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FOREWORD

The faculties of perception and expression
eéncompass the entire ocean of human knowledge. They
distinguish the human beings from the rest of the
biological kingdom., Their evolution and Bophistication
is a never ending activity of all scientific endeavours.
The perceived information coupled with the intelligent
knowledge furthers the comprehension and exposition of the
Nature. The present work comprises the observation and
understanding of the electromagnetic induction processes
in some models employed in geoelectromagnetics. This has
also led to the quantitative identification and discussion
of some inherent ambiguities in the induction prospecting
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MODELS IN APPLIED GEOELECTROMAGNETICS

ABSTRACT

Theoretical analysis of the electromagnetic
induction in conducting models of simple geometry and
scale-model experimental investigation over relatively
more realistic and analytically intractable models have
been carried out. Whilst the former is useful in
elucidating the physical principles, the latter additionall
provides a quantitative basis for the interpretation in
Exploration Geoelectromagnetics. At the outset, the
principles of induction prospecting and procedures of data
interpretation are briefly stated. Some problems which
Provided inecitement for the present work are also

mentioned.

In order to gain a useful physical insight into
the induction processes in extended objects, an analysis
of quasi-static induced currents in a two-layer spherical
model has been made. The numerical computation of their
spatial distribution shows that the amplitude of the
current density in the core decreases due to the presence
of a conducting cover. An apparent enhancement of the
in-phase component is, however, caused because of the
phase rotation of the current vector by the cover.

Current density maxima in the core and the cover are found



to occur for some characteristic frequencies. A reduction
of the current density in the less conducting cover with
increase in the conductivity of the core is alsc noticed.
This apparent redistribution of the induced currents
within the composite system is of greater significance

in the case of elongated conductors as evinced by the
results of scale-model experiments. Effect of the
inhomogeneity in tne conductivity has also been examined

in some cases,.

The maximum value as well as the variation of
the vertical component of the scattered field along a
profile over a similaer spherical model has also been
calculated. Besides conforming to the analysis of the
induced currents, investigations on the scattered field
bring out an apparently paradoxical phenomenon that for
certain induction number of the cover the in-phase
component of the response reduces with the increase of the
core conductivity. The anomaly profiles glso reveal that
for a frequeney band, whose value is governed by the
conductivity values of the system, the electromagnetic
response of a homogeneous sphere may be greater than that
0f a layered one of seme gize bul enclosing a conecentrie
core of higher conductivity. A multi-frequency response
analysis is found to help delineate the layering of the
spherical system. Analytical expressions for the response

of a highly conducting vein embcdded in a partially
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conducting half-space and overlain by a conducting
overburden have been obtained using the Wigner-Hopf

technique.

The responses of more realistic and complex
model set-ups have been investigated through experimental
simulation. The principle of physical simulation is
discussed in brief. A possibility of simulating
anisotropic media is also cutlined. Salient features of
the experimental set-up including the transmitting and
receiving equipment have been described. A fast and
continuous measurement of the anomaly along a profile over

a conducting target has been achieved through the method

of sampling the signal induced in the receiving coil.

Investigations of the multi-frequency
electromagnetic response of targets of various shapes,
gizes and conductivities have been domne. The effect of
conductive as well as nonconductive contact between the
target and the surrounding medium on the response of the

former has been studied.

The reaponsie of = target is appreciably moedifisd
due to its conductive contact with the solution. In the
case of elongated targets a pronounced enhancement of the
regponse is observed when the target is immersed in a

conducting solution. The effect may be ascribed to the
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collection of more current lines by the better conducting
target. However under similar conditions, the response
of symmetrical bodies like spheres do not change

significantly.

In the case of horizontal sheet-type models even
the shape of the anomaly is changed due to conductive
contact with the surrounding medium making it appear
thinner and of greater depth extent. The existence of
maxima in the curves which depict the variation of the
enhancement ratio with the conductivity contrast between
the target and the surrounding medium indicatesthe zones
of greater effect of the surrounding medium. In cases
when the conducting overburden is insulated from the
target, a reduction of the response vector and its

rotation in time-phase is obtained.

The dependence of the variation of response on
the shape of the target and the type of contact with the
surrounding medium and/or the overburden introduces an
ambiguity in the interpretation. Furthermore, because of
the phase~change in the anomaly vector, the in-phase and
quadrature components of the response are modified in
different proportions causing a substantial change in
their ratioc i.e. the induction index. The induection index
ig found to vary with change in depth of burial also.

A first order classification of anomalies which is usually
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done on the basis of induction indices will, therefore,

no more be valid in such cagsd.

Finally, the response of closely spaced
conductors which zre known to occur in nature freguently,
has also been investigated. A minimum distance between
neighbouring bodies hos been identified for which their
composite responcse is almost o geometrical superposition
of the individual responscs. At closer distances between
them the anomaly profiles appear like that of a single
body owing to the mutual inductive interaction which
precludes their resolution. At such a close spacing of
the bodies as this, their combined response may even be
less than the response of the either and hence the
estimated conductivities in such cases will be on the

lower side.

The snomaly profiles and the anomaly index
diagrams presented in the thesis are expected to provide
a quentitative basis for the interpretation of the
induction prospecting data over some pertinent geological

gituations.



CHAPTER I

INTRODUCTION

1.1 Electromagnetic Exploration - A Preview

The quest of mankind to know its environment is
greatly based upon the process of 'seeing'. 1In a wider
sense, thé faculty of sight utilizes not only the visible
light but the entire electromagnetic spectrum aided by
sophisticated detection instruments and interpretational
techniques. Depending upon the physical properties of
the target and its environment, a suitable band from the
wide electromagnetic spectrum is chosen to 'see! it. The
Selected band should be such as to have the maximum fa-
vourable interaction with the target and should not be
unduly affected by the environment. For example, infra-
red radiations and colour imagery are used in remote-
sensing the surface features of the earth. But strong
attenuation of these fregucncy bands during propagation
inside the earth renders them unsuitable for exploration
of the subterranean structures. The low frequency
electromagnetic fields wnich have better penetration into
the sarih are needed Tor exploration of the conducting

subsurface regions.

The present work deals mainly with the prob-

lems connected with elcctromagnetic exploration of



shallow conducting structures (depth range= 300m) such as
massive sulfide ore-deposits and strata of interest for
the occurrence of groundwater etc. The ensuing analysis,
however, could as well be extended to deeper conductivity-

discontinuities in the crust and the mantle.

1.2 Electromagnetic Exploration Systems

Several systems for electromagnetic prospecting
0f shallow conducting bodies are in vogue based on the
principle of induotion. Ths energising electromagnetic
field, generated either artificially or through some
natural process, induces electric currents in conductors
occurring within the zone of its influence. These
currents manifest themselves, in the observation Space,
as secondary electromagnetic field which is commonly
termed as the response or the anomaly due to the target.
Study on the characteristics of the anomaly vector viz
its magnitude and variation thereyf in sSpace and time
comprises, as in other geophysical methods, the basis of
electromagnetic exploration. The anomaly characteristics
are suitably interpreted in terms of the physical
properties and geometrical disposition of the causative
body viz the target. Usually, the electromagnetic data
is coupled with the findings of other geophysical methods
particularly resistivity, gravity, megnetic, and
radicactivity measurements for an integrated interpretation

and for extracting maximum information,



The electromagnetic exploration systems can be
classified on the basis of the nature of the energising
‘source, the orientation of the transmitiing and the
detecting devices relative to the target and with each
other, and the mode of measurement. Though some of the C.W.
prospecting systems still utilize the tilt-angle method,
most of them measure either (a) the amplitude and phase
of the anomaly or (b) the in-phase and the quadrature
(90° out of phase) components of the anomaly vector
resolved in time phase with respeot to the primary field.
In either case the quantities are measured as ratios
normalised in terms of the primary field. The operational
details are well described by Grant and West (1965),
Parasnis (1966 and 1970a), Keller and Frischknecht (1966),
Ward (1967), Bosschart (1967), and Hood and Ward (1969).

1l.2.1 Interpretation technigues

The interpretation of electromagnetic data is
more involved than those of other geophysical methods
which use static potential fields. The complication
arises primarily due to an additional parameter of time-
dependence. Owing to much longer experience and relative
ease of operation in the static methods, the techniques of
processing the data for the maximisation of information
content and its interpretation are fairly advanced. Even
the method of seismic prospecting, which also involves

a dynamic process, is comparatively more developed



beesause of its extensive use in petroleun explération
which constitutes the most important activity of
geophysical exploration. The state of art in Exploration
Geoelectromagnetics has remained relatively unde;developed
in spite of many valuable contributions from physicists
and electrical engineers and one still looks for the

rules=of-~thumb in this field.

Similar to other geophysical methods, the
interpretational procedure of the electromagnetic data
also, consists of two stages viz direct and indirect.
A judicious combination of both ic resorteéed to in an attempt

of interpreting the available data.

L2311, Direet interpretstion

The direct interpretation consists, as the
term implies, in inferring the characteristics of the
causative body directly from the observational data.

A preliminary examination of the anomaly components and
their spetial variations constitutes the initial stage of
direct interpretation. The ratio of the in-phase (Ip)

and quadrature (Qr) components of the anomaly,
particularly for moving source methods, is also determined.
Because of the predominance of the Ip component over the
Qr component for good conductors, the Ip/Qr ratio termed
as the induction index (Ii) offers a useful criterion

to obtain a rough estimate of the electrical conductivity
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of the targets. Ii is approximately unity for average
conductors (Parasnis, 1970a) and its higher values indicate
proportionately better conductors. A gradational
classification of anomalies is done on the basis of Ii
values. The analysis during the present work will reveal
that the inferences drawn from Ii values are not always
reliable and may sometimes lead to quite erroneous
conclusions. Still, in a large number of cases

: encountéred in electromagnetic prospecting this criterion

has successfully been used as a first order filter.

The shape of the anomaly profile may indicate
the orientation of the conductor. For example, the
anomaly profile due to a steeply dipping lenticular or
tabular conductor as recorded by a horizontal coplanar -
coil prospecting system has a sharp negative peak flanked
by two symmetrical positive shoulders. If the conductor
has a larger extent so that it could be represented by a
horizontal sheet, an additional positive hump appears in
the middle of the anomaly profile. The flanking positive
shoulders are unequal if the dip of the conductor lies
between 0° and 900 and the ratio of their magnitudes

gives an approximate estimate of the dip (Strangway, 1966a).

Advanced techniques are being developed using
fast computers for direct interpretation. The anomaly

is attempted to be synthesized with the help of linear
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electric network. BOdvarsson (1966) has discussed the
interpretation of magnetotelluric data through such a

method.

l1.2.1.2 Indireet interpretation

The indirect interpretation is based on the
comparison of the data with predetermined electromagnetic
response (R) of some heuristic models. The f@?tion R
which depends on the various electric and geometric
parameters, can be written, neglecting the displacement
gurrents for quasi—stafic excitation (Grant and West,

1965), an:

RzF(X, Gl, O2l¢., p’l’ HQ-..,’{‘\" Ll’ L2.'l’ CPl’ szuoo)“

(1.3

Here x defines the position of the prospect-
ing system relative to the target; Oy s 62,...etc. and
by uz,...etc. are the electrical conductivities and
magnetic permeabilities of the target and those of the
neighbouring bodies including the surrounding medium; &3
18 the angular Ireguency of the snergiging field:

L L2,...etc. are the linear dimensions of target and

l!
the prospecting system; and $17 P, see.are the dimension-
less gquantities describing the relative dispositions and
orientations of the target and the prospecting system.

The function R is determined for the various parametric
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values of the quantities in the parenthesis of equation
(1.1). The anomaly profiles over known models are
obtained by varying x. These standard profiles are
known as type curves. The plots between the peak-to-peak
values of the Ip and Qr components (cf. Sec. 3.4) obtained
from different type curves (Grant and West, 1965) are

known as anomaly index diagrams.

Figure 1.1 illustrates an anomaly index
diagram for a veértical thin sheet which approximates a
helf plane plaged in air., The disgram mey be preparsd
by varying the height of the prospecting system and the
frequency of the energising field and/or sheet-thickness.
1f an anomaly profile! gives an indication of the
presenge of a thin vertical tabular body, the present
diagram can be used to evaluate the response parameter
(cwptL) of the body. The frequency of the field and the
dimension L which is the separation between the
transmitting and receiving coils are known quantities.
Unless there is an association of magnetic minerals such
as magnetite etc., the permeability p of the target
may be regarded to be the same as that of free space.
From the response parameter one can thus find the surface

conductivity (ot) of the target.

It is interesting to note that in scveral

cases described by Grant and West (1965), Strangway (1966b),
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Parasnis (1970a), Bosschart (1967), Ward (1967) and
Pat”erson (1967), the use of anomaly index diagrams
prepared from relatively idealised models, disregarding
the environﬁental conditions as are usually found
associated with conducting mineralised zones, have aided
the interpretation of electromagnetic prospecting data

leading to discoveries of many economic ore-deposits.

The electromugnetic response of a representative
model is8 determined either experimentally or analytically,
In both the cases, however, the models chosen are usually
of simple geometry and are abstracted representations of
realistic complicated geological situations. This is
particularly true of anzlytical investigations. Recently,

q

however, there has been a growing realisation of this
shortcoming (Ward, 1971). The analytical techniques aided
by approximstion-iterative methods and numericsl
techniques using high speed and large memory computers

are being increasingly used to solve problems intractable
heretofore. The sophistication in instrumentation and
realisability of complex physical models have led to the
edvance of model experiments too. Broadly speaking, the
theoretical and experimental technigues, which are of
Ccomplementary nature, have progressed significantly

during the last decade.
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1.3 Analytical Investigations

Because of the simplicity of formulation and
derivation of the solution, a large number of analytical
investigations have been carried out on such conducting
models as have regular Spherical,rcircular—cylindrical or
planar boundaries. The problems, in general, have been
formulated in the form of partial differential equations
solvable through method of separation of variables.
Bouwkamp (1954) has given z detailed review of
investigations on electromagnetic diffraction theory.
Some of the notable earlier contributions to geoelectro-
magnetics have been by Slichter (1951), Wait (1951, 1952,
1953a and b, 1959, 1960, and 1962), March (1953),

Ward (1952 and 1959), Belluigi (1956), Tikhonov and
Shakhsuvarov (1956,1959, and 1961), Nikitina (1956 and
1960), Dyakonov (1957 and 1959), Wesley (1958a and b)
Slichter and Knopoff (1959), Dmitriev (1959 and 1960),
Tikhonov et al (1959), Kertz (1960), Brekhovskikh (1960),
Negi (1962z, b, and ¢), Meyer (1963), Schaub (1963 and
1965), Vanyan (19632 and b), and Pris (1965). Though the
results obtained on these simple models had restrictive
utility as an interpretational tool in electromagnetic
prospecting, they have met the desired objective of
elucideting the principles of induction processes in
conducting structures. A detailed review of these

investigations is given by Raval (1972).
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The investigations on conducting bodies of more
complicated geometries have been gquite scanty. Some of
the earlier studies on elliptical cylinders, spheroids,
and ellipsoids etc. have been carried out by Schultz (1950),
Rauch (1953), Seigel et al (1953), Clemmow and Weston
(1961), Barakat (1963), Germey (1964), and Ashour (1965).
These investigations pertain mainly to the realm of
physics and roadio-communication and their applicability in

geophysical exploration has not been widely recognised.

Chetaev (1966), Praus (1966), Negi (1967),
Davydov (1969), Negi and Raval (1969), Wait (1969),
Dmitriev (1969), Zakharov and Ilin (1970), Raval and
Gupta (197la and b), Puller (1971), Parry and Ward (1971),
Vozoff (1971), Coggon (1971), Hohmann (1971), Swift (1971),
Jones and Price (1971), Lamontagne and West (1971), Hill
and Wait (1972), Negi et al (1972a and b, and 1973), and
Negi and Saraf (1973) made some of the recent contri-
butions incorporating influences of (i) conductivity of
the surrounding medium, (ii) inhomogeneity and anisotropy
in the conductivity of the target, and (iii) variation
from the simple geometry etc. The models studied by these

workers were usually nearer to the realistic situations.

Though an application of both theoretical
and experimental findings is recommended to extract

maximum information from the available data, the
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technique of simulation experiments has proved to be more

versatile as regards the spplicability.

1.4 BSimulation Technique and Scale Model Experiments

The representation of the essential physical
characteristics of a large scale system (prototype) by a
model on a conveniently reduced scale is based on the
principle of similitude. It primarily consists in the
recognition of certain vital nondimensional parameters
describing the behavior of the prototype and maintaining

thelir invariance in the model.

The geophysical application of electromagnetic
Scale model experiments dates back to the works of
Slichter (1932) on spherical models and Bruckshaw (193%6)
on laminar bodies. Ever since then, the general
methodology of e.m. model experiments has hardly
undergone any major change. But the multiplicity and
variety of assooiated.problems have given enough scope
for carrying out different types of model experiments by
numerous investigators using sophisticated physical

modeling equipment.

Stratton (1941) has discussed the principle
of electrodynamic similitude. Sinclair (1948) presented
a detailed treatment for geometrical as well as absolute

modeling. The latter simulates the power levels of the
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electrical and magnetic field vectors besides the
geometrical and electrical properties of the prototype.
As has however been mentioned above, measurements of the
anomaly vector in electromagnetic exploration are made 1n
terms of the primarly field and hence the absolute power

levels of the field vectors do not come into the picture.

Amongst the pionzering studies whose results
have found application in induction prospecting are those
of Hedstrdm and Parasnis (1958), Gaur (1959)7and
West (1960). All these investigotions were made on thin
sheets. Strangwey (1966z) and Negi and Gupta (1968) have
reviewed some of the important studies in the field.

Ward (1967) has given a catalogue of some model results
pased on his own work and these of West (1960),
Frischknecht and Mengan (1960), and some Exploration

Companies of North America.

The work of Clark and Mungal (1951) has been
of great value for conceptual understanding in
geoelectromagnetics. he contributions of Torngvist
(1958), Dolan (1960), Svetov (1960), Boyd and Roberts
(1961), Douloff (1961), Zakharov (1963), Gaur (1963),
Faldus et al (1963), Lowrie and West (1965), Poddar end
Bhattacharya (1966), Dosso (1966a, b, and c), Nair et al

1968), Gupta Sarma and Maru (1971), Gaur et al (1972) ete,



bl

are the noted few in the field of electromagnetic scale-
model experiments. Besides, 2 number of Ph.D. and M.A.
theses including those of Tesche (1951), Ward (1952),

Gaur (1959), West (1960), Douloff (1960), Bosschart (1964),
Fraser (1966), and Verma (1972); and Burrows (1957),
Martin (1960), Ranasinghe (1962), Parry (1965), and
Lamontagne (1970) etc. have also been devoted partly or

wholly to electromagnetic model experiments.

1.5 Motivation and Scope of the Present Work

Ward (1967 and 1971) described the geological
situations usually encountered in induction prospecting.
The system to be explored consists of a target of
irregular shape and inhomogeneous electric properties,
surrounded by a zone of disseminated mineralisation,
embedded in a comparatively less conducting hostrock and
overlain by a conducting overburden of a rough topography
(figure 1.2). A physical modeling should take into
account as many of the above factors as possible. But
a majority of investigations reported in geophysical
literature have been confined to idealised models. An
attempt has been made in the present thesis to study
relatively more realistic physical models theoretically

as well as experimentally.

Gaur (1963) investigated the effect of

conducting surrounding medium, represented by a common
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Fig. 1-2 A Generalised Geological Situation
of Occurrence of an Ore-body
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salt solution, on the electromagnetic response of
conducting sheets. The use of a salt solution to simulate
conducting surroundings had also been recommended by
Molotschnow and Janovsky (1959). Lowrie and West (1965)
studied the effect of conducting overburden by simulating
it with a thin metallic foil. Theoretical investigations
by Negi (1967), Negi and Raval (1969), and Wait (1969)
aroused much interest in the problems of conducting
surroundings. The review of Roy (1970), theoretical
results of Fuller (1971), model investigations of Gupta
Sarma and Maru (1971) and Gaur et al (1972), and field
reports of Parasnis (1971) have stimulated further
investigation of this problem. Ward (1971) summarised
some general aspects of the influence of conducting
halo-zone, hostrock and overburden. A detailed
examination of the influence of the conducting surrounding
on the electromagnetic response of embedded and
underlying tergets comprises a major part of the present

study.

Theoretical investigations of induced currents
in a two-layer spherical conductor have been made in
order to gain a useful physical insight into the problem
of induction. The influence of the conducting cover of
different thicknesses and conductivities on the response
of the core for different frequencies of energising

field has been analysed. The scattered field for the



=

same spherical model has also been computed and the
maximum anomaly as well as the spatial profile of the
anomaly components have been plotted. An illustration of
the integral equation formulation and use of the Wiener-
Hopf technique has been made through calculating the
response of an ideally conducting horizontal half plane
embedded in a conducting half space and overlain by a

conducting overburden (Chapter II).

The limitations of theoretical methods have
led to resorting to model experiments for studying the
electromégnetic problems in greater complexity and
variety. The principle of simulation, experimental
set-up for model studies, necessary details of
instruments used, and mode of nmeasurements and analysis

of anomaly profiles have been described (Chapter III},

Some representative results on the influence
of conducting surrounding in conductive contact with the
targets of different shapes, sizes,and conductivities
have been presented. In the najority of cases, a
substantial enhancement of fhe response of the target is
found to be caused by the surrounding medium. Some
basic experiments have been made to analyse and
hypothesisze this phenomenon. The varied and puzzling
nature of results appear to indicate the inherent

difficulties in evolving some rules-of-thumb for
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interpretation of the geoelectromagnetic data (Chapter IV).

As distinct from the conductive effects of the
surrounding medium on the target response, the inductive
interaction between the target and the hostrock/overburden
insulated from the target has also been studied. The
inductive coupling between closely spaced bodies has been
found which adds further complications in the data

interpretation (Chepter V).

While summarising the main results of the
present study, some more problems of applied importance
have also been delineated which need to be investigated

in further detail (Chapter VI).



CHAPTER II

THEORETICAL INVESTIGATIONS ON MODELS
OF SPHERICAL AND PLANAR BOUNDARIES

ek antrodupiiton

Conducting spherical structures have probably
been the most extensively studied models in applied
geoelectromagnetics employing analytical methods.

These may represent isometric massive sulfide ore
bodies. Although their occurrence is not reported to

be very common, the amalytical simplicity in their study
and usefulness thereof in examining the physical
principles involved have greatly encouraged their

investigations.

Raval (1972) presented a historical
Perspective of the studies carried out on scattering of
light and radio-frequency waves by spherical objects.
The response of a conducting sphere to a low frequency
time-harmonic uniform magnetic field was determined by
Wait (1951). March (1953) and Wait (19532) further
extended this study for a magnetic dipolar field.
Later, Ward (1959) presented numerically computed
response of a permeable conducting sphere surrounded
by a non-conducting medium and proposed a method for
the unique determination of both its electrical
properties and its geometry. Negi (1962c¢c) investigated

an inhomogerneous conducting sphere considering a radial
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conductivity variation similar to that assumed by Lahiri
and Price (1939) in their studies related to Geomagnetism,
Bhattacharys and Sinha (1965) computed the response
profiles over az sphere for different configurations of

a dipole - dipole prospecting system.

The influence of a halo of disseminated
Mineralized zone, represented by a conducting concentric
cover, on the electromsgnetic response of a sphere was
calculated by Negi (1967). His theoretical analysis
indicated that under certain conditions the Ip component
of the response of a sphere is enhanced by a conducting
cover., Wait (1969) made 2 Similar study assuming the
cover to be in the form of a thin shell insulated from
the sphere. A similsr model as that of Wait was examined
by Puller (1971) who considered the shell to be of finite
thickness. Although, the differences in models studied
by these workers prevented a direct comparison of their
results, the findings and more so their coﬁtentions did
not qualitatively conform with one another. It was,
therefore, considered desirable to examine the problem

in greater detail.

As the electromagnetic response of a conductor
is an integrated effect of the currents induced in its
entire volume, a study has been made both of the induced
currents and the scattered field 8o ms o gain a

comprehensive physical insight of the problem.
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Furthermore, anomaly profiles over a covered sphere have

also been calculated.

2.2 Induced Currenis Distribution in a Conducting TwWo=

Layer Spherical Body

Price (1949) calculated induced curreﬁts in

conducting sheets and shells and Ashour (1950) in a
circular disk. These results have been useful in geomag-
netic studies. Consbruch (1963) investigated the current
distribution in an inhomogeneous cylinder, Koefoed and
Kegge (1968) in a plate, and Satpathy (1971) in an
uncovered sphere. The present work analyses character-
istics of induced currents in a two-layer spherical model

for different parameters of the conducting system at

different freqguencies (Gupta et al, 1973).

2. 2.1  Formuletilen

The geometry of the system under investigation
is shown in figure 2.1. A ephéere of radius Ty ie covered
by a concentric shell of thickness db = T, Xy and is in
conductive contact with it. The conductivity, permeability
and permittivity of the sphere are denoted by G1s My and
€4 respectively and the corresponding parameters for the

shell and the surrounding outermost medium by

p E_ Bnd ¢ B 9 € . The outermost medium

o
Bl 2 3 3 3

2 2

(region 3) is considered to be homogeneous and of
infinite extent. The conductivities of both the

sphere and the shell arc assumed to be inhomogeneous
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having a radial variation of the type,

o, = g | %—) v ot =Y op 2, {2510

A spherical polar coordinate system (r,® , ¢),
whose origin O coincides with the centre of the
sphericel system, is employed. The exciting field is
assumed, for enalytical simplicity, to be uniform and

luat, As is known (Wait, 1953a), the

of the form B e
uniform field assumption is equivalent to considering
only the first term of the multipolar response of the

sphere to a dipoler erlergising field,

The propagation constants for various regions

(figure 2.1) are given by

2 e 2 &
R L TP ST = Xy P o,
Vi S dopyaime.y, ’ J g B o %, (2.2)

The electric (E) and magnetic (H) field vectors

are derivable from o magnetic vector potential as

B o —fexk (2.3a)
T O I % Curl 4. (2.38)

The vector 4 satisfies the following

dissipative wave equation in the various regions:

vaj = yg Ay (2.4)
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> 2.2 SuluElons

The vector potentials in the three regions may

be written, following Lahiri and Price (1939), as follows:

1. Region 3 i.e. in the outermost medium

=3 0
=4 i & 5 e . - i
3, = A j E?: 2 DnAn+% (Y3f)Pn (cos ). (2.5)

If the frequency of the exciting field is quite
low, as is true in induction prospecting, and the
conductivity of the surrounding medium may be regarded
as negligible 1.e. iylriégl, the expression for A3
reduces to

oR

- L g ~Nn~1 1
A = g # > DT o (cos ), (£.6)

where AO is the potential of the primary field

expressible as (Smythe, 1968, p. 375),

A =%

T -
% 2BrPl (cos 8 ), (2.6a)

where In(a) and Kn(a) are the modified Bessel functions
# |
of first and second kind reegpectively and Pg (cos® ) is

the associated Legendre® polynomial.

The guasi-static limit,-as referred above,
will be assumed to be valid in all the cases hereafter
and equation (2.6) will be adopted in all the subsequent

derivations.



2. Region 2 i,e, 15 the shell

g} peees A i) (23,32
P j g I | o2 T >
2 ) Y A THE e 2n+1 ] o Ve |l {
{ {2=-p | { T

Vo 3 )/2]
2 { Yoz o ( 1 :
& F _ B (coa b},
J/n Yo, F R ;g?;l , -02/2 }2-p2( JJ n
. 2
for p # 2 (2.7a)
or e e R S
el j(n+%)2+y; r2 L, =(n+d) 2ey? p? i
i = ARy lliser N a8 (cos®),

for p, = 2 . (2.78)

5. Bpglon 1 4.2, in ‘the Sphere

je-p,! -
for g <2 (2.8a)
1

GRS et (2-3 )/2 1

~ 2 ! Yot ’
A= L HE S R S

n=0 ¥ 2 | Epl { r P By [

~ ,’ L 1

Pi (cos® ), for D > 2 (2.8b)



or
o
A = Ty i) +Yé4r PL (cos®)
- e n ’
=
for p, = 2. (2.8¢c)

2.2.3 Constants of integration

The constants En’ Fn, Gn etc. determining the
field inside the spherical system for different values of
p, and p, may be obtained from the boundary conditions at
the surfaces r = r, and T, efploying appropriate expre-
ssione of the vector potentials. Because of the orthogo~
nallty property of the Legendre polynomials, all other
constants except for n = 1 will be zero. We assume here
by = 4, = p. i.e. both the sphere and the shell are

2 3
magnetically nonpermeable.

The expressions for By F, , and G? for p, % 2

and P, < 2, using equations (2.6), (2.7a) and (2.8a) may be

written after the necessary algebraic caleulations as

R (. (e-p @7
1B 1 -
i ] 2Y02r‘ __zf_m S =g {
B 25,7 ,J
=
5 : (2-p.)/2]
4 {2 X ﬁ 5 r . .
1 ” WYOQI‘! )2 g ’ ,' 2% {!

e = — - e
[ ¢ (2mp,)/2]
1 2 3 _1 272 f
. P 2=p 1 L
b 2(

Brow )“\
2Y02 2 ( (2—P2)/2,
= K | I (
l T X | - B b
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= B
g ATy 4 (2.9a)
g ’ (2-p, )/2 |
PN A | 8 ; ;
1 €Y, T A b ;
i : 32"9% ! L 4
where
TN ~p,/2
& t 2Y ; I" 2 - (2—p )/2 ]
l q | —22 =t \ K .\.6 T y 5
& A \ g Wil it j
i._ ‘2"'p2\ e J
e T { (2—p )/2 \
P K 16,74 ; : '
/ BYoa®y BT ( 2 {
4 f2—p ) =
il A ' 2 SR & - T
SR — e -p /2
\ I‘WY02T' [Ty ‘ s { s (2—1)2)/2 )
[ Q ! - L ¥ 5’
iy JEL &raj -1 L ° :
by " | 2=P,|
5 "f,-
e a—
| 2Y0,T 2-1] \g =5 _g
( (2—p, 12 ?
1 E - r ;
Eeai'y |
e ) 2=y ’ (2,1%)
= ( (2"_-@4 )/2 ?
o, I z : ‘ 6‘ I‘1 ;-
27, ‘ |
and
2-'\'0‘1 j il 2. (2.12)
Bl 8 a -
Sl 2



Also,
3 Br,
i (2:31%)
. [ TY,,T, 4 k\ r(2—p2)/2?\
| i -3l |
¢ 2=p, ~ *
TR B
- (/f(:)ztg K 2 6 r-(‘— pz)/2 {
| T ik l-} 272 {
% |2=P, :
and - B, = F .

, ! (2.14)

Similarly the constants for P, # 2 atg D, > 2 can be

written as follows:

: Lk & 3
R [t - E e
i ST AR B |
L i [ 2=p .
e (2-p,)/27 |
S (v " A » 4
’ ;1(02_0 * s 2™ [
. 201 A
) : e L
O T )
e S i (2-p_)/2!
{ Rll g2.2 1 LK - I (
! 2 i i }
{2=-D ¢ =+
. |
» {QYOQTQ K b5 r(2—p2)/2; z
I T o S e { l
A J
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h o
A ‘ =] |

H
where R may be obtained from equation (2.10) on

!
replacing G by & , which is given as

- {2=p l/23
K S - e f
3 1 1 I's
, L .s
Q = - . N (2. llb)
A (2-p )}/2)
Yo,rﬂ K x 43 i 1rf {

1 L
The constants F, and E! may be obtained from
equations (2.13) and (2.14) respectively, on replacing
!
X by-R .

The constants for p, # 2 and p = 2 may be

Wwritten as

e ¢ (2p)/2
3 3 J/Qyozrx - WO |

+ {—-— K e i . ’
~ £ 1 {
F ™Y g2 5 = . o i { 2
o y2=D,1 5 Br
G ] e —— y (2. 90)
T L - PR il
A Crgr o 1 Q T 2 i
} j 2 3 = P22 !
[ s
2Y02 3 (2—p2)/2?
- X S =M p
T 5 ek (
}2=p,| X 5
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where iy = /j4 * Yoq Ty iz A-6F £ (2.15)
n '

and R is obtained from equation (2.10) on replacing

1
% by § which is expressed as
1
g" = et (2.11c)

1" 11
The constants Fi and E1 are also obtained

as above from equations (2;13) and (2.14), on replacing
R by R” . Similarly, the corresponding constants for
Py = 2 and different values of P, may be written if

we employ equation (2.7b) in plaée of (2.78). Thus,
for example, the equations corresponding to (2.9a),

(2300, (2.33) =nd {2194) Fox p1< 2 end p, = 2  may

be written as

e o = -}
L& R rtz 4 o - 2 Br
TR ST, -7 (2 17
B{2em 12" + {22n. )o. geis] T -p ;
2yo\q 3 } i
EETI "
S e———————— Y B N P —————_ S =
[I] 11}
(2.16)

Q(n2-2) 35k M

R = I‘1 ¥ [ ' ) (2‘17)
I Gt = ]




F, = n = ; (2.18)
- 2
R (2+n2) 7 + (2—n2) -

and 31 = F i e

Here ¢ is given by equation (2.11). The value of con=-
stants for By ™ 2 and p, > 2 may be obtained through
replacing Q by Q, from equation (2.11b), and for p, = 2
and F o= 2 through replacing Q by Q" from equation
(2.11c) in the equations (2.16) to (2.19). The denomi-
nator of factor [II] in equation (2.16) will change

according to eguations (2.9b) and (2.9c), respectively.

2.2.4 Discussion

The values of the magnetic vector potential
A, and A2 are, thus, determined completely for different
conductivity variations of the core and the shell. The
electric field may be determined using equation (2.3a).
The current density insidé the conducting system may be

expressed as

: j
T & - 1
Ty = -iwoy, |7 \ Ay L T (2.20)

Numerical computations of the amplitude and phase (also
the in-phase and quadrature components) of the complex
quantity 2J/3B at various distances from the centre,

at an azimuth of 90 degrees, have been made to find the
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effect of varying

i) +the frequency of energisation
and ii) the conductivity contrast between the

gphere and the sghsll,

The effect of inhomogeneity in the conductivity of the
core on the current density distribution in the system
has also been studied. The current density in the sphere
will be denoted by JO and that in the shell by Js' The
numerical values of the various parameters are indicated

in the corresponding diagrams.,.

2.2.4.1 Anmplitude variation

It is observed that for all fregquencies upto
105 hz, within which the quasi-static limit holds, the
amplitude of the current density JC in & covered sphere
is less than that in an uncovered one (fiéure 2.2e,p.27).
At low frequencies such as 102 hz, the cover is almost
transparent and does not influence JC. iz 30 hz, the
amplitude of JC is greater, at all the depthsﬁgiven

here, than that at 10° hz.

For a frequenecy of 104 G, JC further
increases in the peripheral region on account of
increased induction at higher frequencies. But at
greater depths, it is reduced due to increased inductive
shielding effect of the outer layers. At lO5 hz the

shielding due to the cover itself becomes so predominant
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that J  is reduced even at the surface it = rl) of the

Sphere.

- 2:2:4,2 Phase roteation

The phase of the current density wvector, at
various depths, in the shell and the sphere is shown in
figure 2.2b. A parallelism (except for the central
region of the sphere) between the curves for the covered
and uncovered spheres at a particular ffequency suggests
that the downward shift of the curve is a measure of the
phase rctation of the current density vector introduced
by the cover. This phase rotation is also demonstrated
in figure 2.3 (a, b) which shows argand-diagrams of the
current density at 5x10° hz, 5x10° hz and 5x10% hz for

(a) an uncovered and (b) a covered sphere respectively.

Owing to the phase rotation, the in-phase
compecnent of the currcat density vector gets apparently
enhanced by the cover in some cases in spite of a
decrease in its amplitude. For the present combination
of the conductivities and radii of the sphere and the
shell, the in-phase component of JC inside a covered

sphere has a greater value than that in an uncovered

one at 10° hz as shown in figure 2.4.

It is also noteworthy that at this frequency,
the maximum value of the in-phase component of JC does

not occur at the surface of the sphere but is at a depth
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of about O.2rl from the surface (r = r This maximum

Y
may be attributed to the mutually opposing influences,
brought about by peripueral layers, of (i) the skin-
effect which reduces the current density with depth ahd
hence the in-phase component and (ii) the rotation of

the current density vector towards the in-phase axis
which increases the in-phase component. It also explains

the appearance of a maximum in the in-phase component of

Jc, for the uncovered case, inside the sphere. At higher

!

freguenoies, viz lO4 hz énd more, the in-phase component
of JC at the surface is greater than at lO3 hz but decays
steeply towards the centre of the sphere. The positive
peck for the quadrature component of JC at a particular
depth (:;:O.25rl from the sphere surface) for lO4 hg in
figure 2.4 may elso be explained in a similar way as the

negative peak of the in-phase component at lO3 hz.

22400 hepgonsunce effceod

Figure 2.5 shows a plot of amplitude, at
various depths, against fregquency of the field on a
logarithmic scale. For an uncovered sphere the value of
JC at the surfece (r = rl) increases continuously with
increase in frequency to settle at a limiting wvalue.
For the internal layers, however, the current density
attains & maximum at a frequency characterised by the
induction numbers of the core and shell. The peaks shift

towards the lower frequency side with increasing depth.
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For a covered sphere the value of JC at the surface

(r = ry) also becomes @aximum at nearly 5x10° hz. The
resonance effect explains why the amplitude éf JC at

lO3 hz, as shown in figure 2. 2a, is greater than those at
10? hz and lO hz (except in the peripheral region for
the lstter). The existence of the resonance phenomenon
signifies the importance of multifrequency prospecting
for an improved detection of an ore-body. Of course, to
choose an appropriate range of frequencies may be a
complicated prospecting problem unless there exists some

general information about the conductivity of the target

body.

A similar rescnance phenomenon is observed
for the less conducting shell at a higher frequency
(5\105 hz) for which the shielding effect of the shell
is likely to be maximum. The resonance effects have also
been observed in the scattered field (Ffuller, 1971 and

Negi &t a1, 1973).

c.2:.4.4 TVariation of the conductivity of the sphere

It is interesting to note that the amplitude of
JS decreases as the conductivity of the sphere is
increased at 10° hgz (figure 2.6). However, the in=phase
component of JSAshows a normal increase under these
conditions and exhibits a peak value inside the shell

(and not on its surface).
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The effect of inhomogeneity in the conductivity
of the sphere is presented only for two cases viz when
001 (i) increases (pl = + 1) or (ii) decreases (pl = = 1},
linearly from the peripheral region towards the centre.
Figure 2.7 (2, b) shows the amplitude and phase of the
current'density at 10° hz for i 1, O and #1. &
this frequency the amplitude of Jc decreases towards the
gebhire 1f paz - 1 as compared to that in a homogeneous
Sphere (pl =0}, An interesting case arises for By = % g
when the current density JC remaings almost unaltered with
depth, In this come i,.e. Py = l, the decrease in the
amplitude due to the shielding effect appears to be
fully compensated by the increase in the conductivity
towards the centre. If the inhomogeneity factor is
further increased, the amplitude will vary depending
upon the relative contributions of these two opposing
factors. These observations have a direct bearing on
the shielding process in media of inhomogeneous con-

ductivities.

% e hz, the velue of JC decreases in the
peripheral regién and increases in the central region
with increase in 12 (figure 2.82). A similar trend is
visible at lO4 hz alsos even though because of the
increased induction effect, the influence of a linear

inhomogeneity is not appreciable (figure 2.8b).

The decrease of JS for both homogeneous and
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inhomogeneous cores may, possibly, be attributed to the
availability of more aonducting region in deeper layers,
This also expleins the decrease in the current density
Jc in the peripheral layers of an inhomogeneous sphere

with increase in value of Py

Mo

2.4.5 Vopiation of the conductivity and the thickness

of the cover

Pigure 2.9 (a, b) shows the variation of the
in-phase and gquadrature components of JC at the surface
of the sphere as both the conductivity (002) and the
thickness (db) 0of the shell increase from zero values

to 5 mho/m and 5 m, respectively. Within these limits,
the in-phase component of JC increases and the guadrature
component decreases monotonically with increase in either
the conductivity or the thickness of the shell at a
frequency of 10° hz (figure 2.9a). At this frequency

the in-nhease component of JC for a covered sphere is
greater than that in an uncovered one for all the 002

and db values studied here. However, at 104 hz, the
quadrature component shows a monotonic decrease, whilst
the in-phase component shows a maximum for certain
combinations of 0,, and dy (figure 2.9b). Thus, for a

combination (002 = 1 [iiholn, dy = 3. 5m) ‘nee [¢.: = 5 mho/n,

02
db = 0.75m) the in-phase component of JC is found to be
maximum. In all the cases, the amplitude decreases with
increase of either the conductivity or the thickness,

or both, of the shell.
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2.2.5 Concluding remarks on current distribution in a
covered sphere
The effect of increasing the frequency of the

energising field on the induced current distribution is

observed to be two fold vig

a) enhancement of the current density towards the
peripheral region, and

b) increased inductive shielding of the interior due to
the induced currents in the outer layers of the sphere
and/or the shell which causes a dimunition in the
amplitude of the current density vector and its

rctation in time phase.

A conducting cover of any thickness and
conductivity has been found to decrease the amplitude
of the currents in the sphere at all the frequencies.
However, in some cases an enhancement of the in-phase
component due to the cover is seen., This observation is
explicable considering the second of the above factors.
Further, since there is a direct correspondence between
the electromagnetic response of a target and the currents
induced in it, an increase in the in-phase component of
the latter would cause an increase of the in-phase

component of the former.

The reduction of the current density in the
shell with increase in the core-~conductivity may increase

the current in the core and possibly explain the
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enhancement of anomalies observed in scale-model
experiments over conducting bodies placed in a partially

conducting medium.

The above findings on induced currents are
expected to help in evolving a better understanding of
the behavior of the scattered field by conductors parti-

cularly when surrounded by a conducting medium.

2.3 Scattered Field Due to a Two-Layer Permeable
Conducting Sphere in a Dipolar Field

2.3.1 Formadadion and solution

Bmploying a similar spherical model, as used
above for investigations on the induced currents, the
scattered field outside the sphere has z2lso been
calculated. The energising field is obtained from an
nscillating magnétic dipole (figure 2.10). The electro-
moegnetic field at any point P (r,éa,@) due to a dipolar
source is,in general made up of two partial fields Eu’

H, end E H, which in turn,are derivable from two

V,
scalar potentials U and V. The two fields may be
described as transverse magnetic (TM) and transverse

electric (TE), respectively (Debye, 1909 and March, 1953).

If the magnetic dipole is assumed to be radial,
only TE modes of electric and magnetic fields exist. The

Tield vectors for this case may be expressed as
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Here j = 1, 2 or 3 denote the three different regions
as shown in figure 2,10 and I eg, and e@ denote unit
vectors along r, ®, and ¢ directions respectively. The

scalar potential Vj satisfies the following equation

f sy W
i ? _.B_..l j By _l .a_. 8in © s__..l \
DT y T sin® Y 30 )
D4V
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The potential Vj as a solution of equation (2.23)

may be written in the three regions as follows:

(1) Region 3
4 il £ (y,r)
== Vp e i B (cos® ) (2.24)

n=0
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where Vp, the potential of the primary field is given

as (March, 1953):

0 Wy Ty
S ey S :
Vp = I E:o e —————Ern-Pn(cose 9 (2.25)
(2n+1) & (v,h)
3
apn ’Ysh S (2.258.)
YT
y, (037 = [ T, (2.25b)
and
2y3r
én(Y:SI‘) = - Kn+_12_('Y3I’). (2-250)

The second term on the right hand side of equation
(2.24) is the secondary potential which may be termed

- e
28 pe

(2) Region 2
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The value of 6j is given by equation (2.12).

(3) Region 1

é?. Mn(yir)
vy = E:b W T Pn(cosg), for p;< 2 (2.29)
or
A Nn(yir)
v, = £o d, -——~;—~ Pn(cose), for p?> 2. (2.29a)
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The constants can be determined by applying
the boundary conditions at r = Ty and r,6 as in the case

of induced currents. After the necessary algebra we

obtain,

LTV £, s
S i 3 2 R

& apl’l m"}:')‘ 5 (2. %0

where,
{
1 o’
LS 11 ~ W I
(1 n £ 2> = Puliy (erz)g ’
28 J
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Py ot ! :
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3 = ’ (2.328,)
Ky . !
E; mn(y,% Iy X ) Mn(Y;H ) Nn(y2r‘)

for p‘gg 2y
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The expression for V3s can be further simplified if the

§y31 ol

frequency of the energising field is assumed to be so
low that It may then be written

X% 2xrel
v e = ry X P ( ?) (2 23)
§ i X cost 3
38 e hn+l rn+l T3 I,
where
E e 3
:" I 2 \]
'V' . =5 T
i, = 1 g Rn. (2.23&)

multipol

The complex quantity Xn’ termed as the
response factor, is proportional to the moments of the
oles

excited in the sphere-shell system.
generalised expression for X

The

can be reduced to the
particular cases studied by Wait (1951 and 1953a),
Mazrcl W

appropriate simplifying assumptions.

'

guadrature components of £

The in-phase and

for different values of
case

have been computed. The n =

n
1 corresponds to
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excitation by a uniform field. It can be seen that_for

L ; i ——————
a particular value of the induection number al( :joolptar I
the value of Xr decreases rapidly with increasing n
(figure 2.11). Even for large values of aq say

A Gl is about 1.56 percent of [Vs}nzl (Negi et al,

s n 4
1973) when the other parameters are h/rl = 2.0, r/rl = 1.95,

e

- 2 : i, et -
r2/fl = 1.25 and «a, (—.j Oy, M oT) y = 1.

Purther, the general qualitative behavior of
the various terms for different wvalues of n 1is the
same. The curves showing the effect of the cover on the
response of the sphere have, therefore, been presented

heare opty Lop n=1,

2.35.2 Discussion

In contrast to the study of the induced currents,
there is an inherent difficulty here in reckoning the
guantity which may effectively represent the response of
e ftarget in presepcs of a cogver., In the Ideld; 1% 18
the total anomaly caused by the target and its surrounding
medium which is measured, This quantity corresponds to
Xl' However, Negi (1967) and Gupta Sarma and Maru (1971)
indicated that the effective contribution of the target
may correspond to a guantity Xl - Xlr2 where Xlr2 is the
response factor of a sphere of radius ¥ and a conducti-
vity equal to that of the shell. A comparison of this

I

factor with Xl which 18 the response facter of the core,

gives the influence of the conducting cover on the
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sponsec of the core. Notwithstanding, presently the
variation of Kl alone is studied and field corresponding
b _

e s -3 \r 5 2 - PR . .
¢o the factor X, - Xl is examined while studying the

anomaly profiles in Section 2.4.

2.7.2.1 Variation of the condustiviiy of the shall

The influence of increasing the conductivity

of the shell on the factor X, which represents the total

43
response of the sphere -~ shell system is shown in figure
2.12 for a non-permeable sphere and in figure 2.13 for

a permeable one. The curve B O corresponds to an
uncovofed single sphere. As o, is increased, both the
in-phase and the quadrature components of the response

fector X, are enhanced. The enhancement is more

5
pronounced for low values of Gq . For high values of
a2(3ay 5) thc behavior of the in-phase component of the
regponse appears to be guite anomalous. It increases
witu increase in Gy avtuains a maximum value and then

-
decreases with further increase i=n al.

The decrease of the in-phase component with
increase in ay (for x, = 5) implies that under these
circumstances the in-phase response of a body of a given
conductivity is smaller than that of a less conducting
one when both are covered by similar shells. The
phenomenon can be explained in terms of the phase

rotation of the induced current vector in the sphere due
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to the ghell., For the present situation, the in-phase
conponent of the response vectors due to the shell and
the sphere are in opposition. Because of large a, value,
the response due to the shell predominates over that due
to the sphere for smsll valuss of Gq . An increase in

@, causes an increase in the in-phase component of the
sphere response and consequent reduction in the total
response of the composite system. Such a phenomenon will,

thus, cause an ambiguity in the interpretation of the

e.m. prospecting data.

2.3.2.2 Variation of the frequency of energisation

The curves in figures 2.12 and 2.13 have
been drawn assuming a fixed wvalue of a, and the variation
of the total response has been studied with change in
«; alone. Figure 2.14(a, b) depiets the variation of
vhe response with frequiency which amounts to the variation
of both aq and . The resonance effect observed for

induced currents as deseribed in Section 2.2.5.3 is

¥

noticeable from the scattered field also. Here two

et

a

o

m

istinct peaks appear for the guadrature component. The

H

irst one at 10° hz corresponds to the situation when

the shell is mo;e or less transparent and the contribution
to the total response is predominantly due to the core.

As the frecuency of the energising field is increased,

the response of the shell as well as its masking

influence increases due to increased induction. A
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second peak in the guadrature component is obtained at
5
8 frequency of about 107 hz which is mainly due to the

o] r
3 _ 5 02 2
shell., For small values. of —= and — , the second

0% 1
peak is smaller than the first peak. However, it
increases with increase in either the conductivity or
the thnickness of the shell -and surpasses even the first
peak. A delineation of boundary between the sphere and
shell can be made from the Ip component of the response
also, as scen from an inflexion observed in the frequency
characteristics of Xlr' Corresponding time-domain
results have been reported both in experimental (Velikin

and Bulgakov, 1967) and theoretical studies (Rao et al,

1973).

2.4 Profiles of the E.M. Response Over A Covered
Conducting Sphere

In order to have a direct correlation of the
theoretical results with those of the experimental and
field investigations, the response has also been
computed along a profile for a TOOl L100 ROOLl prospecting
system. The magnetic field due to a z-directed dipole
can be obtained by combining the fields of two dipoles
of which one has & radial orientation and the other

transverse (March, 1953).

onse factor Xﬁ, the essential gqualitative

characteristics of the problem are brought out by
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computing only the first term viz n=1 in equation (2.23).
The response profiles have, therefore, been prepared
Correspoﬁding to n=1 alone. Following Zakharov (1964)
and Bhattacharya and Sinha (1965), the expression for
the vertical oompohent of the response field for the

covered sphere may be written as

2 -
] 2 y ( 2| 2 8, 3
T [E L s X - B fx= L\
P L il & EX S‘g——2—<fi o 5\ ¥ 9——2(_2—4
2 o AN Tt ;T - Vi 7 A
H :-'éﬂl,i—‘?“ s
3 R e o HE
| 2 Rt 2
h B e h o 1»}
+ = ) B = =
| 1,2 ( L o ol 1,2 ( L 2 !
(258
where,
HZ is the vertical component of the magnetic field
expressed in terms of the primary field,
L is the distance between the transmitter (T) and
the receiver (R),
X is the horigontal distance between the centre of
the sphere and the mid-point of the T-R systen,
and

n ig height of the T-R system from the cenire of the
Spherical model.
Al1]l the distances have been normalised in terms of

Lay{figure 2.10).

The computations of the in-phase and
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quadrature components of both (i) the vertical component

HZ of total response field due to the composite system
T
and (ii) the quantity H = sz, have been made, where
i
HZ2 15 the vertical component of response due to a Sphere

of radius r, and conductivity Ty, The second factor
can be regarded as the vertical component of the effective
response from the core in presence of the cover

(cf. Section 2.3.2).

The profiles presented here pertain to two
heights of the T-R system viz h/L = 0.3 and h/L =014

and frequencies ranging from lO3 hz to 105 hz. Figures
I
2.15 and 2.17 show the profiles of H_ and H_1 for

g,, = 1.0 mho/m at h/L = 0.3 and 0.4 respectively.

Figures 2.20 and 2,22 depict the corresponding profiles
for a less conducting shell, viz Cog. = 0.1 mho/m. As
expected, the Ip component of the total response HZ
incrcases and the Gr component decreases with increase
in frequency. In all the cases HZ is greater than

T

that H l.
2/

T
The behavior of H - H 2 with change in

frequency, however, shows some interesting features.
The Ip component of H ® increases more rapidly than

T
that of H - Consequently, the Ip component of H - sz

for 10* hz becomes less than that for 103 he (figure

2.16 and 2.18). For f = 10° hz, the Ip component of
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HZQ becomes even greater than that of HZ as shﬁwn by the
inverted profile of the Ip component of HZ - HZQ. The
computation for scme intermediate freguencies between
SXlO3 hz and SXZLO4 hz reveals a band of frequencies for
which the Ip component of HZQ is greater than that of Hz‘
Thie implies that the Ip response of a homogeneous sphere
of radius r, and conductivity . . is greater than that

of o two-layer spherical model of the same dimension

but enclosing o core of higher conductivity within it.

i
2

. decreases with increase in

The Qx component of HZ - H
freguenoy from lO3 z, becomes negative and acquires
a peak negative vealue for about lO4 hz, and again starts

reducing with further increase in frequency. For

G, = O.1 the phenomenon of reduction of the Ip
&
i e
component of H_ - hz is, naturally, less pronounced.
b3

Put stlll, oe peen from figures 2.21 and 2,25, the Ip
r

component of HZ - HZQ

Toxr T = lO5 he i less than &t
104 hie

The paradoxical behavior of the Ip component
of HZ - Hz is 'similar to that observed in figure 2.12
when for o particular value of the induction number of
the shell, the Ip component of the response is found to
decrease with increase in the induction number of the
core. The explanation is elso therefore, similar to that

put forth in Ssation 2.%.2.1.



=

Tables 2.1 and 2.2 give the peak-to-peak

excursions of the profiles for o. = 1.0 mho/m and

02
- e 3 4 5
.. = 0.1 nho/m at 107 hz, 10" hz, apd 10” hsa.

02
The results obtained from the investigations of
the induced current and of the scattered field conform
with each other. The above general findings will help
provide an integrated physical picture of the effect of
a conducting surrounding on the electromagnetic response

of an enclosed target,

2.5 Electromagnetic Response of a Horizontal Perfectly
Conducting Half-Plane to a Line Current Source

2:5.,1 Introgdustion

The spherical model investigated above is an
idealised representation of actual geological situations
chosen to illustrate the principles involved. A more
realistic and representative model of frequently occurring
mineralized structures is a tabular body. In cases
where electric discontinuities occur in parallel planes,
the method of Wiener and Hopf (1931) for solving the
integral equations can be employed to study their
electromagnetic response. This potential technigue has
been extensively used to solve problems in wave-
propégation in several other fields. Noble (1958) and

Weinstein (1969) have illustrated the applications of this
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Table 2.1

Peak~to-peak values for profiles (figures 2.15 to 2.18)

G,3 = 10 mho/m,

In~phase Comvponent

H
N

0,610, 24
1.88,0.76

N
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U.28,0.02
0.82,0.03
1.01,0,05

-rz
Ho - H
0.68,0.27
0.44,0.17

-0.04,0.02

0. 3,002
0.19,0.01
~0. 015

¥y = 10m, r, =

- e e s e e o S e

. h'm, &

02

1 mho/m

Quadrature Comvonent

0.44,0.02
C.431,0.02
0. 57 0.0

el
VA
0.84,0.34
0.5,0.2
0.19,0.07

0.36,0.02
0.22,0.01

0.
-0.

r
H -8
Z Z

.61,0.24 &
.79’0.32
.25,0.007

26,0.01
54,0.01

.85,0.005 0.12
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Z
Qb2 8. <h
20,084
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P.26,0.02
0.84,0.04
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Table 2.2

Peak-to-peak values for profiles (figures 2.20 to Z2.25)

10 mho/m, r

Component

.61,0.24
.88,0.76
e dghds

. 28,0.02
.82,0.03
.01,0.05

T
H = H
z Z

0.62,0.24

2

1.5.0.76
0.61,0.24

0.27,0.015
0.82,0.03
0.25,0.01

Trequency

10 m, X, e L =ui, &

02

0.1 mho/m

Quadrature Component

H‘?
0.87,0.36
0.56,0.23

0. 53 0.22

0.37,0.015
0.24,0.01
0.23,0.01

H
Z
0.84,0.34
0.5,0.2

0.19,0.07

0.36,0.02
0.22,0.81
0.85,0.05

by
H =8
7 Z

0.82,0.29
0.16,0.06

—1019,Oo‘4r8

0. 3%, 0,015
0.75,0.005
-0.52,0.025
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technique in detail. BSome noted investigations wherein
this technique has been used are due to Heins and Wiener
(1946)_ Carlson and Heins (1947), Heins (1948), Levine
and Schwinger (1948), Friedlander (1951), Senior (1952),
Jones 1 (1953) Koiter (1954), Williams (1954),Ament (1954),
Heins (1956), Letter (1958),Lamb (1959), Clemmow (1959),
Nikitina (1960), Wu and Wu (1963),Chu and Karp (1964) etc.

A brief outline of the application of this
technigue in obtaining an analytical expression of the
electromagnetic response of a highiy conducting vein
embedded in a conducting half-space and overlain by a
conducting overburden is presented here. The energising
field is obtained by a line current source parallel to
the vein. Because of the mixed boundaries, the usual
method of partial differential equations is not
applicable in this case as the variables are not
separable. An integral equation formulation of the
problem has, therefore, been done and the Wiener-Hopf
technique applied to find the appropriate expressions
which may be numerically evealuated to give the electro-

magnetic response of the body.

2ad.2 Formidation

A mineralised vein having a large extent may
be represented by a2 horizontal half-plane. One edge of
the plene is assumed to be near the observation point

fr | ¥ [
LEMTIAL

ROOEKk



b .

and i? is likely to influence the electromagnetic field
significantly. The electrical conductivity of the vein
is assumed to be very high and hence the half-plane
reprcsenting it hes been considered to be perfectly
conducting. The vein 1is embedded in a half-space (earth)
whose electric paramcters ore denocted by Gy by and €,
(figure 2.34}. The corresponding parameters of an -
overburden of thickness db are denoted by G, M, €,

and those of the external halif-~space (air) by Gys Hps €0
The depth of burial of the vein from the air-earth
poundary is assumed TO be d. A line~source carrying a
current IO eiw)C at (yo, zo) produces the energising

alternating magnetic field.

In view of the symmetry of the present problem
the only non-zero component of a vector potential 1is AX

which does not vary with x. Thus,

Bquation (2.4) may then be written in a

rectangular coordinate system as

aQA- T\zA g
Z e 4 ——d s y%A. =0, j=1, 207 3. (2.34)
ayQ 5Z2 J J

The general solution of equation (2.34) may

be written as
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glectrical discontinuities at z=o0 and underneath.

(2) Overburden layer i.e. 0> z > -4y (2:3%)
fﬁ‘ u,z -u, 2 3
A2 = _) {aze +b2e j cos A (y-yo)d% (2.38)
(3) Lower half-space i.e. =d,>z> - ®
oo
[ U,z : _ .
A, = J a,e cos (y—yo)d)\. (2.39)
)

The primary potential due to the line current

source situated at (yo, zo) is given by (Wait, 1962) as

[ 3
Ajp — PjKO} -inJ(Z—ZO)2+(y_yo)2 . (2.40)

{

al L
where Pj = 2n(cj-iw ej)

and Ko is the Medonald function.

o KO is expanded in terms of the eigen fuctions
suitable for the problem one gets
oG

) ~ay, (g-z ) .
Alp =P | e oos;\(y—yo)d.k, (2.40a)

D

for 2 >~zo



= S

| o= i =
A, = iajedjb+bje Byl | cosi&(y—yo)d>\ ; (2,3%)
i !

where uj - ;A-+y% and A\ is a positive constant.
W _

aj and bj are the constants of integration to be
determined from the boundary conditions a2t z = 0O and

z = - db' The terms containing sin:&(y-yo) have been
left out because of the symmetry considerations.
Bgquation (2.35) holds irrespective of whether the vein
ia pregent or not. PFirst, we shsll write the vedtor

potential in different regions disregaerding the pregence

of the wveln as:

(1) Upper half-space i.e. z > 0O

o ber s}

1 ( TR ik i
Al e . ble cos)\(y—yo)d) + J R)e oos,h(y—yo)dk,
o o
for z <z<w (2.36a)
and
o2
oo L
g o e TR ey A
Ay = aje cos‘k(y~yo)d)\+ N R)p cos'h(y—yo)dh,
= e
for o<z<a,. (2.56h)

Here R)\is the reflection coefficient due to the



il T

1 llﬂ(Z—Zo)
A, =Pl e cos A(y—yo)d)\, (2.40b)
for z<;zo.

The first terms of the R.H.S. of equations (2.36a) and
! n L i
(2.36b) may be identified with Aip and A, respectively

and nence

P, U,z B, =u.@

g u ; ET

O
e .

1
ip

expression as

1
Also, A and AlP can be combined into a single

oo
{ —u”z—z |
A, =P, I's cos )(y—yo)d% i (2.40¢)

b

The ‘expressions Tor Al, AQ, A3 may, thus, be written as:
A =P X
J
e (2.41)

[ (u z-u. 2. ) -(u_z+u, 2z )
cos>\(y—yo)§ i I L e } §

(o)

A

#

2
5 2

(Eag)
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and
- e (u_g=-u_z_) 9
i ] dl'\ 5 A o4 \} -3 3 T 140 !l 2
A3 = P}% EZCUU X (y YO), flv l . (2.43)
'Z)

Here fQ, fz, g, f3 are the new constants of integration.

The boundary conditions at surfaces z=o0 and

z=-d, using equations (Z2.41); (2.42) and (2.4%) yield

after the usual algebra

u u,-u’ tanh u d -u u_+u,u, tanh u_d
I 1 - T 491 ¢ (2.44)

2
al +1 u +u u. ta Lo
u2u1+u2 taunh qub 2U, i nh u2 b

and
Yf Py [ u \ /u Tiu AT )db
£ = (=2 1) + —2+1j £ li=2=1) e ?* ° -
Y3 P} L ‘ W, iy 3L

2.5:%3 ' Gontributionof the Condugtins vein

The vein, which has been repregsented by a
perfactly conducting half-plane, may be considered as
an equivalent of a surface current (Horiuchi, 1957)
comprised of a continuous distribution of line currents
I(ym) on the plane (z= -d, y»> o) which may be determined
from the boundary conditions at the half-pleme. If

Ajm represents the vector potential at a point (y, z)
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due to a line-current at (ym, ~d) the total response

vector due to the vein 1is

1,00

AJ = JAjra(y’Z5 m! "'d) I(ym)dym . (2-46)
(2

From the anolog& of the physical situation, it can be
easily seen that ij may be written in the same form as
equation (2.41) except for replacing u, by u, and vice
versa. Also the signs of 2z and 2 should be taken as
negative for K3m. Thus K}m(y, o I A -d) i.e. vector
potential at any point (y; ~d) on the vein due to the

line current at (ym, -d) may be expressed as

oo
2 _(y, =d) =P {i’lcosx( i )r1+f e2u3d] (2.47)
am Y2 A u, I=Im’ | 3 .
where
e u uz—uz tanh uzdb—u2u7+u1u tanh u db

2
i o ST 1 ol - L O T = LW L R U SO - = o i L O |
L dagt b | 8 0 8-A R 27D

The equation (2.47) does, in effect, gives the mutual
interaction of the equivalent line currents on the
surface of the half-plane. Substitution of equation

(2.47) in equation (2.46) gives
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09 ot

- 2u_d
A= P \dy I(y )J ——cos\(J-y ) £l+f3 8 }. (2.49)
: 4 3 =l

The boundary condition at the surface of the half-plane
warrants annulled electric field on its surface. This

can be expressed in terms of the vector potential as

O
' [ : (2.50Q)
d )

The wvalues of A3 and A3 may be put in equation (2.50)

from equation (2.43) and (2.49) to obtain

0 L.
[ -u_d-u, z
3 I

i— cos N(y- = fze -
2 3
'w ( 2u3d1
= - E dy I(y ) \ G—oos»(y iy ) l+f e j . (2,51)
=23
o O
Let
CU3 -u_d-u, z
F(y) = -{ %icos')\(y—yo) f3e - ey (2. 2]
B
o
and
i 21 €l
._f Q‘.A aAi(= 7 r u3 ” >
K(y=¥p) =) cosMy=y,) El+f3e J (2.53)

(]

!

be put in equation (2.51) which can then be written as

F(y) ='j I(y,) K(y-y,)dy, - (2.54)

)
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The equation (2.54) is the integral equation
which gives the value of I(ym) and hence the response of
the vein. This equation may be solved through Wiener-Hopf

technique.

2.5.4 Solution of the integral equation

Equation (2.54) may be written as
o0
Iy ) K(y=-y)dy, = F(y)+a(y). (2.55)

L=
Here a new function G(y) (=0, for y >0) has been

introduced. On taking the Fourier transform of both
the sides of equation (2.55) and on applying the Faltung

theorem, cne obtains

F<a>+5(a) = I(a) X(a) . (2.56)

ol

Here, F(a) =J/F(y)e'—iocy dy, and so on for &(a), I(a)
Ze0
and K(a). Equation (2.56) holds in a common strip of

regularity of functions G(a), F(a), I(a) and K(a),
considered as functions of a. The common strip can be
determined as below.

1Y,y

~ - g s . . & e
Since the incident field varies as e
m

for large values of - (which can be verified by Tinding
the limiting value of KO at large values of r) where

Im(y1)>‘0 (where Im denotes the imaginary part), the



= B -

induced currents will also behave in a similar manner.

It, therefore, follows from the relation

o0

-iay

T(a) = | I(yyle " ay, (2.57)

©
that T(a) will be regular in the lower half of the
a=plane i.é. in the region Im(a)<iIm(y1) which starts
above the real axis. By A similar argument E(a) will
be regular in the upper half-plane starting below the

real axis.

The region of regularity for K(a) and F(a) can

be ascertained if these transforms are evaluated.

Now,
o ol o
=3 ~iat e ;
Ela) & J dt e S o(MNcosA(t)dr , (2.58)
e D
2u d
whereq)()‘)z%l-[l+f36 3].

As ¢o(X) is an even function of A

[ oo

K(a) = 2—§dtcosa r (@(A)cosk(t)d% 3 (2.59)

Q

>

From the theory of Fourier ftransform

(Brdelyi ot al, 1854, ¥, p.Al7) it is evident
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that
- PN 2u (a)dy7

= il

h(oc) = 2 _’g,_ cp(oc) = ‘IE.! a—;m %{Jl+f3(o:)e EE 3 (2.60)
Dimilarly

- d-u, (a)
Fla) = ~ﬂ[ Eé%ay{jf3(a)e_u3(a) b Z%} S {2.62)
bt Ty }

From equation (2.60) and (2.61) it can be
easily seen that K(a) and F(a) are both regular in the
region Im(ya)'>llm(a)| . It has, of course, been
assumed that Im(n ) < Im(y2)£§ Im(y3). Therefore, in

a strip lying between tIm(y1)

§+(a) + Fla) = T_(a) K(a), (2.62)

where the subscripts + and - denote that the functions
are regular in the upper and lower half-planes,

respectively.

The equation (2.62) may be solved using the
method of analytical continuation. For this, we have
to factorise K(a) into K+(a) and K _(a) which are regular
in the upper and lower half-planes of complex plane,

respectively.
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Let =1(a) = [_l+ fs(a)e

2 d
e (2,69

Applying Cauchy's integral formula, we get

o wla) =z 9 l?tfég)dt i 2iifé l?tzét)dt
(+) L]
= I fa) -~ I (a2}, (2.64)

where X+(a) and X_(a) are regular in the upper and
lower half-planes and represent the values of con-

tour integrations in equation (2.64).

The evaluation of i+(a) and i_(a) enables

the factorisation of K(a) such that

T ( EAR) el

B(a) = — i > ﬂe_+ " N ! (2.65)
K _(a) Z (e 4,
e Va—y3

Substituting equation (2.65) in equation

(2.62) we get

(2.66)
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The inverse Fourier transform yields

o0
F (a) at
g - e da = (1) + aly), (2.67)
j K ()
s
where
ily) = 0, vy < 0 (2.68a)
-I-__,(O:) Loy
=] = e~ da, e y=D (2.68b)
E (a)
-0l i
and
o0
ll —
3N =
gly) = il == e du,, for y < 0 (2.69a)
j E (=)
-0
=0 , o v 50, (2.69b)

The equation (2,67) is multiplied by e"icy and

integrated over positive values of ¥ . to obtain

(4 2]

Sl 0wl F(a)
&) ™ (a8)E (a)

which is regular for Im(a)> Im(z)

(2.70)
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The surface current distribution I(y) can

finally be determined as

: Ne X -
I(y) =2—% de e’ Fla) 4, TP E

where
| Im(a) | < Im(x) , Im(a) > Im(2)

Equation (2.71) thus gives the value of I(y) which

in turn can be used to find K1 employing equation
(2.46). The response of the vein can then be deter-
mined., The crux of the present problem lies in the fac-
torisation of the function K(a) into two components
which are regular in the lower and upper half-planes,
respectively. The numerical computation is in progress
through evaluation of equations (2.63) and (2.72). But
a rigorous calculation of the response of an imperfectly
conducting vein in the disposition as shown in figure 2.24
is still theoretically intractable. It appears that

for such situations experimental simulation technique is

the only resort.



CHAPTER III

EXPERIMENTAL SIMULATION - PRINCIPLE. AND
TECHNIQUES

1.1 Imtroduction

The technigue of experimental simulation is
inherently more potential than analytical methods in
studying the electromagnetic response of conducting
geological structures of arbitrary shapes, gizes,
electrical properties and having conducting surroundings.
While a mathematical description of a situation is almost
always possible through a set of equations, it i no¥
always possible to solve them so as to find the value of
the electromagnetic field at all points in space and time.
On the contrary, it is not always possible to make a
physical model of any situation. But, once a model is
realised its electromagnetic response can always be found.
The only limitation of the scale-model experiments is set
by the mechanical feasibility of the physical model.
Mihram (1972) has given a very generalised discussion
of the theory and classification of models. An appraisal
of the potentiality and the extent of application of this

powerful technique can be made from Table 3.1.

However, one doesn't simulate an infinity of
situations occurring in nature as it is neither feasible

nor useful to do so. Model experiments in geoelectro-
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magnetics are designed so that they are useful in obtain-
ing a physical insight through observations on some
representative models and in providing standard interpre-
tational curves. Their importance lies Primarily in

studying such systems as are not analytically tractable.

3.2 Prineciple of Simulation

The method of simulation calls for an establish-
ment of certain criteria which should be satisfied to
make the model have the same physical characteristics as
those of the prototype. The criteria of similitude ,
in turn, involves the invariance of certain dimensionless
parameters in the two similar systems. The number of the
necessary parameters may be decided with the help of
Buckingham's pi-theorem. This theorem enunciates, in
principle, that the number of dimensional groups important
for a particular process is equal to the total number of
variables less the number of dimensions involved

(Buckingham, 1914).

Tiwe |, if & physical process is expressed by a

functional relationship of the type

F(nl, T)Q’ T]B, . ] . . . o’f’]l’l> = O

where (n,, n_, Mys = « « « « « on,) 15 the complete set

2
of variables controlling the process, then this egquation

may be reduced to another of the form



(P<ﬂ:l’ . a e - . s . - o TE _) — O

where the n's are the dimensionless parameters and j
is the number of dimensions for the procegs, For's
particular physical process, the values of wn's should

be invariant in the two similar systens.

These dimensionless parameters, which define
a particular process, mey be determined by (a) utilising
the property of invariance of equations governing the
physical process, or (b) the method based on the principle
of dimensional homogeneity in the mathematical description
of the process. Stratton (1941) and Sinclair (1948) have
discussed the criteria of similitude starting from
Maxwell's equations which describe the electromagnetic
field. For the sake of completeness, a preliminary
treatment to derive the eyiferia of electromagnetic

similitude is given below.
The equation (2.4) may be rewritten as
YA = doipok 4Rl =0 (3 1)

The form of equation (3.1) should remain
invariant in systems which =re electromagnetically

q

Similar. This condition mey oe expressed in the two
Systems designated by P (Pro type) and M (Model),

as follows:



80 =

< = P o i ) 2 = o
p Ap = 1:dpbpOp hp + Ep Bgip Ao 0 (3.,1a)
and
3 2 o i i 2 =

S T LY VST T i ik (3.10)

Since both the equations represent the same phenomenon
in similar systems, eguation (%.1a) should also be

satisfied by AM' Fhas, it KL’ K, . K ;i
the scale factors for transformations of the linear

o 8 and Ku are
dimensions, the frequency of the electromagnetic field,
the electrical conductivity, the permittivity and the
magnetic permeability of the model to corresponding
quantities of the prototype, equation (3.la) may be

rewritten as

L
' M ) a e T
ol ik, M E P Opby +E ek kg, ety Ay = ©
L
or
2 £ 9 ) 1 & 4
N T N UL e kf Ik ke ey by = O
£5a)

The comparison of eguations (3.1b) and (3.2) yiélds the

following conditions of similitude:

K k k k =y L (3.3a)
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and

¥ ke =1 . (3.3b)

2
L BN W

Equations (3.3a) and (3.3b) may be rewritten as

2 ; = 2 = a j =
Lp Ephpty = Iyt WSy = & (say) (3.45)
and
Ly epbpp = Iy ey = 6 (say) (3.4D)
I M MMM P . 4

The dimensionless parameters a and $ should
remain invariant during linear modeling. There is,
however, freedom of varying the constitutent factors
arbitrarily so long as their products viz a and B do

not change.

As mentioned above, the frequencies employed
in induction prospecting are so low that displacement
currents are negligibly small as compared to conduction
cﬁrrents Qnd, therefore, the parameter B has little
significance. Further, if the ferromagnetic materials
ar éxoluded, then both bp and by may be regarded to
be equal to that of free space. Thus, the only
dimensionless parameter which need to be prescrved is

(L% o).
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53.2.1 Geometrically Dissimilar Models

From the above discussion, it is obvious that
the lengths in various directions are normally scaled

down in the same proportions and a geometrically similar

o,

O

Et

lel is obtained. An intercsting case of a geometrically
dissimilar yet physically similar modeling arises if we
consider a transverse vy 1sotropic medium in & z-directed
uniform time-varying electric field. I

Let S pp denote the conductivity of the
anisotropic medium along the x- and y- directions and
Sphp that along the z~direction at any point of the medium,
This type of anisotropy is encountered quite frequently
in nature, he electromagnetic wave equation for the

prototype system may be written as (Negi and Gupta, 1968)

2 LB 1
o AZP 3 AzP OpP P, AZP

- 4 E B

e + e + . N 12 plpSp A,p U.  £3.5)
v > Yp s R

The Lorentz condition used in the derivation of equation

(3.5} ie given by

aiv AP = _‘GUPHPCPP (3.6)

where P is the scalar magnetic potential, This system
can be modelled by employing an isotropic medium of

conductivity an provided the scale factor for lengths

1
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in z-direction is cnP/cpP times that 1n x- or y-direction.
The equation for the model corresponding to equation

(3.5) would become

2 2 2
¢ A &l &4
zM - N | -
+ -4 = NNy = 0, (3.5a)
5 Lk < : 2 MM nM™zM
Cxy Dy Ozy

Geometrically dissimilar models may thus be
realised for certain specific studies. Such dissimilar
geometrical models of anisotropic media have, however, not
been commonly studied for want of available datg on

anisotropic structures.

3.2.2 Variations in response parameter

Svetov (1960), Grant and West (1965), Ward
(1967) and others have discussed the variation of
response parameters with the geometry of the model and
the prospecting system. For example, in the case of a
thin sheet investigated by a T0O01 1100 ROO1 prospecting
system, the significant parameter is ouwLt where t is
the thickness of the sheet and L is the Separation
between the transmitting and receiving coils. If the
height h of the prospecting system from the target
is much greater than L, the parameter opwht becomes
more significant and needs to be considered in simulation.
In both the above examples, the thickness of the model
need not be scaled correctly as it occurs in product with

o. In this sense the model of this system also is not
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entirely geometrically similar to the prototype. In
general, the significant parameter can be described as
Gpu}Lij where Lj and Lk are the two characteristic
dimensions which determine the response of the systen

under investigations.

3,3 Experimental Set-Up

The constituent factors of the dimensionless

parameter dpoJLth determine the design end set-up of a

L

-

scale-model experiment. Each

Nl
Ak

actor, therefore, needs

to be considered first individually and then collectively.
A brief account of the various stages of equipment

used in the present scale-riodel experiments (Gupta Sarma

and Maru, 1971) is given below.

3,3,1 Transmitter section

A stobilized sinusoidal current is fed to the
transnitting coil in order to establish an alternating
magnetic field in the region of investigation. Fron Ol
to 0, is the oscillator unit (figure 3.1). Amplifiers
no. 1 and no. 2 are specially designed unity-gain
circuits called boot-strapped eamplifiers. These nave
very high input impedance and very low output impedance
so as to provide a high degree of isoletion between the
input and output circuits. Amplifier no. 1 is fed by
a square wave signal and 1ts output load is a series-

tuned L-C circuit. The square wave voltage is obtained
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from the comparator (Kl) which consists of two transistor
elenents. One of them is fed from a regﬁlated fixed D.C.
supply and the other from the signal. As soon as the
signal level becomes higher than the b.0, leswel, onse
clement conducts to a saturation level and continues to

do so till the signel level remains above the D.C. level.
The constancy of the current is maintained with the help
of o ficld-effect transistor. The amplitude of the square
wave output is thus highly stebilized. It is fed back
regeneratively to amplifier no. 1 to maintain oscillations.
The frequency of oscillation depends entirely on the tank
circuit which has a very high G-value because of the high
degree of isolation provided by amplifier nos.l and P

The fregquency cen be varied from 10 khz to 100 khz and

is checked to have & stability of 20 ppm/hour.

The sinusocidal signal so generated is amplified
by o push-pull amplifier and fed to the tre wnsnitting

coil (T) through a shielded cable. T is a small coil of

mean dizmeter of about & cm cnd of about the same length
having 380 turns of super-enaelled 36 s.wWw.g. copper
wire (figure 3.2a). The coil is electrostatically
shielded in order to avoid the capacitive coupling with
the receiving coil ihrou5h the surroundings as only an

inductive interaction is reguired between them. The

_._ﬁ

ol

reason for this pre-requisite is to avoid the influence

5

of stray non-conductive bodies near the T-R system. The
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Fig.3-2 A VIEW OF THE (@) TRANSMITTING AND (b) RECEIVING COILS
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coil behaves like a magnetic dipole at distances greater.
than about five times its diameter,

The tronsmitting coil is tuned with the help
of variable capacitors to reduce harmoniec distortions,
The frequency of the signal is measured at the point F
With the help of a built-in frequency-meter and the
voltage at the point V. The measurement of the anonaly
vector at any instant is made through the method of samp-
ling the signal at that very instant for every cycle of
the signal. Senpling pulses are obtained from the trans-
mitter current itself. In series with the transmitting
coil is a combination of a variable capacitor (02) and
a resistance (Ry). The output scross the resistonce Ry
is used to generate sampling pulses for measuring the
in-phase component of the anomaly signal and the output
across the capacitor C3 is used to generate sampling

pulses for nmeasuring the quadrature component.

The sampling signals are anplified with the
help of amplifiers 5 and 6 and their D.C. levels are
adjusted with the help of potentiometers R4 and R5,
reEpectively, 4ftar ampiification, one of the sampling
signals is fed to the comparator K2. As explained
earlier, the output of the comparator is a square wave.
This is fed to a differentiating circuit which gives rise

to both positive and negetive pulses. However, since the
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sampling of the sinusoidal wave is to be done only once
a cycle, one pulse per cycle is selected through a diode
system. The positive pulses are absorbed by diode D2
and only the negative going ones appear at the cutput.
These are fed to a blocking oscillator which produces a
sampling pulse of 0.3 usec duration and of the same

frequency as that of the signal,

3.3.2 Reoceiver gection

The receiving coil(R)(figure 3.2b) is also a
shielded coil of nearly the same dimension as that of the
transmitting coil. It consists of 500 turns of 40 B.W.Z.
Super-enamelled copper wire and could be held at a fixed
distance from the transmitting coil in any of the ortho-
gonal or parallel orientation relative to it. The output
of R is taken through a field-effect transistor source-—
follower which isolates the lead capacity from the receiv-
ing coil and thus the signal remains unaffected during
transmission to the sampling unit (figure 3.3). The
signal is fed to an amplifier which has three amplifying
stages of variable gains 1-30, 1~20 and 20. Thus, the
total gain can vary from 20 to 12,000. The amplifiers are
highly stabilized on account of heavy feedback. ‘The 3 db

pass-band for this amplifier is from 2.2 khz to 110 khe,

The output of this amplifier is fed to another

amplifier (No.l3) which keeps its D.C. level highly
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constant. This, as we shall see, is vital for the signal
measurements. The D.C. level 1is kept at -4V and over it
appears a signal of 1V. The output 1is connected to a
transistor switch Sl which is normally in conduction. 82
ig another transistor switch which normally remains Open.
To these switches are connected the output of sampling
pulse generator. The arrival of a negative pulse does
not have any effect on Sl which is already in conduction.
But it makes 32 to conduct and thus the capacitor CS is
short-circuited. S2 remains closed only for the pulse
duration i.e. 0.3 psec.

The pulse further travels along a delay-line

which is terminated by a non—-characteristic impedance of

i )

the line so that it (pulse) gets reflected with a change

g

of sign. The total passage time through the delay line
ig 0.4 psec. The reflected pulse, which is a positive one,
opens the switch Sl after a gap of 0.1 usec gf the opab-
ing of 82 and the output terminal of the switch Sl imme-
diately rises to the signal voltage and charges the con-
denser CS to this value through the amplifier ne. 14, The
sampling pulse at the left end meets a characteristic im-
pedance and there is no reflection. Before the arrival
of the next reflected pulse, the capacitor CS is short-
circuited by the incoming negative pulse which closes the‘
switch'SQ. Thus, at the capacitor appears a rectangular

wave form of one sign only. This ig filtered by an
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R-C circuit. The filtered output is amplified by a D.C.
amplifier and fed to the indicating meter, and/or the re-—
cording wnit. The other‘end of the meter is connected to
a stabilized D.C. voltage supply and its potential can be
varied as described below for calibration. A 12V battery
operates this D.C. regulated power supply of 7.8V. This
is connected across a carefully designed (constantan

wire-wound) potential divider PqPg. The resistance P2P3

is exactly 9 times the resistance P3P4. &

3.3.3 Operational procedure

FPor making initial adjustments, the transmitter-
receiver (T-R) coil system is kept in free space away from
conducting bodies. First of all, the switch S (figure 3.3)
across the receiver coil is closed so as to short-circuit
the signal. This makes the potential at BO to ka8 only the
D.C. level of the signal. EO is then connected to E3 and
the potentiometer P5P6 is varied such that the potential of
Pl becomes the same as that of BO so that the indicating
meter reading is zero. The potential of Py is thus set

at the same level as the D.C. level of the signal,

Then Eo is connected to Ej, Io is connected to
Il (figure 3.1), and SO opened. The IP sampling
instant is varied till the meter shows a maximum reading
which implies thet the sampling is being done at the pesgk

of the gignal. The amplifier nos.l1l0 and 11 are adjusted

so that the meter reads zero which means that the potential
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of B. and P_ are identical. Then IO is connected with

12 and EO with E}, and the Qr sampling instant control is
varied. A zero reading of the meter implies that the
sampling is being done at the zero crossing of fhe signal.
The potential difference across P2P4 , thus, becomes

equivalent to the value of the signal.

The ealibration of the signal is now done by

again short-circuiting the signal and connecting Eo to Ez.

Since potential difference across is exactly (correct

AERE
374

gpto Cid- por cent) 10 per cent of the potential difference

between P P4 , the sensitivity control is adjusted for

the indicating meter to get a desired value of deflection.

N

This deflection would be 10 per cent of the signal also.
Ls now the final measurements are made with D.(0., absolute
linearity is ensured. A view of the transmitter, the

receiver and the recorder systems are shown in figure 3,43,

%.3.4 Mechanical system

The T-R coils together form a rigid system
which is fixed to 2 mobile carriage (figure 3.4b). A photo-
transistor is attached onto the carriage, the base of which
is illuminated. The output of the photo-transistor is
amplified and fed to onc pen of the recorder. The carriage
moves on a rail to which are attached the pointers, at
certain fixed spacings. As the carriage moves, these

pointers interrupt the light falling on the photo-transistor.
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Bach change in the output current causes a fiducial mark
on the chart which will correspond to the position of the
T-R system along the profile; The pointers may be fixed
at suitable distances enabling the exact determination of
the T-R system location relative to the target. The spot
values of the anomaly components can thus be found irres-
pective of the speed of the carriage. The curves may be

reconstructed from these discrete values,

%.3.5 Model tank

4 wooden tank (1.8m x l.2m X 0.75m) is used for
f£illing the salt solution which simulates a conducting
medium surrounding the ore-bodies (figure . 4c)s The tank
is lined with an insulator sheet. A wooden tray
(figure 3,4d) with a similar lining and containing acid
solution has been used 1o simulate a conducting overburden.
The T-R carriage and model-holders etc. are made of non-
conducting laminated sheets which are proved to be fairly
resistant to warping and corrosion by salt solutions.

The temperaturc of the laboratory was controlled
ot 24° + 1% so that the conductivity of the salt solution
could be assumed to be ccnstant against the ambient tempe-
rature variations outside the laboratory. The solution
was kept periodically stirred to maintain the homogeneity

of composition.
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3.4 Mode of Measurement and Reckoning of Anomalies

The traverses above the model have been taken
orthogonal to the strike of the conductor keeping the
transmitting and receiving coils in horizontal coplanar
arrangement denoted indicially as TOO1l L100 ROO1l by
Parasnis (1970 b). The standard notations used in
describing the prospecting system and the anomaly profile
are shown in figure 3.5. It may be noted that the spatial
points viz h and x are the same while reckoning the ano-
maly components from different profiles obtained when a
particular model is in air or in solution. The in-phase
and quadrature components in terms of the free—spaoe field
are denoted as Ip and Qr. A subscript a or o is used
depending upon the model is in air or in solution. The
values of IS and Qs are determined by sub:ﬁracting the
corresponding components of the response of the solution
Alone from the total response. The induction index and

enhancement ratios are also explained in the Tigope 3.5,

The reckoning of anomaly is simple for models
like thin vertical sheet since there is only one negative
central peak which occurs at the mid-point (i.e. x = 0)
of the profile. This is true whether the nodel is in air
or iﬁ solution. The flanking positive peaks for different
profiles also occur at the same x-points. However, diffe-
rent is the case with a model havipg large lateral extent

along the profile direction e.g. a horizontal sheet.
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FPigure 3.6 shows the variation of anomely components for

such a model with (a) the conductivity of the surrounding
medium and (b) with the increase in its depth.of burial.

When the model is placed in air there are two negative

peaks flanking a central positive hump in this case.

If any of the four sets of figure 3.6,is
considered, the profiles denoted by I, II, III etc. differ
only as regards the conductivity or disposition of the
surrounding medium. It is apparent that the negative peaks
do not fall at the same x-values. Thus, considering the
figure 3.6a=4A, if the Ip anomaly for the profiles I, Il
and III are reckoned as difference between the anomaly
values at the same points say x/L = 1.3 and x/L = 0.48,
only Ia is the correct peak-to-peak excursion but the
other two viz IS are not so. However, if only the peak-
to-peak values are taken irrespective of their x-positionms,
there is no physical correlation between (Ia)I’ (Is)II’

and (IS)III (Parasnis, 1973).

Much worse 1s the case for the gquadrature compo-
nent. In profiles I and II (figure 3.6b-B) there is a
glight positive hump in the middle of the profile. But if
the model touches the solution, the central positive peak
disappears and so do the flanking negative peaks giving
place to a large single negative peak (profiles III and IV).

The same is true in figure 3.6a-B. It is obvious that the
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Gr value for profile 1 (figure 3,.6b-B) can be reckoned as

Wiy = @y po1.14 = (/120,34

it

i) (Qr)x/L=O.34 5 (QI‘)X/IFO .

However, for profile III, the Qr will be

L2 QL modag = (Qr) 3 /120 |
Thus, the negative peaks of these two corresponding pro-
files may not be compared. Therefore, no anomaly index
diagram has been madc for such conductors. However, in
gencral the anomaly index dlasrams have been prepared de-
picting the variation of response with conductivity of the
surrounding medium, depth of burial, height of thée T-=H

system etc.

Because of the practical difficulties regarding

3 rh h-d
T the codls, i values have been on somewhat

higher side than what are used in the ground prospecting

5

design oi

as pointed out by Parasnis (1973). It isshowever, expected
that the gualitative nature of the findings will remain
unaffected since the most predominant influence of the
surrounding medium is mainly due to a conductive contact

between the target and the surrounding medium.

Detailed investigations on the influence of a

conductive contact between the target and the surrounding
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medium are presented in the next Chapter. The roles pla-

yed by the target-geometry, veriation of frequency of

energisation, T-R separation etc. have also been examined

for some representative configurations.



CHAPTER IV

RESPONSE OF TARGETS IN CONDUCTIVE CONTACT WITH
THE SURROUNDING MEDIUM

4,1 Introduction

The theoretical analysis of both the scattered
fields and induced currents in the case of a two-layer
spherical model brought out some essential aspects of the
influence of a conducting surrounding medium. Many field
cases also evince the ambiguities in the induction
prospecting data, introduced by a conducting terrain.
Braekken (1961) noticed a radical difference between the
actual depth of an ore body and that estimated through
electromagnetic exploration., Although he assumed a
highly conducting underlying layer to explain it, Negi
(1967) attributed the discrepancy to a conducting

overburden.

From a detailed analysis of multi-frequency
and multi-separation electromagnetic survey data over
some known ore deposits of Sweden, Parasnis (1971) also
found wide discrepancies between the actual values of
the target parameters and those predicted from conventional
anomaly index diagrams which do not take into account the
conductivity of the surrounding medium. He attributed the

discrepancies to the presence of a conducting overburden
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which modified the magnitude as well as the phase of the

response.

Barlier, Lowrie and West (1965) investigated,
through scale-model experiments, the effect of a
conducting overburden on a target placed in a highly
resistive medium. They found the overburden to cause a
reduction in magnitude and rotation in time-phase of the
anomaly vector. However, significant enhancement of the
electromagnetic response of a conductor by hostrock and
overburden,in conductive contact with it, has been reported'
by Gaur (1963), Gupta Sarma and Maru (1971), and
Gaur et al (1972). The important related theoretical
investigations have already been referred to in
Chapter II. However, the applicability of theoretical
studies, although leading to a meaningful physical
insight, is restricted on account of the simplicity of

tractable models.

Hence,in order to have a more comprehensive

investigation of generalised systems having different

(i) geometries of the conducting bodies and
their dispositions relative to the

conducting surrounding medium

and (ii) conductivities of targets, hostrock and

overburden,
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scale-model experiments have been carried out herein
employing a TOO1l L1000 ROO1l prospecting system at various

T~R separations and different frequencies of energisation.

When a target surrounded by a conducting medium
is energized by an alternating magnetic field, the

following processes are involved:

(a) electromagnetic screening (predominantly
by the overburden) which causes, as
mentioned above,

i) a reduction of the amplitude of
induced currents and
ii) a rotation of the current vector in

time-phase;

(b) deformation and redistribution of the
induced currents due to the conductivity
discontinuity at the contact-interface

of the target and the surrounding medium; and

(¢c) inductive interaction between the two
conducting systems viz the target and the
Surrounding medium whether they are in

conductive contact or not.

Furthermore, these factors interact in a
complex manner to affect the response and thus make the

qQuantitative interpretation of the data in terms of
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target parameters viz the size, shape, conductivity and
}

depth of burial, extremely difficult.

The physical concepts pertinent to factor vyt
have been discussed in Chapter II. The factors 'bY
and 'c!, however, need further elaboration. This Chapter
deals mainly with 'b' and experimental investigations on
representative models have been carried out with a view
to arriving at some coherent results. At the outset, some
experimental findings are discussed to gqualitatively
elucidate the influence of the conducting surrounding
medium. Later, some results on quantitatively simulated

models are also presented.

4.2 Slichter's Experiment

Slichter (1959) reported a significant
enhancement of the secondary field due to a bare copper
wire as soon as it was dipped in a salt solution as
compared with that obtained when the wire was in air.
The phenomenon will be called, hereafter, as Slichter
effect. As early as 1832, Faraday had also predicted an
analpgous effect that a measurable e.m.f. would develop
in a copper wire placed across the English Channel due
to the movement of sea-water in the earth's magnetic field.
Such an e.m.f. varying in phase with the tides, was
actually observed by Wollastan (1881) about half a

century l=ter,
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When performed in this laboratory, this
experiment was found to provide a valuable physical
insight into the influence of a conducting hostrock
(Gupta Sarma and Maru, 1971). More detailed investigations
have, subsequently, been made using copper wires as well
as less conducting graphite cylinders immersed at

different depths in a salt solution.

4.,2,1 Copper wires

A bare copper wire (cwl) of diameter 2.1 x lO—Bm,

and length 1.0 m was found to be indetectable when placed
in air (whether underlain by the solution surface or not)
through a TOOLl L100 ROO1l prospecting system (L = 0.2 m
and h/L = 0.4). However, an appreciable response was
produced even if its ends were dipped about half a om
each side (Position A) in the salt solution of

conductivity o_. = 10.1 mho/m (figure 4.1). The quadrature

s
component of the response was quite significant though
the'in—phase component was relatively smaller. As the
depth of burial of the wire was increased, both the

Ip and Qr components were enhanced. Initially, the Qr
component increased at a much faster rate as compared
to the Ip component (inset of figure 4.%), Hengs, the
Ip/Qr ratio i.e. induction index I, for position A as
well as for position B (when the lower half of the wire

is immersed in the solution along its entire length) is

much less than unity (inset of figure 4.4). The rate of
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enhancement of the Ip component, however, inoreased for
greater depths of burial resulting in an increase of Ii
(figure 4.4). Beyond d=20.02 m, the Qr component starts
decreasing and Ii which becomes unity for 4 = 0.03 m is
further increased. The anomaly index diagram with

_variation in the depth of burial is shown in figure 4.5.

The same experiment was repeated with an
equally long but thinner copper wire (CWZ) of

diameter 0.9 x lO—3

m for which the anomaly profiles are
shown in figure 4.2. The response in this case is found
to be much smallef than that of the thicker wire when
both are flush with the solution. However, both the

Ip and Qr components increase rapidly as the wire is

moved from the position A to the position B (figure 4.3).
With increasing depth of burial, the Ip component
continues to increase while the Qr component attains a
maximum value and then decreases in the same way as
obgserved for a thicker wire. It is noticed that the depth

of burial for CW, beyond which the Qr component starts

i
decreasing is relatively smaller than that for CW2.
This observation will be further discussed in Section
4.2.5.1. In general, however, the gqualitative behavior
of the responses of two wires are similar, For greater
depths of burial, the induction indices for both the

wires are also found to.be almost equal. It may,

therefore, be inferred that the enhancement in the
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response of the wires is primarily diggnostic of the

conductivity of the surrounding medium.

4.2.2 Horizontal graphite cylinders

Responses of graphite cylinders
(cm = 12.0 x 104 mho/m) of different diameters and lengths
have also been studied since they represent more realistic
physical models than a copper wire. A cylinder immersed
in a salt solution mey simulate a concentrated mineralised
manto with a zone of disseminated mineralisation around
it. The results on graphite cylinders thus have
relatively greater implicit pertinence to the field
problems. Figures 4.6 to 4.9 present the anomaly profiles
for four representative cylindrical rmodels whose

dimensions are indicated there.

It may be pertinent to mention here that the
anomaly components are reckoned from the background level
away from the target. Effectively, the Ip and Qr
components of the solution are subtracted from the
components of the total response so as to get the response
of the target alone in presence of the conducting
surrounding medium. Of course, since the observations
are made over a region free from wall effect, the peak-to-
peak excursicn - remains unaltered. It may also be noted
that the transverse positioning of the anomaly profiles

has no effect on the peak-to-peak excursion and therefore
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to avoid mixing up of the profiles, a transverse shifting
of the anomaly profiles has sometimes been made in the

subsequent figures.

The anomaly components of a cylinder (GCl) of
length 2L held in air are found to be identical to those
of a cylinder (GC2) of length 4L (h/L = 0.4). This
implies that, when kept in air, even the cylinder of
smaller length appears to be infinite with respect to the
prospecting system since its ends are not discernible.
The situation, however, changes remarkably as Soon as the
cylinder and the solution (Gs = 10.1 mho/m) are brought
in conductive contact with each other and the response of
the longer cylinder becomes much greater than that of %he
smaller one as shown in figure 4.10 in which the marks on
each curve corresponds 1o the same depth of burial.

Also, with increasing depth of burial, the response
enhancement ratios (Is/Ia and QS/Qa as defined in
Section 3.4) are greater the longer the cylinder is

(figure 4.12).

It may be further noted from what follows that
the enhancement of the response, though greatly depends
on the linear dimension, 1is much less affected by the
variation of the diameter. The Qr components of the
anomaly due to GC, and G03 (figure 4.10) are almost

jdentical and the Ip component Lor GO3 which is slightly
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thinner than GC ’is smaller than that for the latter

i
(viz GCl) when both are kept in air. The greater length

of G03 than that of GCl

as both appear to be infinite when placed in air.

is expectedly of no consequence

However, as soon as they are immersed in the salt solution,
both the Ip and Qr components of the response of G03
become distinctly greater than those of GCl. In contrast,
the response behaviors of G03 and GC4 evince that the
enhancement ratios (Is/Ia and QS/Qa) for the cylinders are
not very much different from each other, in spite of the
fact that the diameter of GC4 is about one and a helf

times greater than that of GC3'

It may, thus, be inferred that for this
prospecting system it is the length along which the
higher conducting target touches the solution, that plays
a significant role in the enhancement of the response.
The contact in the depth direction does not contribute

much to the enhancement.

Pigure 4.11 depicts the values of Ii for these
cylinders. It is seen that whereas the value of Ii Tor
G03 is less than that of GCl
considered here, Ii for G02 is less than that for GC

for all the depths of burial
h §
initially but overtakes it as the depth of burial is
inereased. ©Such a complex variation of Ii for different

models with depth of burial greatly reduces its
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significance as an interpretational parameter in drawing
an inference about the properties of the ftarget in a

conducting surrounding medium.

4.2.3 Physical explanation

The enhancement of the response of the above
models (wires and cylinders) even when they are partially
immersed in the solution and a further increase with
increasing depth of burial is quite interesting. This
phenomenon may be ascribed to the collection of additional
current lines from the less conducting golution by the
better conducting target. The redistribution of current
lines naturally takes place from all sides. Therefore,
as the target is immersed deeper, & larger volume of the
solution is available around it from which to collect and
thereby concentrate the current through itself. This
explanation is supported by the analysis of the induced
current distribution (cf,Section 2.2.4.4) where the
current density in a less conducting surrounding medium
was found to decrease with increase in the conductivity
of the core. The process of redistribution of currents
in a spherical system has, of course, been nuch less
pronounced because of its symmetry than what is observed
in the above experiments. A greater dependence of the
response on the length of the target when surrounded by a
conducting medium as compared to that when it is plaosd

in air is obviously due to the possibility of collection
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of larger current by a longer conductor in accordance with

this explanation.

The megnitude and nature of the enhancenent is

expected to depend upon

(i) the conductivity contrast between the
target and the surrounding medium besides
the absolute values of the conductivities

pf otk

and (ii) the nature and surface area of contact

of the target with the surrounding medium.

The phenomenon of enhancement may appear to
have been amplified in the case of copper wires and such
a large enhancement as this may not be observable in
realistic situations. But the enhancement of response in
the case of much less conducting graphite cylinders
certainly indicates the applied significance of the
results and one nay expect similar situations in the

field surveys.

4.2.%.1 Relative enhancement of the in-phase and
quadrature components
For all the models investigated here, QS/Qa
has been found to be very nuch greater than Is/Iq pifo o 0

the quadrature component of the response is enhanced
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relatively much more than its in-phase counterpart when
the target 18 immereed in a solution. This in turn may be
regarded as the corollary to the phase of the currents
induced in a solution of low conductivity. This effect
causes a significant reduction of the induction index Ii
(figures 4.4 and 4.11) when the model is in the solution

as compared to that when it is in air.

The behavior of Ii with increase in the depth
of burial in the case of graphite cylinders is found to
be different from that for copper wires. It appears
that there exists a limiting depth of burial upto which
the collection of current keeps on increasing. Beyond
this limit, it is mainly the phase rotation which gives
rise to an increase in the Ip component and reduction of
the Qr component. The longer is the conductor and the
higher its conductivity the sooner this limit will be
attained. Thus, for a less conducting target such as a
graphite cylinder this limit approaches at a greater depth
of burial, while for a higher conducting model like a
Copper wire it is attained at shallower levels. Further,
in the case of latter, the limit is deeper for a thinner
wire. This explains why Ii in the case of a copper wire
is found to enhance with increase in the depth of burial
beyond shallow depths but different is the case with
less conducting graphite cylinders. It will be seen

subsequently that the Ii values for sheets of copper
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and stainless steel begin to increase with increase in d
right from the position when the model top is flush with

the solution surface.

The modification of the response components as
well as their ratio i.e. Ii for a target as brought about
by a conductive contact with the surrounding medium will
greatly impair the interpretational sensitivity in the
induction prospecting. The first order inference about
the grade of an anomaly from the induction index will,
also be in error if the influence of the conducting

surrounding is not appropriately taken into account.

4,3 Isometric Conductors

Isometric conductors may be assumed %o
represent localised concentrated pockets of sulfide
ore-bodies. Because of their small cross-sections
orthogonal to the profile direction and symmetrical shapes,
the redistribution of the current lines and their
consequent concentration in and around the target is not
expected to be appreciable in this case. The experimental
investigation of their response supports this hypothesis.
In particular, the effect of a conducting surrounding
medium on the Ip component is almost insignificant
although the enhancenment of the Qr component is found to
be relatively greater but still remaining nuch less thén

that observed in the case of elongated conductors.
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4.3.,1 OSpherical models

The response variation of spherical bodies has
been studied for different conductivities of the target
and the surrounding medium. The Ip component is found to
decrease if & sphere is Held just above the solution i.e.
insulated from it or even when its lower portion touches
the solution. This observation, noticed for spheres of
various diameters, is different from, and in a way
contradictory to, what was observed in Section 4.2. A
Sinilar interesting effect was noticed by Rikitake (1961)
while studying the effect of conducting oceans on long
Period geomagnetic variations. He discovered that if
allowance was made for the conducting mantle underlying
the oceans, the inductive effect was found to be greatly
reduced as compared to that when the underlying layer was
neglected. Recently, Hill and Wait (1972) have discussed
the inductive interaction between a sphere and an

underlying conducting ground.

The reduction of the Ip component merely
because of the vicinity of the solution, when there is
neither electromagnetic screening nor a conductive
contact between the target and the underlying solution,
résembles a transformer action. In the configuration
nentioned above, the inductive interaction between the
Sphere and the solution appears to be opposed to the

enhancing influence arising from a conductive contact.



The contrast between the target geometries, viz a Sphere
of symmetrical shape having much less lateral extent than
the elongated targets, is also to be noted. Figures

4.13 t0 4.17 give the anonaly profiles for spheres of

different conductivities and dianeters.

As a spherical conductor is gradually lowered
down in the solution, the Ip component shows a slight
increase presumably because of the increased Slichter
effect. In the case of a graphite sphere (dia.= 0.12 n),
it is observed that on conpletely dipping it in the
solution (so that its top is flush with the solution
surface) the Ip component of its response becomes
Slightly greater than that obtained when it is placed in
air (figure 4.14). However, in the case of spheres of
Other diameters, whether larger or Snaller, the values of
IS renain nore or less the same as the corresponding Ia
values. A selective enhancenent of the Ip component for
2 particular case, though not‘significant needs further

investigation.

However, the Qr conmponent is found to be
enhanced for all the configurations angd depths of burial
and it further increases as the nmodel is brogressively
lowered in the sclution. The anonaly anplitude as 2o
whole is, thus, found to increase. In accordance to the

logic of Section 4.2.3.1 the induction index Ii undergoes
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a reduction as the sphere is immersed in the solution.

Fron the observations on the spheregs, it is
further confirned that for the situations considered
presently, the linear dimension rather than the
conductivity of the target plays a predominant role in

the enhancerent of the anonaly.

4£.%3.1.2 Varigtion of the conduetivity of the surrounding

nediunm and the frequency of cnergisation

Since an increase was noticed in the Ip as well

as the Qr components of the response of the graphite
sphere of diameter = 0.12 n, the nodel was studied in
further detail by changing the conductivity of the
surrounding nedium and the frequency of the energising
field. It was seen that the anomaly components for this
sphere get enhanced on immersing it in the solution for

a reduced T-R separation (L = 0.15 n) also (figure 4.18).

The conductivity of the solution was varied in
the range from 1.55 mho/m to 10.1 mho/m and the behavior
of the response studied. The Ip conmponent is found to be
enhanced (figure 4.20) for higher values of O lying
between 10.1 mho/m and 6.7 mho/n. However, for lower
conductivities (GS< 6.7 nho/m) the enhancement is
inappreciable. For this range of o (low values) and at

shallow depths, IS is less than even Ia' But as the depth
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of burial is increadad, IS resumes the same value as Ia'
The value of QS is, however, found to be increasing even
for the lowest conductivity of the solution used.

Though, of @oupras, for cscal.55 nho/m the enhancement of

the Qr component is negligibly small.

The effect of reducing the frequency upon the
enhanoément ig, in general similar, as it should be, to
dininishing Oy e But, while the wvariation in o, causes
a change in the response parameter of the surrounding
mediun alone, the frequency variation affects the
response paraneter of the target as well. Hence by
decreasing Ogs the Qr componcnt decreases but the sane
ig not true if the frequency is reduced. Figure 4.19
shows that within the frequency range studied, the Qr
conponent is enhanced with decrease in frequency when the
nodel is kept in air but the trend is reversed when it is
placed in a conducting surrounding. If O, becomes so low
that the Slichter effect is negligible, the sane trend
i.e. enhancenent of the Qr component with decrease in
frequency is restored. As will be seen subsequently,
gimilar variation of the Qr component with frequency
takes place for other nmodels also. It is found to be

nore pronounced for elongated sheets.

The reversal of the Qr variation with fregquency,

as o is increased, may also be attributed to the
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characteristics of the induced currents collected by the
Sphere from the solution. Since these currents in the
solution are mainly in quadreture with the primary field,
the reduction in the frequency of energisation decreases
their magnitudes because of the reduced induction. This
manifests itself in the variation of the Qr component of
the response with change in the frequency when the sphere

is placed in the solution.

4.3.2 Thick short cylinders

Investigations on thick short cylinders were
made in continuation with the studies on spherical models.
Though the dimensions of the cylinders were greater than
those of the spheres studied above, yet the length/diameter
ratioc was approximately unity and these cylinders could
also be regarded as approximately isometric. However,
probably because of the edges of the cylinder (in contrast
to the smooth surface of a sphere) and their larger
Sizes, the effect of the conducting surrounding medium
(oS = 11.6 mho/m) on the response of these conductors is

found to be much greater than that observed in the case

of spheres.

Figure 4.21 (a, b, ¢) shows the anomaly profiles

for a cylinder (Ll e FAA% m; D, =0.14 m) and figure 4,22

(a, b, ¢) for another cylinder (L2 = 0L k50 D, = 0.16 m).
The axes of the cylinders were kept vertical. Figure 4.23
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(a, b) presents the anonaly index diagrams for thenm with
variation in d for different h/L values. Both the
Ip and Qr conponents are enhanced with increasing depth

of burial of the target in the salt solution.

Figure 4.24 (a, b) and 4.25 (a,b) show the plots
of IS/IEL and QS/Qa versus d. For these models also, the
enhancenent ratio for the guadrature component is found
to be nuch greater than that for the in-phase conmponent.
This difference is further accentuated for greater heights
of the T-R systen. The induction index, therefore,
reduces to about one-fourth(d = 0.0m) of that obtained
when the cylinder is kept in air (figure 4.26). The
reduction in Ii is nore or less of the same order for
both the models. The variation of the enhancement ratio
With the depth of burial is inappreciable notwithstanding
the significant differential increments viz IS - Ia
and QS - Qa' The behaviour of the anomalies due to these
short cylinders iz observed to lie between those of the

long horizontal cylinders and spheres.

The profiles of the anomaly components for these
cylinders at low heights of the T-R systen (say h/L = 0.2)
have a positive hunp in the middle similar o what was
observed in Section 2.5 for spheres. The diffioulty 4n
naking an anomaly index diagran for such profiles has

already been discussed in Jection 3.4. But contrary to
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the response variation illustrated in figure 3.6, in the
case of thick short cylinders both negative peaks and
Central hump of the Ip component increase as the model

is dipped in the solution (figure 4.2la and 4.22a). Of
course, the central hump of the Qr profile is reduced on
immersing the cylinder in solution and the negative peaks
are greatly enhanced and they come closer to each other

as the depth of burial is increased.

4.4 Teabular Sheet Type Bodies

Sheet models simulate vein type mineralised
deposits. Such a structure of sulfide ore bodies is
known to occur moét commonly. Majority of the scale-model
experiments, reported in geophysical literature, have
been carried out on sheet type models. A number of
anomaly index diagrams pertaining to thin sheets when
kept in air for different dip values are available
(Strangway, 1966a). The results presented in this
Section are expected to offer useful guidelines in the
interpretation of induction prospecting data where the
hostrock/overburden is also anticipated to be partially

conducting.

4.4.1 Steeply dipping graphite sheet

The length and depth extent of s graphite sheet

of dimensions 0.70m x 0.20m x 0.021m could be regarded
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as about infinite since the lower edge and side ends do
not have measurable inftluence on the response. But the
situation is drastically different if the sheet is
brought in conductive contact with the solution

(ef. 8eotion 4.2.2). Tue thickness of the sheet also
could not be regarded as very small since the skin depth
for the sheet material at a frequency of 100 khz is about
0.004m. Yet, this sheet was chosen for a more realistic
representation of thick vein type ore deposits. Figures
4.27 to 4.31 depict some anomaly profiles for the sheet
at different h/L values using different frequencies of

energisation and conductivities of the surrounding medium.

4.4.1.1 Variation of the conduectivity of the surrounding
medium

Figure 4.32 (a, b) Bhows the anomaly index
diagrams for 100 khz and figure 4.33 (a, b) those for
50 khz at two depths of burial. As the model is immersed
in the salt solution, both the Ip and Qr components
increase monotonically with increase in Oy For low
values of Oy» the Ip component shows an insignificant
increase but the Qr component increasei?elatively faster,
However, if the conductivity of the Surrounding medium is
increased (st>6.7 mho/m), the enhancement of the
Ip component also becomes 8ignifiocant. At a larger
depth of burial (d20.03m), the rate of enhancement of

the Ip component is more than that of the Qr component,



- 148 -

“% In-~Phase Anomagly % Quadrarure Anomaty
8.0 4.0
4.0t S S 2:0¢ e,
\ R e —xsL—= o
e A\ S G - Va \\\_
P oot bl 1 1 { i b . = ol | ' + S S § s : F— 1 t S
-5 2] ¢} 15 ~ 1.5 -0 X, | 1-0 s
"‘ Fy, E .,.
Mode! [ Graphite Sheet (6, LI TT, 18 ¢ =20 s !
Length = 0:70m e i /
width =0-20m ; - L=0-2m = [
Thickness = 0:02im Tl ‘R ) I == - n Alr
nL =08 e T P i == =< In Soin,, G = 6:7 mho/m
b
Y = 12.0%x10*mho/m ——— In Soin.,, 6, = 10-1 mho/m
Frequency = 100 Kng -6-0l— d=0:0m
e - 90" A T e any B
o
G
FIg.4-27 ANOMALY PROFILES OVER A GRAPHITE SHEET (h/L=0-5)
% In- Phase Anomaly % Quadrature Anomaly
G-Or— 4.0—

\ E
4.0~ W= 2:0
Modei Graphite Sheet (G, ) \ 4 |
Lengra - 0-70m T o I
/
width =0.20m o=
Thickness = 0:021m 0L =0'2m— N Y
nsL - 0.373 T R Vot
C 3 SR W = mn \ | /
Gm =12-0 x16* mho/m =R ! e = —\{.oL /
Frequency = 100 Khz 1 /
o - 90" | P Sain. Level ;
T ey — 8.0k TTTT Al
—x | ~ = = In Soin,, Oy = 6:7 mho/m
G, r In Sotn,, O =101 mho/m

—10-0 d=0.0m

B

A

Fig.4-28 aANOMALY PROFILES OVER A GRAPHITE SHEET (h/L=0-375)



“% In-Phase
4-0

Modef [ Graphite Sheet(G))

Length = 0:70m

Width = 0-20m
Thickness = 0:02tm

h/L =05

Om - IZ-OXIO‘mho/m
] = 90°

Flg.4-29 ANOMALY

Y% in-Phase Anomaly

4.0

Anomaly

— X/l -

- 149 -

A

G,

PROFILES OVER

%

Length =0-70m

width =0:20m

Thickness = 0:02im

h/L =05

6 = 12:0X10 mho/m

-] - 90° -12.0

Fig.4-30 ANOMALY

% In-Phase Anomaly

4.0
[~

— L=02m =

[‘IE‘—-——F —-1»£.=J_:RJ

|
| B Soin.Level

\\(\mmm\\\\\\\\mﬂ\\ verr
F=x 4 49

G

PROFILES OVER A GRAPHITE

A GRAPHITE

Quadrature
20—
— X/ L -

Anomaly

Frequency = 100 Kkh;
| Frequency = 50 khz
Frequency = 20 khz

- 3.
0 tn Air
~6-0
8
SHEET
Quadrature Anomaly

2:0
f—x/L—-

~——- Frequency = {00 khy
n Frequency = 80 khr
~+—.-= Frequency = 20 khz
B In Soln,0g =101 mho/m

—6.0L d =0-03m
B
SHEET
% Quadrature Anomaly
2:0
— X/L —-

Model . Graphite SheetiG,)

Length - 0-70m

width = 0:20m

Thickness = 0-02Im

h/L = 0-5

T - |2~0XI04mho/m

e - 90° —12-0

A

Fig.4-31

!-—L-O'Zrn—-'

i R

!I'J-:}A—~—r—' ==

f ! T
1

I Soln.Level
Ty WA o
- X = _Al!
6
ANOMALY PROFILES OVER A GRAPHITE

S m
N 7

s
—2'0 p— ~=~- Frequency = {00 khz
|_ ———— Frequency = 50 kh;z
Frequency = 20 khz
'4'0" in Soln., 0y = 3-3mho/m
L d=003m
B

SHEET



Anomaly —

Qr

%

Qr Anomaly —e

%

- 150~

Mode | Graphite Sheet (G)
tength = 070m Cm - |2 OXloamho/m
Wwidrh = 0-20m B ay = |O-Imho/m
Thickness ==0.02im H (2] - 90°
L =0-20m
|O~0"‘ 100 —
I - (b)
— 9 0+
8-0
- e
. e AUl
7.0 @:"_M‘
> /J@‘\
— h/L =0-375
o
€
o
c
LS4
h/L=0-375%
Q
-~
0.0 I.I.I.I‘L‘l‘l.l,o.o.L.IQI.I.[.iAI.l.I.
100 12-0 14.0 16-0 18:0 20-0 22-0 24.0 10-0 12-0 i4:0 i6:0 18-0 20:0 220 24-0 260
— % lp Anomaty ——m R “% lp Anomaly —a
Fig. 4-32 ANOMALY INDEX DIAGRAMS FOR A VERTICAL GRAPHITE SHEET - (a) d=00m {(b) d=0.03m
FOR 100 khz
9-Or 9.0r
L (a) L (b)
80— 8.0
| ® '’
70— x° 3
R
- \0//
s
60— 6" -7
rd
~
- =
3-0 - °
- P £
I ™~ h/L=0375 ©
o «
q .
4.0 |— 0'//' N
i o
i &
.0 — -
3 onol®
L U -
= o /’/
20 gERle = "
n“fz”’
1.0 b—
o0l P R (SR [y (e L (S e CE |
i0-0 i220 14.0 16-0 18-0 20-0 22-0 10-0 12-0 140 16-0 18:0 202 220
_ % lp Anomaty —e —— % 1p Anomoly —a=
Fig.4-33 ANOMALY INDEX CIAGRAMS FOR A VERTICAL GRAPHITE SHEET , (a) d=00m

(b)

d=0-03m FOR 530khz



= 181 .,

Figure 4,34 illustrates the Variation ot the
Ig/1, and Gg/Q, with 0g/0,. The ratio Qg/Q, continues to
increase for shallow depths of burial with increase in Oy
The yrate of increase of QS/Qa for larger value of
d (> 0.03m) is, however, reduced with increase in i
A non-uniform increase of the eénhancement ratios and g
depression in the curve for Qs/Qa (and also in that for
IS/Ia to a slight extent) may be compared with that observed
in figure 2=k, T+ corresponds to the transition zone
when the effect of the conducting Surrounding medium
becomes appreciable. Figure 4.35 shows the Variation of
the enhancement ratios with g continuous increase in the

depth of burial for different values of Oy

medium (figure 4,36), But for larger values of
ds/om (R$6xlo"5) and d(= 0.03m), Ii shows an increasing
trend with increase in Oy because of the phase rotation

of the induceg currents towards the in-phase axis.
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in the entire range.

The rate of enhancement of the response at
50 khz is less than that at 100 khz (cf,figure 4.32
and 4.33). Figure 4.37 shows the variation of the
induction index with oy at 100 khz, 50 khz, and 20 khe.
When the sheet is in air, the value of Ii is greater the
higher the freguency. But when it is dipped in the
solution, particularly of a high conductivity, the
variation of Ii is noticed to be in reverse order, This
effect also is attributable to the fact that the
enhancement rate of the Qr component due to a conducting
surrounding medium is more than that of the Ip component
at higher freguencies (say 100 khz) and hence the
induction index is reduced with increase in the
frequency. However, further increase of o, Or f would
again reverse the trend of variation of Ii since the
currents induced in the solution will then be more in
phase with the primary field and thus enhance the
Ip component. But in the present work only a marginal
increase of the either quantity could be realised owing
to the restriction offered by the maximum available
conductivity of the salt sclution and difficulties in

instrumentation.

It has been noticed that when the model is

kept in air or in & solution of low conductivity, the



Ip component of its response, studied at different
frequencies, is maximum at 50 khz. This observation

appears to be akin to the resonance-like effect observed for
induced currents. An anti-resonance is observed for the

Qr component which is minimum at 50 khz and Oy = 3.3 mho/m.

4.4.1.3 Variation of the depth of burial

Further study of the variation of response
with the depth of burial was made at an increased
I-R separation (L = 0.25m) enabling a larger penetration
of the inducing field. The absolute value of h ‘ecouwid,
thus, be increased maintaining the h/L values and hence
the response unchanged. This made feasible the study of
the effect of a thicker overburden. The conductivity of
the surrounding medium was also increased to 11.6 mho/m.
Figures 4.38 and 4.39 show anomaly profiles for different
depths of burial. The anomaly index diagrams are
presented in figure 4.40 and the variation of the
enhancement ratios (Is/Ia and Qs/Qa) with depth of burial,
in figure 4.41. It may be seen that the Ip component
continues to be enhanced with increasing depth of burial
even upto d= 0.1 m but the Qr component shows a monotonic
decrease with increasing d in contrast to what was
observed for small values of L (cf,Section 52,51,
Thus in this case, the induction index increases with

increase in the depth of burial,
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4.4.¢ 'Thin sheets

Thin sheets of stainless steel (cm = 14.0
x 107 mho/m) which could be regarded as half-planes, were
also investigated for a comparative study with the
existing data. Figures 4.42 and 4.43 give some of the
anomaly profiles for a sheet of stainless steel (SSl)
of cmt = 686 mho and figure 4.44 and 4.45 those for
another sheet <SSZ) of o,t = 266 mho. The anomaly index
diagrams for the two sheets are shown in figures 4.46
and 4.47 for different depths of burial. Figures 4.48
and 4.49 give the induction index and figures 4.50
and 4.51 the variations in the enhancement ratio with d.
The conductivity of the surrounding medium is taken to be

11.6 mho/m.

In this case the Qr component is found to
reduce with increasing depth of burial right from d = 0.0 m
while the Ip component continues to increase. This
observation is in accordance with the explanation given
in Section 4.2.3.1. The saturation limit for a stainless
steel cheet here appears to have reached when the top
0f the sheet is just flush with the solution surface
because of its high conductivity and large surface area.
It causes a monotonic increase of the induction index

with increase in the depth of burial.

The effect of varying o, on the response of
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SSl was also studied. Figures 4.52 to 4.55 give the
anomaly profiles and figures 4.56 and 4.57 the anomaly
index diagrams for this sheet. Broadly, the nature of the
anomaly index diagrams are similar to those for the
graphite sheet except that for higher Og values the

Qr component shows a greater tendency of decreasing with
increasing Oge The variations of the enhancement ratios

and the induction indices are shown in figures 4.58

gnd 4,59 reapsatively.

In order to cover the extreme values of
conductivities of target models, the responses of a thick
copper sheet (almost perfectly conducting) and sheets of
perspex (almost perfectly resistive) were also eiamined.
Figures 4.60 and 4.61 show the anomaly profiles and
figure 4.62, the anomaly index diagrams for a copper
sheet (cmt = 9.86xlO4 mho). As is expected, in this case
the decrease in the Qr component with increasing depth of
burial becomes still more pronounced than what is
observed for stainless steel sheets. The enhancement
ratio IS/Ia either increases (at small h/L) or remains
unaltered (for large h/L) with increase in the depth of
burial while QS/Qa is invariably found to diminish
{figure 4.63), Consequently, the induction index Ii shows
a monotonic increase with increase in d (figure 4.62b).
The effect of increasing h/L is found to enhance the ratio
IS/Ia but reduce the value of QS/Qa and hence I, increases

with increase in h/L.
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It may be of interest to notice that the
differential increments IS - Ia and QS - Qa of the
anomaly components in this case are of the Same order as
that for a stainless steel sheet or a graphite sheet.
The order of differential enhancements for similar O
and d values in the case of a copper wire also was not
much different. This fact indicates that the differential
eénhancenent of the response of a highly conducting sheet
Or any other elongated model is primarily dependent upon
the conductivity of the surrounding medium rather than
that of the target. Of course, the behavior of the

enhancement ratios and induction indices depends on both.

Sheets of perspex (+t = 0.0069m and 0.0016m)
do not produce any e.m. response when placed in air
because of their negligibly small conductivity. But when
they are dipped in 2 salt solution (they simulate a cavity
in a conducting nedium) a negative anomaly is produced
which does not cross the zero level at any point on the

profile (figures 4.64 to 4.67).

For both the sheets, the Ip and Qr components
decrease with increasing d (figure 4.68 and 4.69) but
the induction indices show an enhancement (figure 4.70
and 4,71). In fact, the anomalies due to these sheets
are simply geometrical effects similar to the wall effect,

because of a resistivity discontinuity between a sheet
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and the solution medium. Such an effect is inherent oy
conducting sheets also und it decreases in all the cases
With increasing depth of burial. Gaur et al (1972) have
obtained a positive anomaly for g Similar perspex sheet

when kept horizontally,

4.4.3 Horizontal grephite sheets

conducting sheet, Experimental investigations on thin
sheets with zero dip have been carried out by Frischknecht
and Mangan (1960), Strangway (1966;Qetc. Recently,

Gaur et gl (1972) and Verms (1972) have reported some
results of scale model experiments on determining the
influence of g conducting Surrounding medium on the e.m.
Tesponse of a horizontal sheet to different dipolar
brospecting systems., Though in all the cases, an
enhancement of the response caused by a conducting
Surrounding medium was Observed, it was most pronounced

for a T100 LOO1 R100 brospecting system.

This model has been further investigated for
different frequencies ang conductivities of the
Surrounding medium. The influence of the conducting
Surrounding was expected'to be greater for this model
than for g vertical sheet because of g lesser distance

of the bProspecting system from the linear parallel
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conducting elements (cf, Section 3.5.3%) of which a sheet
may be assumed to be composed of (h being identical in the
two cases). Though this is generally found to be true
8till a direct comparison of the anomalies could not be
made because of the difference in the shapes of anomaly
profiles. In the case of horizontal sheets, a central
positive hump appears in the anomaly profile besides two
negative peaks flanking it, similar to what was observed
for spheres and thick cylinders(cf.Section 3.4). The
relative amplitudes of the positive and negative peaks
vary with the height of the prospecting system. Also,
in this case the Slichter effect was found to cause a
reduction of the positive peak and an enhancement of the
negative peak. This makes, as seen below, the influence
of the conducting surrounding on the electromagnetic
response of a horizontal sheet to have a qualitative
dependence on the height of the prospecting system.

Details of some salient findings are given below.

4.4.3.1 Variation of the depth of burial and the
conductivity of the surrounding medium
The conductivity of the salt solution was
varied from 3.3 mho/m to 10.1 mho/m to study its
influence on the response of a horizontal graphite sheet
(0.70m x 0.20m x 0,009m). Figure 4.72 (a, b) shows
profiles of the Ip and Qr components at h/L = 0.5
and h/L = 0.4 (L = 0.20m) for different values of g at
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100 khz and oy =:i0.1 mbo/m; Por s height of B/L = 0.8,
the Ip profile has a predominantly positive peak when the
sheet is kept in air. If the height exceeds 0.5L, the
positive peak increases further till at h/L = L.0; ths

Ip component is positive all along the profile. The

Qr component also behaves similarly though its value is
very small when the sheet is in air. As the height of the
T-R system is reduced, the positive peaks of both the

components decrease and the negative peaks are enhanced.

As soon as the lower surface of the sheet
touches the solution, a remarkable change occurs due to
the Slichter effect. The negative peaks are greatly
enhanced and the positive peak is decreased making the
sheet appear thinner and of greater depth extent. This
behavior gives rise to a characteristic variation of the
Ip component different from those seen for vertical sheets,
at those heights for which the Ip component of the
enomaly is predominantly positive. In such cases e.&.
at h/L = 0.5, the reduction of the positive peak of the
Ip eomponent is much more than the enhancement of the
negative peaks. The net result is, therefore, a
reduction of the Ip profile amplitude (maximum peak~to-
peak excursion along it) due to the conducting surrounding
medium (figure 4.72a). However, at lower heights of the
prospecting system the situation is different. At

h/L = By the peak-to-peak excursions for both negative
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and positive peaks are hearly equal when the sheet is
kept in air (figure 4.72b). On dipping it in a solution
of conduetivity 10.1 mho/m, the central positive hump of
the Ip profile is reduced significently, whilst the
negative peaks increase and hence the anomaly amplitude is

greatly enhanced.

The Qr component of the anomaly, however, shows
a uniform enhancement for all the h/L values studied
herein. 0Of course, the central positive hump of the Qr
profilg also is reduced by the conducting surrounding
medium. As soon as the sheet is flush with the solution
Surface, a single enhanced negative peak is obtained.
For a configuration when the sheet is just above the
Solution without touching it, the magnitude of the central
hump does not change much but the negative peaks are
enhanced. This effect vig the modification of the Qr
component even when there is no conductive contact between
the target ang Surrounding medium, is similar to that
observed in the case of spheres (Section R ) . T
difference between the two cases, however, arises due to
the nature of interaction between the target and the
solution surface. The negative peaks of both the Ip
‘and Qr components increase wonotonically with increasing
depths of burial upto d = 0.05m for which measurements

are made.
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Investigations have also been carried out Tor
O = T+3 who/m and 4.2 nho/m.  Figures 4,73 (a, b) and
4,74 (a, b) present the anomaly profiles for these cases,
The effect of g conducting sclution, as for other models
studied above, diminishes as O is reduced but no quali-
tative change is observed. A direct comparison of the
anomaly values for different values of O is shown in

figure 4,75 (&, B),

Preparation of the anomaly index diagrams posed
& Bpecial probler for this model as discussed in
Section 344 and mlso by Gaur et al (1972). It is therefore
Considered that the anomaly index diagrams for this model,
where we get two negative peaks and one central positive

peak, may not have nuch physical importance.

Figure 4.76 (a, b) gives the anomaly profiles
for a thicker graphite sheeot (0.70m x 0.20m x 0.021m) &t
different depths of buriagl (os = 10.1 mho/m). Figure 4.77
(&, b) depicts the influence of the Surrounding mediun
for different values of o and figure 4.78 (a, b) that

for different frequencies.

D Concluding Remarks

The influence of 2 conducting Surrounding
Medium on the e.m, TéSponse of a target conductor, is

dependent not only on the response parameter of
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Surrounding medium but also on the shape of the térget
and the nature of contact. 4s studiegd above, the length
(orthogonal to +the brofile direction) along which a
conductive contact occurs between the target and the
Surrounding medium ag well as the depth of burial
appears to play g significant role. In all the cases of
models of different geometries, the quadrature component
¢f the anomaly has been found to be enhanced by the
conductive contact, The enhancement of the in-phase
Component is, however, Significant only for models of

elongated shapes,

In the next Chapter are presented some salient
results for cases when the contact between the target angd
Surrounding medium i8 non-conductive. The influence of
the conducting Surrounding medium and overburden will be
found to pe quite different from what has been Observed in
this Chapter. The inherent dependence of the influence of
type of contact on e.m. response of g target does introduce
Serious difficulties in an unambiguous interpretation of

the induction prospecting data,

In between the two extreme cases of conductive
and non-conductive contacts lie some more realistic
Situations when there is a partial conductive contact of
the target with the overburden. BStudy on such

conTlgurations 14 being undertaken,



CHAPTER V

INDUCTIVE INTERACTION OF THE TARGET WITH SURROUNDING
MEDIUM AND NEIGHBOURING BODIES

5.4 Introduotion

The investigotions described in Chapter IV
related to the influence of a conducting hostrock and an
overburden in conductive contact with the target. The
resultant effect in such a situation depends on conductive
(termed as Slichter effect) as well as on inductive
interaction. In the first part of this Chapter are
presented experimental findings on the response
characteristics of a target when it is insulated from the
surrounding medium and the overburden. In the second
part, results of investigations on inductive interaction

of closely spaced bodies are discussed.

5.2 Effect of a Conducting Surrounding Medium and/or
Overburden Insulated from the Target.

Some experinental investigations on models
insulated from the overburden were reported by Hedstrém
and Parasnis (1958) and Lowrie and West (1965). Wait (1969)
and Fuller (1971) studied theoretically a two-layer
Spherical model in which the cover is insulated from the
core. A more recent contribution is by Hill and Wait (1972)

on the inductive interaction between a sphere and an
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underlying conducting ground. A reduction in the response
of a sphere, placed above the solution surface without a
conductive contact with it, was noticed in Section 4%,

In contrast, the response of a horizontal graphite sheet

was found to increase under similar conditions.

Presently, both spherical and sheet-type models
have been investigated so that the influence of the target
geometry, if there be any, on the response variliation due
to a surrounding medium and/or overburden insulated from
the target may also be delineated. Such a dependence of
the Slichter effect on the target geometry has already

been geen in Qhaspter 1IV.

h:2v1 Epherical models

An experiment was designed to distinguish the
effeet of the conductive contact from the inductive
interaction. A sphere of aluminium (diameter = 0.10 m)
and another of graphite of the same diameter were chosen.
A solution of conductivity o, = 11.6 mho/m was used to
simulate the conducting surrounding medium. A conductive
contact between the target and the surrounding medium
could possibly be avoided by coating the sphere with an
insulating paint. 'But, this was apprehended to have
caused distortion of current lines at the sphere-solution
boundary on account of the conductivity discontinuity

there ang produce an anomaly., This was confirmed
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through a feeble anomaly observed due to an equal-size
wooden sphere placed in the solution. Thus, in addition
to inductive influence of the Surrounding medium a
geometrical distortion of the currents would also have

had its effect.

A water-tight plastic container was, therefore,
used to hold the spherical model within it. Firstly, the
anomaly produced by keeping the empty container inside
the solution was measured, Without disturbing the
position of the container, the sphere was then introduced
in it and the anomaly due to the composite system
Neasured. This ensured that there is only an inductive
interaction between the sphere and the surrounding medium.
The anomaly components obtained when the empty container
alone was placed in the solution was appropriately
subtracted from the anomaly components of the composite
system to derive the response of the sphere in the

presence of a conducting Surrounding medium.

An objection to such an arrangement could be
that the container-solution boundary may deform the
energisation field and render it non-dipolar. Actual
observations have, however, proved that if the response
of the container and its holder is appropriately accounted
for, this objection is rot serious and the usual form of

the anomaly profile is obtained at least for the
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Ip component. The noise in the Qr profile (partioularly
for the aluminium sphere) , however, is found to be

relatively greater.

Anomaly profiles for the two Spheres are shown
in figures 5.1 ang el respectively. For the aluminium
Sphere only the Ip profiles gre given. TFor both the
Spheres, the changes in the Ip component brought about by
the conducting Surrounding medium are aslmost inappréciable
to draw any Specific conclusion from these observations,
The Qr response of the graphite Sphere is found to be
slightly enhanced, particularly the central rositive peak.
This may be possibly due to geometrical distortion of the
energising field. Nonetheless, it can be inferred from
this experiment coupled with the results of Section 4,3.1
that for Spherical targets of the dimensions as studied
here, the effect of a conducting Surrounding medium
whether in conductive contact or insulated from the target,
is not significant, Further work on bigger spheres ang

for higher 0y Values is in progress.

5.2.2 Tabular sheet type bodies

A simulation of the situation depicted in
figure 1.2 was attempted by employing a graphite sheet
(0.70m x 0.20m x 0.021m) to represent an pre-body, &
golution of conductivity 3.3 mho/m to represent a poorly

conducting hostrock, and a layer of acidie solution
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(cb = 17.0 mho/m and maximum 0pdy, = 0.5 mho) in a tray to

represent a thin overburden. The effect of the overburden
alone i.e. when the hostrock is highly resistive has also

been investigated. Because of the design of the tray the

T-R height could not be reduced less than a certain

minimum,

5.2.2.1 Effect of the overburden when the hostrock is
highly resistive (Osz:O)

Figure 5.3 shows the anomaly profiles for the
graphite sheet in vertical position (h/L = 0.625) for
frequencies of energisation as (a) 100 khz and (b) 50 khz
respectively. Contrary to what is observed when the
surrounding medium is in conductive contact with the target
(Section 4.4.1), the effect of an insulated overburden is
not significant even over an elongated sheet. Of course,
a slight reduction and inversion of the Qr component and
a small enhancement of the Ip component is found to oceur
With increase in the overburden thickness (obdb = 0.5 mho)

at 100 khz. At 50 khz the effect is correspondingly reduced.

Figure 5.4 depicts the anomaly profiles when the
Same sheet is horizontal for (a) 100 khz and (b) 50 khz.
The anomaly profiles for this orientation of the sheet is
predominantly positive at h/L = 0.625. The Ip component
shows a slight reduction with increase in the overburden

thickness while the Qr component, is enhanced, though to a
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small extent, with increase in the overburden thickness.

The behavior of the Ip and Qr components with
increase in overburden thickness for both the orientations
of the sheet, thus, appears to be complementary to each
other. This indicates that the effect of the overburden,
for low values of surface conductivity (obdb) is mainly
the phase rotation and a slight reduction of the anomaly

vector.

5.2.2.2 Effect of the overburden when the hostrock is

finitely conducting (GS>-O)

The above observations were‘repeated employing

a salt solution (GS = 3.3 mho/m) to simulate the hostrock
and the variations in the anomaly components were found
to have a similar behavior. Figure 5.5 shows the anomaly
profiles for the vertical sheet. As the overburden
thickness is gradually increased upto 0.01 m, the Ip
component shows a slight reduction and the Qr component is
enhanced. However, if the thickness of the overburden is
further increased, the Qr component also starts decreasing.
For a horizontal orientation of the same sheet, the Qr
Component shows a monotonic increase rather substantially
With increase in db (figure BeB), although the peak-to-peak

éxcursion of the Ip component remains almost unaltered.

Thus, in all the above cases, the effect of an
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SURROUNDING MEDIUM IS A CONDUCTING SOLUTION FOR (a) 100 khz  ANC (b)) 50 khz
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overburden of a small surface conductivity, as could be

achieved using a solution layer, has not been significant.

An aluminium foil of thickness db = 0.015 m
(debx:SOO mho) has also, therefore, been used even though
its conductivity falls on relatively higher side of the
expected values of the overburden. The same graphite
sheet has been used to simulate an ore body but the
hostrock is represented by a solution of higher
conductivity (GS = 9.0 mho/m). Figure 5.7 shows the
anomaly profiles when the sheet is held in (a) vertical
and (b) horizontal orientations for 50 khz. For the
horizontal sheet, the two negative peaks of Qa merge
into one though the peak-to~peak values remain unaltered.
For a vertical sheet, the Qr prérfile becomes inverted.

But curiocusly, the peak-to-peak excursion for this
orientation also is nearly the same as Qa' It implies
that in this situation, the shielding effect of the
overburden on the Qr component is offset by the
eénhancement due to Slichter effect. The Ip component iBg,
however, reduced to a great extent and it becomes much
Smaller than even Ia' The response components in the
absence of the Al-foil have also been shown for the sake

Of couparison.

It is desirable that between these two extreme

values of cbdb for the overburden studied here, some
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intermediate values also should be investigated to ascertain
the overburden effect in more realistic situations. Further,
an important configuration would be the simulation of a
conductive contact between the overburden and the target-
top (Parasnis, 1973) embedded in a poorly conducting
surrounding medium. In such a case, an appreciable Slichter
effect is expected to modify the response. The design for

this experimental set-up is in progress.

5.3 Closely Spaced Ore Bodies

Closely spaced groups of sulphide ore bodies
are known to occur commonly in nature. The existence of

Such group-deposits could be due to

(1) separate hydrothermal intrusions during
the ore genesis and/or

(ii) tectonic movements and alteration of a
single massive deposit to form multiple

bodies.

The electromagnetic response of a body in a
group depends not only on its own electrical properties,
geometry and disposition but also upon those of other
bodies in the vicinity. The effect of inductive intera-
ction between the components of a two-body system has,
therefore, been investigated employing planar, cylindrical
and spherical models. For a pair of sheet models, investi-
gations have been made both for non-conducting as well as

conducting intervening and surrounding medium,



(%
L]

\od
L]
By
=
=)
=
O
D

e
o
d
;,.
=
(J
[0}
ct
(6]

The response of *wo identical vertical graphite
sheets of dimensions 0.70m x 0.20m x 0.021lm with parallel
8trikes has been studied for different values of horizontal
distance d_ between them, Figure 5.3 shows the anomaly
profiles for the system at (a) h/L = 0.4 and (W) B/l = Doy
The responses of individual sheets are also given for the
sake of comparison.

At such low heights of the prospecting system

o
iz
—
T
=
il
@
e

2, slight resolution of the sheets is notice-

able from the Qr profile when d., = 0.6L. The Ip profile
2

has a pronounced depression in the middle which may
possibly help to differentiate & two-body system from a
single horizontal sheet. The peak-to-peak excursion also
is greater than that for a single vertical sheet. At

h/L = 0,4, both the Ip and Qr profiles have flat singlec
beaks for this separation between the sheets, whose

Peak~fo-pealt exzcursion is of the same order as that for a

by

=t

single sheet. The spread of the peak, however, is much
more than for a gingle sheet, As the Separation between

the sheets is increased (d. = 0.7L), the resolution is

(b

= _l(:.

noticeable upto a height n/L = 0.5 (figure 5.9). TFor
still greater valuecs of h/L only a single peak is
obtainecd,

€1

thie response of ogite

e
()

The behaviocr of Ccon
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o Tr

stew is obtainable throuzh a super osition of anomalieg
& b

"\

due to individual sheects until they are very close to
produce an appreciable inductive interaction between them.

4

The inductive interaction and hence the spatial relation-

8hip between the ancnmaly vectors of the indiv ridual sheets
would depend upon the relative posivioning of the transmit-
ting and receiving coils and the sheets themselves. When

4=

the sheets are so close that there is very slight resolu-

tion, the Superposition of individual profiles shows that

s

the peak-topeak excursion
AN

ve smallerp than the individual ones (as observed, for

l¢ combined anomaly mnay even

€xample, when d_ = 0.8L and h/L = 0.4 in the case of the
b= 8
above sheets). This way be inferred as a destructive

interaction between the two bodies,

In the present case as the Separation between

the sheets exceeds dS = 0.6L, the resolution as well as
the values of both the peaks increase, though they may
$till remain smaller than the individual responses, and the
central positive £01ng peak also increases. The latter even

crosses the zero line and becomes greater than the extreme

positive peaks as shown by the curves Il and Ql in figure

Seon La), Thus, it is predominantly a geometrical effect
which determines the response characteristics of the two-
body system as the distance between then is varied until

the inductive interaction is not pronounced,
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The vicinity of another conductor near a target
even when there is little inductive intersaction between
them would, thus, introduce an additional ambiguity in the
interpretation of e.m. Survey data. The error in the
interpretation might be significant even for such Separations
&s meke the individual anomalies appear resolved and it
Would probably further accenvuate when the resolution
Ceases, As seen above, in the latter Situation a singlé
beak in the anonaly profile may be observed at a plaée
nt not be any conductor. This nay

below which there migi

Naturally mislead the vorehole locations,

When the sheets are immersed in a salt solution

(= FL.6 mho/m), keeping other parameters constant, the

b}

o

peak-to-peak exc rsions for both the Ip and Qr profiles of

the double sheet gysten, for-d = 0.6L, are found to be

s
nearly the same as those for a single sheet (figure 5.10a).
’

£

Also, as in the case of Ty = O, no resclution is found to

oceur at this separation and it appears Caly for 4 00T
L)

(figure 2:.10b}. Ag the depnth Of burial of the sheets is
increased the resolution between the sheets is found to

decrease only 8lightly (figure Be10a},

5.3.2 Unequal sheets

Observations were also made over two unegual

graphite sheets (0.56m x C.15m x 0.013m and 0.56m x 0.10n

D

X 0.013m) to represent an afbitrary geological situation.

a
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The width of one of the sheets is one and a half times that
of the other. A4s before, the response measurements were
lade for different values of horizontal separation between
them (1.6L ;,ds,; 0.2L). Twoc transverse dispositions were
considered viz (i) the top edges were in the same horizontal
planc and (ii) the lower edges were in the same horizontal

plane. Figures 5.11 and 5.12 show the corresponding

anomaly profiles,

For both the transverse configurations, and a
horizontal separation of 1.6L between them, the shects are
well resolved and the outer peaks are nearly equal to those
produced by the individual sheets. The central positive
peak, however, is much greater than the positive peak of the
either. Thus, the maximum excursion between the central
positive and the adjoining negative peaks is comparatcively
greater than that between the latter and the end peaks
(figures 5.11 and 5.12). The two sheets are, thus,
favourably disposed and may be detected more easily than
if they were situated away Irom each other with no
inductive interaction between them. As the horizontal
distance between them is reduced, all the peaks diminish.
Though the two sheets continue to be resolved, yet they
are comparatively less detectable due to the reduction
of the peak amplitudes. The central peak becomes smaller

than the end peaks as d_ is reduced to I. At d, = 0.6L

1

no resolution is noticeable between the two sheets, a
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phenomenon similar to that in the case of equal sheects.
At this separation the sheet-pair behaves like o single

inclined she=t causing an apparent masking of one shect

C

by the other. If the shecets are situated even nearer
say d, = 0.2L, the peak-to-peak value further increases
and the form of the anoualy profile is similar to that
for 4 = 40,61 Ths peak obtained for the composite

systemn at 4 = 0.2% 4s greater than the single peaks of

8

ancumalies of the individual sneets.

Lt, thus, appears that the most favourable
disposition of such twin unequal bodies, corresponds to
& distance between them such that there is a constructive
inductive interaction between them thereby enhancing the
Central peak and still retaining the resolution. In the

field this has to be attained by varying L and h.

5.3.3 Models of other shapes

The response of two closely placed cylinders
of equal lengths (0.80m) and diameters (0.053m) with

the profile traverse has

ek
O

their axes perpendicular
also been investigated. Figure 5.1% shows eanomaly pro-
files at (a) h/L = 0.3 and (b) h/L = 0. , respectively,
1Dl ds lying betwecen 0.61L and 1.0L. In this case also
ltant profiles may be Gpproximated by the
superposition of the individuasl prcfiles (cf.Section

2+3.1), 4t h/L = 0.6, the cylinders are clearly
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olved, as seen from the Ip profile, for dy = L (the

Qr Component at this height being negligibly small), the
resolution is reduced far dS = 0.8L,and for ds = 0.6L the
cylinders are nnt resolved at all, of course, a depression
in the niddle of the profile (cf.'figure 5.8) may indicate
the bresence of two bodies at low heights (8L = hog | I
Since ds is the distance between vertical sections through
the axes of the Ccylinders, the Linimum lateral distance
between them i3 still less because of the large diameters
of the cylinders. Thus, the resolution in thig case can
be expected only Zor larger Separations than that for thin

sheet lilke bodies,

Two aluminium Spheres of diameters 0.12n and
0.10u: were also studied. In case when the line Jjoining
their centres 18 parallel to the profile they are not
resolved even at d, = 0.8L (h/L = 0.3 or 0.4) (figure ZaXd)
in the sense that there is no central positive hunmp

4

noticeadble, However, the essymetry in the anomaly profiles
due to Gifference in the sphere Sizes indicates the
presence or two bodies., For g - G,6L, the response of

tne twin Spheres has the

o

‘Ppearance of that due to a single
body and in this case the Single negative beak is lesgs

than that chbtained by Superposing the two., A clear
resolution is geen for ds =L and as far Other nmodels the

beak-to-peak values are Sneller than the Corresponding

values for +the individual Spheres,
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An interesting observation has been made in the
case when the horizontal line Joining the centres of the
sphere is perpendicular to the profile direction. Here
we find that the sum of the individual responses of the
two spheres is exactly the sane as the conbined responée

i =

of the two (figure 5.15).

be further complicated if the number of bodics in a group
is more than two. Bvolution of a different approach for
the interpretation of data in such cases appears to be

imperative,



CHAPTER VI

CONCLUSIONS AND PLANS FOR FURTHER STUDY

6.1 Main Results and Inferences

The aforementioned theoretical analyses and the
experimental observations shed light on some of the
inherent difficulties in arriving at an unambiguous
interpretation of the induction prospecting data. These
are quite serious when an ore-body is found to be
associated with a disseminated mineralised halo, a
partially conducting hostrock, and/or an overburden. In
Such cases the electromagnetic response of a target is
markedly modified if there is a conductive contact
between the target and its surrounding medium. But if the
two are insulated from each other, the modification of the
response is not appreciable unless the conductivity of the
surrounding medium and/or overburden happens to be quite
high. Apart from ¢onducting surrounding medium, the
neighbouring conducting bodies, if present, also affect
the e.m. response of a target. The nature and magnitude
of their interaction depends upon electrical parameters
and relative disposition of these closely spaced bodies.
The salient findings of the bresent work are summarised

below.
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6.1.1 Analytical studies

Since the response of a conducting system is
an effect of the currents induced in it, the latter may
be regarded as a more basic physical entity. A detailed
analysis of the induced currents in a spherical model
covered by a concentric shell is found to provide valuable
physical insight and information about the nature of the
influence of a conducting cover. The spatial variation
of the current density inside the sphere as well as in the
shell has been studied for representative combinations
of the conductivities of the covering shell and the sphere,
thickness of the shell, and a number of frequencies

within which the quasi-static limit holds.

The influence of a conducting cover comprises:

(i) the skin-effect which reduces the ampli-
tude of the current density inside the
Sphere for any induction number of the

shell and

(ii) +the rotation of the current density vector
towards the in-phase axis as the induction

number of the shell increases.

An apparent increase of the in-phase component
of the induced currents in the core is caused by the cover
due to the second factor. The interaction between the

shell and sphere is not limited only to the reduction of
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the current density in the latter with increase in the
induction number of the former but the reverse may also hold.
Thus, a reduction in the amplitude of the current density
within the shell is observed with increasing conductivity

Of the core. The redistribution of the induced currents
between the constituents of a composite system when the
induction number of the either changes, obviously

introduces an ambiguity in the interpretation.

The multi-frequency analysis of the induced
currents exhibits the existence of a frequency-band of
the energising field for which the current density inside
the sphere attains maxima. This frequency band is
characterised mainly by the electrical bParameters of the
Sphere. Another frequency band exists for the current
mexima within the shell also, This phenomenon, similar to
& resonance effect, may give a clue for the suitability
and hence the desirability of g particular frequency band

for which the target may produce a maximum response,.

The effect of inthomogeneity in the core
conductivity has also been analysed. At low frequencies
the reduction of the induced currents due to skin effect
is found to be compensated by a linear increase of
conductivity from the Surface towards the interior of the

Sphere.
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A resonance-like phenomenon is observed in the
scattered field (by a similar spherical model) also.
Thus, two distinct pecks characterising the two layers of
model are noticeable from a plot of the guadrature
component versus the frequency of energisation. The first
peak at a lower frequency is due to the inner core implying
an almost transparency of the shell, while the second peak
is due to the shell. The layering is reflected in the
in-phase component also, in the form of an inflexion when
the less conducting shéll starfs showing up with the
increase in the frequency of energisation. The value of
the in-phase and quadrature components of the total
response at higher frequencies will, thus, be mainly

dependent on the shell parameters.

The variation of the total response of the
system with increase in the induction number (al) of the
sphere has also been studied for different values of the
shell induction number (az). For small wvalues of ®, s the
in-phase component of the response increases with increase
in @, and settles as usual to a saturation level. The
trend, however, becomes gquite different for greater wvalues
of @, and a reduction is found to occur in the in-phase
component as ay increases. This gives rise to an apparent
paradox that the in-phase component of a given conducting
system is greater than that of another having the same

dimensions but containing a core of higher conductivity.
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% -~
From the profiles of HZ, HZl and Hz - HZQ, as

defined in Section 2.4, it is found that for certain
combinations of the sphere and shell pardmeters, H may
be smaller than H 2. This phenomenon is similar. to that
descrlbed in the previous paragraph. The profile of

B, ~ H, s hes, thus, an opposite sign (hence an inverted
appearance) relative to that of K o H:l. If the

frequency is further increased, the sign is again reversed.

A greater response (particularly the in-phase
component) of a less conduéting body as compared to that
of a composite system having a core of higher conductivity
is attributable to the relative magnitudes and phases of
the induced currents in the core and the shell on which
depends the values of HZ - HZQ. Thus, the reduction of
the in-phase component of the response with increase in
the conductivity of the core may be explained on the
bhenomenological reasoning that contribution due to the
shell for these conditions is greater than and out of

phase with that due to the core.

Though the spherical model studied theoretically
| has an idealised geometry, yet similar features of the
Tesponse variation are observed during experimental
investigations over bodies of other shapes as well,

including those having planar boundaries.



- 219 ~

The formulation and derivation of analytical
expression for the response of an ideally conducting
horizontal half-plane, embedded in a partially conducting
half-space underneath an overburden, has been made using
the Wicner-Hopf technique. The method of experimental
simulation, however, provides a much more potential
contrivance to study such a model or even other complicated

ones simulating more realistic geological situations.

6.1.2 Scale-model experiments

Investigations|on models of different geometries
and conductivities having a conductive and/or an inductive
interaction with the surrounding medium of finite
conductivity have also been carried out. In the case of
the former, an important feature is the deformation and
redistribution of the current lines at the conductivity-
discontinuity between the target and the surrounding
medium. The target of higher oohductivity draws additional
currents from the less conducting surrounding medium
causing an enhancement of the target response as measured
through a T001 L100 R0OO1 prospecting system., The
enhancement, which has been termed as Slichter effect, is
quite significant in the case of elongated bodies but is
relatively inappreciable for such models as have spherical
shape and smaller extent orthogonal to the profile.

The study has been extended to Situations when the

Surrounding medium and/or overburden are not in conductive
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contact with the target. The response-enhancement in this
case is no more noticeable and there is, in general, an
inductive shielding of the target by the surrounding

mediunm.

Thus, a dependence of the nature of variation
of the anomaly on the type of contact with the surrounding
nedium, conductivity and thickness of the overburden, and
also on the shape of the target adds to the complications

in the interpretation of the induction prospecting data.

The inductive interaction between closely
spaced ore-bodies, which are known to occur commonly, have
also been investigated., It is found that when the bodies
are separated by distances at which their individual
anonealies are resolved, the combined anonmaly profile may
be obtained, to a fair degree of correctness, by a simple
geometrical superposition of the individual profiles.
However, if the distances between the adjacent bodies is
so small as to cause an appreciable inductive coupling
between them, a single peak is observed. In these
circumstances, sometimes the collective response is found
to be even less than the response of the either. For
8till closer distances between the bodies, a pronounced
depression in the negative peak is noticed. The anomaly
profiles over two close vertical unequel sheets appears

like that due to a single inclined body. In such



situations the job of a prospecting geophysicist to

recommend the drill-holes becomes very difficult.

The present analysis, thus, identifies some
of the significant factors which should be taken into

account while interpreting the induction prospecting data.

6.2 Limitations and Extensions of the Present Study

Notwithstanding detailed investigations ever a
large number of model set-ups, whose results are presented
here, significant gaps remain to be filled before an
exhaustive ready-to-use set of rules could be evolved for
the interpretation of the induction prospecting data in
conducting terrains. Some of the programs which could not
be completed because of practical difficulties are being
planned now to make a further advance in this direction.

These include:

(i) Preparation of anomaly index diagrams for
different values of O (corresponding to
those existing for o, = 0) and depths of
burial of the target using sheets of
graphite, stainless steel etec. simulating

some more representative geologic situations

(ii) Measurement of the deformation of the field

Oor current lines in a conducting medium
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(v)

(vi)

(it

(vid%)
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caused by the introduction of a higher
conducting target for different depths of

burial

otudy of the influence of a conductive
contact between the top of the target and
overburden chosing larger conductivities
and greater thicknesses of the latter for
smaller values of hfg than heretofore tried
in order to have a greater pertinence with

the ground prospecting

Study of the effect of a conducting
Surrounding medium over discs of various
diameters and thicknesses in contrast to

Spherical models of the sanme diameters

Study of the effect of overburden having

a fluctuating thickness

Simulation of induction logging systens

Non-linear modeling enploying permeable

targets

Analog modeling using comnputers with a
view to develop some direct interpretation

techniques
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(ix) Model studies using transients.

Work on some of the above problems is already

in progress,
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Fig. 5-12 Anomaly profiles over two unequal and
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in the same level) at h/L = 0.6.
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