration to tunneling. This 

polarization is encountered when a metallic mineral 

grain is in contact with, or blocks a rock-pore. 

176 
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FARADAIC CONDUCTION: A charge transfer mechanism achieved 

by electrochemical reduction-oxidation reactions across 

a pore/mineral grain interface. 

FREQUENCY EFFECT (FE): A measure of frequency domain IP. 

The frequency effect is defined as the difference of 

the ground resistivity at low frequency and the ground 

resistivity at high frequency divided by the ground 

resistivity at high frequency (see equation 2.2). 

INDUCED POLARIZATION (IP): A geophysical survey method 

concerned with the detection of subterraineous metallic 

mineralization by current injection and observation of 

the electric field response resulting from the 

polarization of mineral particles. 

IONIC CHARGE TRANSPORT: The mechanism of charge transport 

which has ion migration as its mechanism. 

IONIC DOUBLE-LAYER: An accumulation of ions found at the 

pore/mineral grain interface as a result of the 

diffusion dependent, ion specific, reduction-oxidation 

reaction caused by charge transport across the 

interface. 

MAGNETIC INDUCED POLARIZATION (MIP): A variation of the MMR 

technique first proposed by Seigel (1974) in which IP 

parameters are measured from the same survey geometry 

as is used in the MMR method. 
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MAGNETOMETRIC RESISTIVITY (MMR): A surveying method first 

patented by Jakoski in 1940 which injects current 

galvanically into the ground and subsequently 

inductively measures the magnetic fields produced in 

the subsurface. 

MEMBRANE POLARIZATION: An electro-chemical impedance 

condition caused by clay particles found within rock-

pores and to a smaller degree by the net electric 

charges naturally encountered at pore boundaries. The 

net charge of clay particles and pore-boundaries can 

impede the migration of free pore ions. 

METAL FACTOR (MP): A measure of frequency domain IP. The 

metal factor is proportional to the frequency effect 

divided by the ground resistivity at low frequency. 

MIGRATION: The movement of charges ions of a fluid in 

response to an external electric field. 

MOLECULAR POLARIZATION: A polarization mechanism which is 

accomplished by distortion of molecules of a substance. 

This polarization mechanism prevails at about 1000 GHz 

and above, and can occur in any substance. 

NON-FARADAIC CONDUCTION: A charge transfer mechanism 

achieved by a capacitive effect of an ionic double-

layer found at the pore/mineral grain interface in 

response to an external electric field. 

NORMAL EFFECT: The response on an IP survey which is 

due to membrane polarization. 
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OVERVOLTAGE: A term first used by the Newmont Research 

Group to explain the energy needed for a charge to 

overcome the energy barrier found at a metallic/rock 

pore interface. 

SURFACE CONDUCTION: A charge transport mechanism which has 

the abnormally high concentration of ions in the 

vicinity of a pore/mineral interface as its mechanism. 

This conduction mechanism occurs when a mineral grain 

partially blocks a rock pore. 

TUNNELING: A physical term known as the quantum-statistical 

movement of charge through an energy barrier. 

WARBURG IMPEDANCE: An impedance condition first named by 

Graham (1957) to describe the characteristic impedance 

of a pore/mineral interface caused by the ionic double-

layer. This impedance displays a dependence on the 

reciprocal square-root of frequency, yet remains finite 

at DC. 
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