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ABSTRACT

The present work has considered the application of a
variant of the two-electrode array to the detection of, and
prospecting for horizontal |ayerings within the earth. The
node of this two-electrode array nakes use of only the two
current electrodes wthout the potential electrodes. In its
use, the electrode separation is varied by noving the two
current electrodes equidistantly away from the sounding
point. The result of this is that the current 1|, delivered
by the power source through the earth also changes. The
driving potential as indicated by the source voltage
indicator was taken as the voltage developed across the
section of the earth between the two current electrodes. In
investigating the capability of this technique, called the
G C node, in delineating horizontally-layered nedia, a
| aboratory experinment was set up. Different materials such
as water - an electrolyte, lateritic clay, river sand and
m xed-soil (a mxture of lateritic clay and river sand) were
experimented for the one-Ilayer (over burden) case. The
experinment was conducted at various frequencies wthin the
operating frequency range of the tank. Al the frequencies
used, including 0 Hz and 50 Hz, gave good alignment of the
resisitivity point for all the materials and conbinations
used. The Ilateritic clay, river sand and mxed-soil were
again variously conbined to form two-layer and three-|ayer
cases, all underlain by the non-conductive perspex as
"basenment”. Gaphs were plotted to show the variation of the
"bulk resistivity" with the electrode separation (or its
reci procal). The nost direct and easily interpretable
results was given by the graph in which the "bulk

resistivity" (b was plotted against the el ectrode separation
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AB/2 on a log-linear scale. The accurate delineation of the
layers in the |laboratory investigation encouraged the
initiation of the field study. The Kubanni R ver Basin was
chosen as the field study area. The basin occupies the
centre of the South-Eastern sector of the Zaria sheet (No.
102 S.W) of the 1:50,000 sheet ordinances series of the
Ni geria ordi nances survey nmap, Wwith an average area of about
150 knft. It is wunderlain by Precanbrian rocks of the
Ni gerian Basenent Conplex conprising nostly of ol der
granites and biotite granite-gneiss overlain nostly by
superficial deposits recognised by their brown cellular
aspects. In carrying out the field investigations, thirty-
one soundings were mnmade in twenty-three stations using
conventional Schlunberger VES nethod and the expanding GC
techni que. Depth horizontal profilings were also carried out
in one of the twenty-three stations and one other
i ndependent station using the Wnner array and the constant
spacing GC node of the two-electrode array. Typical graphs
as done for the laboratory nodel studies were plotted and
deductions mnade. Results from the interpretation of the
collected data using the GC node show that the depth to
basement within the basin varied from about 7.9 m to about
36 mon the average. The result at each sounding I|ocation
was conpared with the interpreted result of the collected
data using either the Schlunberger array or the \Wnner array
as the case may be. The layer delineation by the GC node
agreed well wth that delineated by the Schlunberger array.
The G C technique has delineated |ayers and has also given a
good estimation of the layer thickness and an unconpli cated

way of determning the surface layer resistivity.
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GLOSSARY OF TERMS

"Dot' system of arranging electrodes

a system whereby the sharp ends of the electrodes
are driven into the ground: in which case the
electrodes stand vertically upright rather than
lying horizontally on the side.

"Line' system of arranging electrodes

- a system whereby the electrodes are made to lie on
their sides when driven into the ground.

Unfocussed system

- a system in which one of the twe current
electrodes serves as the feeder electrode and the
other serves as the return electrode.

Focussed system

- a system in which all of the current electrodes
serves as feeder electrodes toward/over the
target; the return electrode(s) may be located at
a very distant polnt away for it to be considered
as being at infinity.

C-C mode

- the current-current mode of the two-electrode
array in which only the two current electrodes are
involved in the measurement.

*Mixed-soil'

- a mixture of lateritic clay and river sand in the
ratio of one to three.



CHAPTER 1

INTRODUCTION
1.1 Historical Background Of Electrical Prospecting

Electrical prospecting 1is, according to Van Nostrand
and Cook (1966), the art of measuring the electrical
properties of rocks 1in the study of the structure and
composition of those layers of the earth which are
sufficiently shallow to be exploited by man. It involves
the detection of surface effects produced by electric
current flow 1in the ground. Some of the available
electrical methods such as the self-potential and
electromagnetic methods such as the telluric, the
magnetotelluric and the AFMAG among others use naturally
existing fields within the earth. The most prominent
electrical prospecting methods such as the galvanic
resistivity methods, however, like the seismic prospecting
method, have the means of excitation under the control of
the operator and are therefore not concerned with natural
phenomena of the earth as with both gravity and magnetic
techniques (Smith, 1955).

The electrical prospecting technique has gone through
various stages of development but its continued development
has been rather too slow; much slower than the developments
in the other major geophysical techniques such as seismic,
gravity and magnetics. This situation can be attributed to
the fact that due to 1its 1limited depth of penetration,
modern developments of electrical prospecting methods have
been mainly for use in comparatively shallow formations and
hence, they have been of more interest to the mining

companies than to the oil industry.



The earliest recorded work in electrical prospecting
is credited to Gray and Wheeler who made electrical studies
of rocks and listed their electric conductivities in 1920

Van Nostrand and Cook, 1966). Watson, in 1746 discovered
independently that the ground is an electrical conductor.
He also found that an electric current passed through the
ground between two electrodes placed two miles (3.2
kilometres) apart fluctuated in an erratic manner different
from when wire was used instead of the earth to complete
the circuit (Van Nostrand and Cook, 1966).

Another important work is credited to R. W. Fox who,
in 1830 in the copper mines of Cornwall, made the momentous
iiscovery that there were natural electric currents
associated with sulphide ore deposits. This forms the basis
2>f the self-potential method. Other successful earlier
workers, according to Van Nostrand and Cook (1966), include
Henwood, Reich, W. S8key and A.C. Becquerel. Prominent also
1§ Mattheucci whose name stands out in the early
descriptions of telluric currents, and Carl Barus whose
attempt in 1882 at eliminating the troublesome electrode
effects led him to the invention of an ingenious
nonpolarizing electrode as we know it today. The non-
polarising electrode consisted of an amalgamated metal
strip immersed in zinc sulphate solution. Also notable are
R.C. Wells, Conrad Schlumberger, Louls Cagniard. Fred
Brown, Leo Daft and Alfred Williams who in 1902 first
suggested the use of potential difference observations
rather than egquipotential-line method for resistivity work.
Daft and William devised a method whereby a low-frequency
alternating current was impressed into the ground by means
of electrodes, and the resulting current distribution was
studied Dby means of a sensitive telephone receiver



connected to two search electrodes placed on the ground - a
method known as the Daft-Williams method. McCollum and
Logan in 1913, were the first to determine the resistivity
of soil samples by compressing the sample into the shape of
a cylinder and then applying the voltmeter - ammeter
measurements to the flow of current through the sample. Of
note 15 that McCollum designed a device for measuring the
soil resistivity and current density in the earth
surrounding pipes or other objects of interest; his
electrode arrangement being an inverted Wenner system.
Contributions were also recorded of Wenner, Ahlborn, H.R.
Conklin, Sundberg, S.F. Kelly, A.S. Eve, D.A. Keys, C.A.
Hei1land, F.W. Lee, Weaver, and, Sharon and Sandberg (Van
Nostrand and Cook, 1966).

Gish and Rooney in 1923 made two major contributions
to the development of electrical prospecting methods. The
first 1involved instrumentation of what 1is known as the
Gish-Rooney double commutator equipment while their second
contribution involved the development of an empirical
method of interpretation that gave rise to '"depth of
penetration equals the electrode separation" rule. Gish is
“redited with giving the general requirements for measuring
telluric currents. Crosby and Leonardon in 1928 applied
electrical methods successfully to map bedrock topography
at a proposed dam site on the upper Connecticut River in
what was apparently the first engineering application of
these methods in the U.S.. Pullen in 1929 made laboratory
resistivity measurements by both a.c. and d.c. techniques
on many cores mostly of metamorphic rocks. He 1s credited
with finding out that;

-— resistivity measurements varied with time because

of electrical polarization;



-~ - the rate of polarization differs in various rocks;

-— resistivity varies as a function of applied

voltage and frequency;

- water content greatly alters the resistivity of

materials, and

- the resistivity of an ore containing conducting
minerals may be high 1if the ore minerals are
disseminated.

Also of note is the work of Joyce and Boyer, Tagg, and J.H.
Swartz (Van Nostrand and Cook, 1966).

In addition to the investigation in France and North
America are the significant contributions made by the
Scandinavians. Notable among these are Petersson and Wallin
n 1906, Trustedt in 1904, Tegengen and Bodman in 1912,
Bergetrom in 1913, Lundberg and Nathorst in 1918, Lowy and
Leimback in 1910, X. Schilowsky in 1913 and Muenster who 1in
1907 in Norway, made the first discovery of a previously
imknown ore deposit of commercial value with electrical
prospecting methods. Of much importance is the work of
Ambronn whose greatest contribution in 1926 was his text on
the elements of geophysics which contains a comprehensive
bibliography of papers on electrical methods to the year
1626. Also notable are Mueller, Fritsch and Belluigi;
Petrowsky who 1in 1924 1is credited with using the “dot
system' of arranging electrodes; Skaryatin and Kleiman
imong others innumerable to mention (Van Nostrand and Cook,
1966) .

The principal initiators of modern-day quantitative
rasistivity methods are Wenner and Schlumberger. Wenner is

much noted for his clear statement of the theorem of



reciprocity as applied to his four-electrode measurement
and also for his 1invention in 1915 of what is today
designated as the Wenner configuration of electrodes - a
configuration that, before the two-electrode method, was
the Dbest for horizontal earth resistivity profiling.
C. Schlumberger on the other hand 1s most noted for the
electric logging as well as what is known today as the
four-electrode 8chlumberger configuration which 1s most
suitable for shallow vertical earth resistivity profiling
otherwise known as the Vertical Electric-Depth Sounding,
VES. Worthy of mention is Lee for his Lee configuration and

the Lee partition method of 1930.

The measurement of earth resistance using the two-
electrode configuration was first attempted by Fred Brown
in 1833 (Rust, 1938). The method adopted by Fred Brown 1in
his measurement is not adequately described in literature;
hence not much can be said about Fred Brown's two-electrode
resistivity measurement technigue. The measurement of earth
resistivity using the two-electrode configuration has long
been abkandoned and is cnly being revived of recent through

the work of Apparao and Roy (1973).

1.2 Fundamentals Of Prospecting With
Direct Current (D.C.)
1.2.1 Electrical conduction by earth materials

Electrical conduction in winerals may take place by
electronic or 1ionic processes (Keller and Frischknecht,
1966). Rocks are not formed of minerals alone and the
electrical properties of a rock are not necessarily



determined by the properties of the mineral constituents
alone. Hence electronic (ohmic), electrolytic (ionic) and
dielectric mode of conduction are possible in earth
materials.

Flectronic conduction is important in materials
containing free electrons as in metallic conductors such as
gold and copper and in semiconductors such as sulphide ore
minerals. It 1s believed that the atoms in a metal such as
the native metals are perfectly ordered hence there should
be almost no resistance to the motion of electrons through
the metal when an electric field is applied. In practice,
imperfections in the crystal structure are always present
and such imperfections interfere with the free movement of
the wvalence electrons. The greater the number of such
‘mperfections, the higher will be the resistivity of the
metal (Keller and Frischknecht, 1966). Semiconductors are
non-metallic materials in which conduction is by electron
motion, but in which the conductivity is lower than that in
true metals. The lower conductivity is not as a result of
lower mobility of the electrons, but rather due to a lesser
number of conduction electrons., The energy level of the
conduction electrons must therefore be raised to an
appreciable amount before the electrons are free to wander
througch the crystal lattice, as 1n the case of a metal.
This energy 1is most commonly provided in the form of heat,
so that 1in semiconductors, the number of conduction
electrons increases with temperature (Keller and
Frischknecht, 1966).

For most rocks near the earth's surface, conduction
will be electrolytic, the conducting medium being an
agqueous solution of common salts, distributed in a
complicated manner through the pore structure of a rock.

The resistivity of a water-bearing rock will depend on the



amount of water present, the salinity of this water and the
way 1n which the water is distributed in the rock. When a
salt goes 1nto solution in water, the constituent ions 1in
the solid salt separate and these ions are free to move
around 1independently in the solution. When an electric
field 1s applied across an electrolytic solution, cations
will be accelerated towards the negative pole and anions to
the positive pole. Once the 1ions have been accelerated by
the electric field, a viscous drag force 1limits the
velocity which 1is attained. This terminal velocity 1is
defined as the mobility of an ion. Most rock-forming
minerals can be considered as solid electrolytes, so far as
conduction of current is concerned. Electrolytic conduction
can take place in jlonic bonded crystals. When an electric
field is applied to an ionic bonded crystal structure, the
force exerted on each ion by the field is small compared to
the strength of the binding forces, so that in an ideal
crystal, one would not expect any electrolysis, or
~onduction by ion movement to take place. However, crystals
are not perfect and electrolysis does take place when an
electric field is applied. The current flow is
comparatively due to the electronic conduction and there is
actual transport of materials usually resulting in chemical
transformation. There are two important types of
imperfection in crystals which aid in current conduction;
inherent imperfections in crystal lattice (Schottky
defects), and thermally induced imperfections (Frenkel's
defects).

Electronic conduction mechanism 1s more important than
electrolytic conduction through pore water in the following

three cases:



~— where rock contains a high percentage of
conducting minerals;

- in completely frozen rocks or region; and

- in rocks which lie sufficiently deep in the earth
so that all the pore spaces are closed by
overburden pressure.

Dielectric conduction occurs in poor conductors or
insulators having very few free carriers or even none. In
the presence of an external alternating electric field,
there is a slight displacement between the atomic electrons
and their nucleons. The slight separation of charges 1is
called the Dielectric Polarization, P (electric dipole

moment per unit veclume). There are four mechanisms by which

polarisation coccurs, these are:

by displacement of electron orbit - (electric

polarization);
-- by displacement of ions - {ionic polarization);

- by reorientation of polar molecules - ([(molecular
polarization); and

-~ in conductors, when the charges are collected at

the boundaries - (interfacial polarization).

Polarization 1is therefore as a result of <changing
electronic, ionic, molecular or interfacial polarization
caused by the varying electric field. The changing
polarization gives rise to the changing current, that is,
the displacement current which is the mechanism for
dielectric conduction. The important parameter in the
dielectric conduction is the dielectric constant k (the

specific inductive capacity of the medium). The dielectric



constant vary with water content. Displacement current are
generally negligible in earth materials, since electrical
methods generally use direct current or alternating current

of low frequencies less than 3kHz.

1.2.2 Factors affecting the resistivity of
a eria

The electrical properties of a rock are not
necessarily determined by the properties of the mineral
constituents alone. Most rocks at the earth's surface are
porous to a certain extent (Dobrin, 1976). The amount of
current flow and hence the resistivity of a rock 1is
therefore affected by a number of natural, geoclogical and
hydrogeclogical factors namely: the mineralogical
composition, porosity and degree of water saturation of the
rocks, mineralization of the water filling the pores, the
structure and texture of the rocks, age of deposition and,
temperature and pressure (Mares 1984). These factors
directly affect the amount of current flow through the

earth and consequently the earth resistivity.

Mine [ ca [t ion; As shown in table 1.1(a),
the range of resistivities among rocks and rock materials
1s enormous. According to Dobrin (1976), 1n most rock
materials, the porosity and the chemical content of the
water filling the pore spaces are more important in
controlling the rock resistivity than the conductivity of
the mineral grains contained in the rock. The salinity of
the water 1in the pores 1is probably the most critical
factor determining the resistivity. When porous rocks,

particularly those with large concentrations of magnetite
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Table 1.1(a) Resistivities of rocks and ores (After Mares,
1984)

Rock, vre ' Resistjvily ¢
. (Qim) .

Sedimentary rocks

lodins 1074 to 107 :
chiys - . 10 to 10% .
sands 10* to 104 '

sands saturnied with mineral water i0-!'ta 10

snidslonen : 10" to Jo*

limestonos 107 to 10*

Arennceous mirls 10 to10*’

conglomerales ' it toJ0*

EYPSUIN 10 to o8

Magimatic and molamorphostd rocks

granlie, sycnile 10 1o t0?
diabnse, basall, gabbre 0 1o 0?
schisls 107 to lO*
shalea 10 to 19?
quarlziles : ; 10 o J00
marbles 10 to 10°
gucisses 10t {o J0*
Ores

chalcopyrite ore mincralization 10-% to 10!
gilena ore minecalization 10-2
nrsenopyrile ore mineratization 19t
haatuatile ore mineradizathon 10-1 10 107
chromlile ore mineralization ) 0
wolframite ore mineraltzation 10* to 10*

anlimonite ors mineralization 10?0 o 10’
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or graphite, lie above the water table at shallow depths,
or when they occur at such great depths that all pore
spaces are closed by ambient pressure, the conduction
through them takes place within the mineral grains
themselves. Under these conditions, the resistivity of the
rock will depend on the resistivity of the grains. When the
pores are saturated with fluids, it will be controlled by

the fluid resistivity as well (Collett and Katsube, 1973).

The most frequently occuring rock-forming minerals
such as quartz, mica and feldspar, have high resistivity
values ranging from 1012 to 1014 ohm-metre (Mares, 1984).
This indicates that the principal rock-forming minerals are
insulators and do not conduct electric current. The
resistivity of most igneous, metamorphic and sedimentary
rocks does not depend on the mineralogical compeosition but
on porosity, the degree of water saturation and on the
mineralization of the water filling the pores (Mares,

1984).

rosi d [ a
The porosity of rocks varies from very small percentages in
tectonically undisrupted crystalline rocks to tens of per
cent 1in unconsolidated sediments. The water filling the
pores 1s always mineralized and changes of mineralization
affect the resistivity of rocks. The greater the salinity
of the water, the smaller the resistivity of the rock. The
resistivity of a water-bearing rock decreases with
increasing water content. For a rock to conduct
electricity, its pore spaces must be interconnected and

filled with water. Since most of the resistance to current
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flow 1s met in the connecting pores, a rock with a high
ratio of storage pores to connecting pores will have a
higher resistivity for the same porosity than a rock having

a low ratioco of storage pores to connecting pores (Mares,
1984).

According to Keller and Frischknecht (1966), a great
deal of work has been done in correlating resistivity with
water content for petroleum-bearing rocks. For these rocks,
which are primarily porous sandstones and limestones, it
has been observed that resistivity varies approximately as
the inverse-square of the porosity when the rock is fully
saturated with water. This observation has led to the
widespread use of an empirical function which is known as
Archie's law relating resistivity and porosity; it 1is

written as

P=af, 2™ ieees 153

where f - the bulk resistivity of the rock;
Py - the resistivity of the water contained in

the pore structure;

¢ - the porosity expressed as a fraction per
unit volume of rock;
S - the fraction of the pores containing water.
and a, m, and n are constants whose values are
assigned arbitrarily to make the equation
fit a particular group of measurements.
Usually, n = 2; 0.5 < a < 2.5; 1.3 <m=< 2.5

Structure and Texture: In rocks containing minerals

with first-order conductivity, such as sulphide ores,
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graphitized and pyritized rocks, the resistivity 1is
affected by their structure and texture {Mares, 1984). 1If
the conducting ore minerals form isolated clusters,
surrounded by non-c¢onducting cement such as liquid magmatic
Ni-Cu ore mineralization, the ocre has a high resistivity
and cannot be found by d.c. electric methods. In the
opposite case, in which the conducting minerals form a
continuous net interconnected throughout the whele body,
such as 1in hydrothermal polymetallic ore mineralization,
the cre has a low resistivity and ore bodies may therefore
ke prospected for successfully by d.c. electric methods
(Mares, 1984). Well-sorted rocks usually have high
resistivities while poorly-sorted rocks have lower
resistivities. The finer the rock grain size, the lower is
the resisitivity,

Tomperature and Presgure: According to Xeller and

Frischknecht (1966), extreme ranges in temperature may
affect the resistivity of a water-bearing rock markedly,
particularly if the temperature is high enough to drive
water out of the rock as steam or low enough to freeze the
water in the pores of a rock. At moderate temperaturzs, a
change in temperature changes the conductivity of a rock
only in so far as the conductivity of the electrolyte in
the rock is changed. The conductivity of agueous
electrolytes increases with increasing temperature since
the viscosity of water is decreased, in turn increasing the
mobility of the 1ions. The dependence of resistivity on
temperature for either an electrolyte or a rock saturated

with an electrolyte is given by the equation.

- fa
I Nt 1.2
where @y - the resistivity measured at a reference

temperature 0°C;
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P, - the resistivity measured at the
ambient temperature t;
and ay - the temperature coefficient of resistivity;
it has a value of about 0.025°C™1 for most
electrolytes (Keller and Frischknecht,
(1966).
It 1s of note, therefore, that

- the resistivity of rocks decreases with increasing
temperature;

-~ because temperature increases with increasing depth,
the resistivity of rocks also decreases with
increasing depth of burial; and

-~ the resistivity of rocks 1is high at extreme

temperatures.

Most ground water contain salts in solution, the
presence of which lowers the freezing point. Pressure
affect the resistivity of rocks in a very complicated way
most especially at sub-freezing temperatures. Pressure
lowers the freezing point of water. Water adsorbed on grain
surfaces 1s under great pressure and will not reorient into
1ce crystals until the temperature is considerably below
the normal freezing point. Also, as some water does freeze,
it attempts to occupy a greater volume than it has in the
liquid state, further increasing the pressure on the
unfrozen water (Keller and Frischknecht, 1966). Freezing
can therefore be considered then as merely a reduction in
the fraction of pore space which is saturated with water.

These two factors cause the freezing process in rocks
to take place over an extended temperature range rather
than at a single temperature. The higher the salinity of
the pore water, the lower will be the temperature at which
freezing first starts to take place, and the finer the
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grain size, the broader will be the temperature range
through which freezing continues. Hence pressure tends to
increase the resistivity of rocks even at very low
temperatures (Mares, 1984).

Age of Deposition: In water-bearing rocks, there is an
indirect relationship between resisitivity and, lithology
and geologic age, since these two factors tend to control
the porosity or water storage capacity of a rock, and to a
lesser extent, the salinity of the water contained in a
rock {Keller and Frischknecht, 1966). Table 1.1(b) shows
geologic age as it affects the resistivity of rocks while
fig. 1.1 shows thils in relation to measurements made around
radio stations for sedimentary rocks with apparently
similar lithologic characteristics having ages which cover
the entire range of geologic time. These earth resistivity
values are estimated from the rate of decay in field
strength about a radio transmitter. Normally, one would
expect a fairly wuniform increase of resistivity with
geological age because of the greater compaction associated
with increasing thickness of overburden (Dobrin, 1976).

123 0 ec
resistivity
The measurement of earth resistivity is affected by
three important factors namely: the topography of the

ground, anisotropy of the ground and inhomogeneity of the

ground.

According to Telford et al. {1976), resistivity
measurements are strongly influenced by local variations in
surface conductivity, caused by weathering and moisture
content. Rugged topography will have a similar effect,
since the current flow tend to follow the surface

particularly if the shallow layers are somewhat conductive.
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Table 1.1(b) Generalized resistivity ranges in ohm
-metres for rocks of different lithology
and age.(After Dobrin, 1976)
Marine | Torrestrial | Extrusive | Intrusive Chemical
Age sedimentary | asdimentary [rocks (bnsalt,| rocks (gra. | proolpitates
rocks rocks rhyolite) [nite, gnbbro) [(limestone, aalt)
Quaternary
and Tertinry
ngo 1-10 15-50 10-200 500-2000 80-5000
Mensozoic 5-20 25-100 20-500 500 Su00 100-10,000
Carboniferous
Paleozoic 10-40 60 300 50-1000 | 1000-5000 200-100,000
Early
Paleozoic 40-200 100-500 100-2000 | 1000-B000  {10,000-100,000
Procambrian 100-2000 3005000 200-5000 | OO0 “0.007% [10,000-100,000
Resistivity ohm-meters
10 100) 1('.]('::
t ' Precambrion
| —— |
| 1 Pa—
1 i —— 1
i . Early
ot ' Ryleozorc
iy 1
.—-__o—__-.
' o 1
R i ,
B St i Carbomiferous
== !
..-_DL_—— |
— } Mesozoic
SERTS 2
=1 ! .
. Ll Eocene
T T
| —o—— o _ , Miocene
i ¥ e T | Pliocene
L ]
——bee Quaternary
A _l
Figure 1.1 Average resistivity for groups  of
sedimentary rocks with similar
characteristics (After Dobrin, 1976)
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The egquipotential surfaces are distorted as a result,
producing false anomalies due to the topography alone. This
effect may distort or mask a real anomaly. There is no
method of isolating the topography effect in relation to
d.c. electrical resistivity measurements (Mares, 1984).

The anisotropy of the ground whereby there 1is a
preferred direction of current flow in the ground results
in different <current density components in different
directions. This also makes the potential distribution tc
vary with direction. The end result 1s that the resistivity
measured over horizontal beds 1is larger than the actual
horizontal resistivity in the beds, but smaller than the
vertical resistivity. If the beds have a steep dip and the
measurement 1is made with a spread perpendicular to the
strike, the apparent resistivity will be smaller than the
true resistivity normal to the bedding, Jjust the opposite
to the result over horizontal layers; if the array 1is
parallel to the strike of the dipping beds, the apparent
resistivity will be too large (Telford et al., 1976).

Inhomogeneity of the ground mainly results in a
situation whereby both the current flow pattern and the
potential curves are distorted at a plane surface. When a
new layver of different resisitivity from the overlying
layer 1s 1ntercepted by a current flow line, depending on
the relative resitivities of the two adjacent layers, the
current flow lines are either flattened or bloated as they
pass through the second layer (Dobrin, 1976).

1.3 D.C. Resisitivity Prospecting

Geoelectric d.c. methods are theoretically based on
the theory of the stationary electric field sufficiently
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described by the distribution of the current density, J

which 1is dependent on the sources and resistivities of the

medium.

In all conventional d.c. methods of prospecting,
current 1s artifically passed into the ground and the
energization effects of this current, both at the surface
and within the ground are obtained through measurements of
potential differences, potential, or through measurements
of some other parameters that are directly related to these

variables.

A resistivity instrument can be viewed as comprising
of a current source (battery), a current meter (ammeter)
and a voltage meter (voltmeter). These are connected, as
shown in figure 1.2, to four electrodes inserted a few
centimetres into the ground to make electrical contact. The
current source causes a d.c. of amplitude, I to flow
through the earth, entering at electrode Cq and leaving at
electrode Cp. The lines of current-flow through the earth
are known to be three-dimensional (Mooney, 1980).

According to Keller and Frischknecht (1966), the
simplest approach to the theoretical study of earth
resistivity measurements is to consider first the case of a
completely homogeneous isotropic earth. An equation giving
the potential about a single point source of current can be

developed from twoc basic considerations:

—~ ohm's law: E = Pj verns.1.3
where E - the potential gradient
3 -~  the current density
and P - the resistivity of the medium
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K Ammeter
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| S

A Voltmeter

77 /f?/////////P/'//////J;?///////// c

Figure 1.2 Field arrangement set-up for d.c.
resistivity measurements.
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-- The divergence condition: (7-3 & 00 wewiee 1.4
which states that all the current going into a
chunk of material must leave at the other side,
unless there is a source or sink within the chunk.
The divergence of the current density vector must

be everywhere zero except at the current source.

It 1s noted that the electric field is the gradient of

a scalar potential, that is,

é:_vu ...... 3.5

where U is in volts

Therefore, combining equations (1.3) and (1.4), we

obtaln Laplace's equation
- 1 3
V‘] =—PV'E =——P'V=U= 0 SR 1

The physical guantities measured in a field
determination of resistivity are the current I, flowing
between the two current electrodes, the difference 1in
potential, [XU, between two measuring points M and N, and
the distances between the various electrodes. Thus, the
applicable equation for the conventional earth resistivity

measurement is:
where K is the geometric factor; it 1is dependent on the
electrode configuration and has the dimension of length.

Equation (1.7) <can be used to compute the true
resistivity of the earth only if the earth is completely
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homogeneous. On the contrary, the equation may be used as a
definition for the apparent resistivity of the earth in a

heterogeneocus earth.

In d.c. electrical prospecting, the underlying idea is
to delineate the earth into geoelectric and geologic
sections. The geogeleciric section differs from the geologic
section in that boundaries between layers are determined by
resistivity contrasts rather than by the combkbination of
factors used by the geologists in establishing the
boundaries between beds {(Keller and Frischknecht, 1966).
The electrical charactery of a rock is determined primarily
by texture and water content. Boundaries in the gecelectric
section c¢oincide with boundaries in the geologic section
only when there is a pronounced change in texture at such a
boundary. A single named geologic unit may consist of
several rocks with guite different textures and so,
correspond to several units in the geocelectric section. The
converse situation is also commen, rocks covering a long
period geologically may be uniform electrically, and all
can be combined into a single unit in the geocelectric
sectlion {Keller and Frischknecht, 1966).

For a geoelectric section as shown in figure 1.3, the
resisitivity Py in the horizontal direction - a stack of
beds effectively in parallel is:

_ 010
6, = N Ea— Co....1.8

In the vertical direction, the beds are in series so that

the vertical resistivity €. is:

by =  BPiv + Op{1l-v) SR B
where v — the fractional volume of layvey with resgistivity
£1 (Telford et al., 1976).



22

117

Figure 1.3 Geoelectric section for horizontal beds
(After Telford et al., 1976)



23

1.4 The Existi Elact 3 onfi ¢ And
- {ricin
Various electrode configurations have been

successfully used to measure the resisitivities of earth
materials. These configurations include the common four-
electrode, three-electrode and tri-potential arrays. Others
include the two-electrode, the five-electrode and the six-
electrode differential arrays (Roy and Jain, 1973).

1.4.1 The four-electrode configuration

The four-electrode configuration is perhaps the most
widely wused configuration 1in field measurements. This
configuration normally involves the use of two current
electrodes to feed current into the ground and two
potential electrodes to measure the potential difference
between any two points in the vicinity of the current
electrodes or along the line joining the current
electrodes.

Common among these four-electrode configurations are
the Wenner array, the Schlumberger array, the Asymmetrical
Lee array, the Eltran, and the Dipole array.

The Wenner array 1is arranged such that the four
electrodes are spaced along a line with equal
interelectrode distances. Current is passed into the earth
through the two outer electrodes, designated A and B, and
the potential difference is measured between the two inner
electrodes designated M and N. The Schlumberger electrode
configuration consists of two current electrodes, A and B,
and also two potential electrodes M and N, all along a
straight line. The potential electrodes are placed
symmetrically about the midpoint between A and B and are
kept sufficiently close together so that the electric field
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E between them can be considered constant. In practice, the
separation between the potential electrodes M and N is
always less than one-fifth of the separation between the
current electrodes A and B, and is usually Kkept less than
one-tenth of this separation (Van Nostrand and Cook, 1966).

The asymmetrical Lee configuration is obtained by
removing the return current electrode to infinity in the
Lee configuration. The electrodes are spaced along a
straight line with each interelectrode separation between
the potential electrodes (P,,Pq1,P5) equal to half of the
distance between the current electrode and the nearest
potential electrode. The potential difference between P,

and Pl and that between PD and P2 are measured.

The Eltran, also known as the linear dipole-dipole
array, has the four electrodes spaced along a straight line
with the current electrodes A and B, distinctly separated
from the potential electrode connections M and N. The
electrode separation between A and B 1is equal to the
electrode separation between M and N. In the equally-spaced
dipole-dipole array of electrodes used to minimize
inductive coupling 1in induced polarization surveys, the
interelectrode spacings are equal. In the unequally-spaced
mode, the electrode spacing between the inner electrodes is
an integral multiple of the current or potential
electrodes' spacing. Figure 1.4 shows some of the common

four-electrode arrays.

In computing the apparent resistivities from field
measurements, the exact relative locations of the four
alectrodes 1s taken into account. The formular used for the

computation of the apparent resistivity, P, is
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LAYOUT GEOMETRIC FACTOR K
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Figure 1.4  Some four-electrode arrays (After Das and

Ghosh, 1873)
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where Zlv - the potential difference between the
potential electrodes;

- the current passed inte the ground

and K - the geometric factor, given by
2n
14 e ————————————— e 1-11
S S TR S SERN
L AM AM/ L BM BM-

For the Wenner array, K = 2na, implying that
Av
Pa = 2ma =p— = sieeas 1.32

For the symmetrical Schlumberger array,

K = n(s?/p - p/4), implying that

Av

]
b = g - 1A .. 1.13

For the Asymmetrical Lee, two resistivities @; due to P4Pj

and {5, due to PpP, are computed using the corresponding
measured potentials Vig and Vgy to give

v
Py = Gna—}ﬂ— and Py = 12naE?2— ...... 1.14

1.4.2 The three-electrode confiquration

The three-electrode configuration involves either the
combination of one current electrode and two potential
electrodes, or two current electrodes and one potential
electrode with the uninvolved fourth electrode located at a

point sufficiently far to approximate to infinity.

Common among this group is the Asymmetrical Wenner
array f{also called unsymmetrical method or the double
equidistant probe method), the modified unipole, the pole-
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dipole and the L8gn array (also known as the “one-
electrode' configuration) (Katsube and Collett, 1973).

Figure 1.5 shows some of the common three-electrode arrays.

The underlying principle of the three-electrode arrays
1s the same as that of the four-electrode arrays The
relative position of the three electrodes is taken into
account in computing the apparent resistivities from field

measurements. For the Assymmetrical Wenner array,

Av

fa = 4ma = T 1.15%

For the Logn configuration.

an1?2 Av

fa = = I~ e 1.16

1.4.3 The two-electrode configuration

The two electrode configuration can be configured 1in
any of the following ways:

- as an unfocused combination of one current
electrode and one potential electrode with the
other current and potential electrodes placed at
sufficiently large distances away from the
measuring environment so that they are considered
to be conveniently at infinity. This 1is the
combination worked on and reported by Apparac and
Roy (1973), and Kumar (1974).

- as a focused combination of two current electrodes

in which the two current electrodes feed current
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Figure. 1.5 Some three-electrode arrays

(After Van Nostrand and Cook, 1966)
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into the ground with none acting as a current
return electrode. This combination is reported by
Gupta and Bhattacharya (1963) and, Brizzolari and
Bernabini (1979).

as an unfocused combination of two current
electrodes with a complete elimination of the
potential electrodes, One of the current
electrodes feed current into the ground, and the
other current electrode acts as a current return
electrode. This 1s the combination being proposed

in this work.

A general outlay of the two-electrode, three electrode
and four-electrode configurations as outlined by Mares
(1984) 1s shown in figure 1.6 while figure 1.7 shows the
most frequently used arrays.

It 1s known that as early as 1833, Fred Brown had
proposed to find mineral deposits by the measurement of the
resistance of the earth Dbetween two electrodes (Rust,
1638). Rust (1938) did not expantiate on the exact
technique or theoretical basis of Fred Brown's adventure in

the location of mineral deposits using two electrodes.

Apparao, et al. (1969} reported experimental
initiatives using the mode of the two-electrode array
having one current electrode and one potential electrode,
with the other current and potential electrodes placed at
"infinity". Apparao and Roy (1971}, reported model
experiments on surface prospecting of  minerals by
resistivity in-line profiling with Wenner, surface
laterolog, unipole, modified wunipole and two-electrode
systems. The results show that, for conducting vein-type of

targets, the simplest non-focused arrangement, namely, the
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Figure 1.6 (continued)
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two-electrode system, gives the best response in regard to
both shape and magnitude. Moreover, 1t was found that the
two-electrode system had the greatest depth of

investigation and the least resolution.

Apparao and Roy (1973) conducted field test of the
two-electrode system by making resistivity profiling in
three test areas namely Vajrakarur (Dist. Anantapur, Andhra
Pradesh), Chitradurga (Dist, Chitradurga, Mysore) and
Josiaralangalam (Dist. Madurai, Madras), for field
experimentations over conducting targets. In the field
tests, Wenner, Schlumberger, Modified Unipole and Two-
electrode arrays were used. Profiling was done using a
fixed value of electrode spacing.

From both the laboratory and field tests conducted,
Apparac and Roy (1971, 1973) concluded that focusing does
not improve the potentiality of an array, and that the
unfocused two-electrode array had by far the largest depth
of detection in the sense that it produced large anomalies
with small spacings 1n comparison with other electrode
arrays. The depth of 1investigation for the two-electrode
array was found to be about 0,35L, where L is the distance
of separation between the active current electrode and the
active potential electrode (Roy and Apparao, 1971). 1In
general, it was concluded that the two-electrode array had
a lot of advantages over other arrays including that it had
the least number of moving electrodes.

Gupta and Bhattacharva (1963), 1n investigating the
effect of focusing on ground responses, concluded that
focusing current lines towards the target or a higher
current density 1in the region of the target may not

apparently produce a correspondingly higher effect at the
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receiving points on the ground surface. This finding was
also confirmed by Apparao and Roy (1973) and, Brizollari
and Bernabini (1979).

The above conclusion by Gupta and Bhattacharga (1963),
Apparac and Roy (1971, 1973) made it very unnecessary to
try to investigate any further the focused two-electrode
arrangement as tried by Brizollari and Bernabini (1979).

fumar (1974) made a simple analysis of the two-
electrode array of Apparac and Roy (1971) and arrived at
the apparent resistivity expression:

Ca = zmw;’— ...... 1.17
where L, = the distance between the active current
alectrode and the active potential
electrode,
and V - the potential at the positive potential

electrode due to the positive current
electrode.

It is of note that equation (1.17) is consistent with
aquations for the other earlier mentioned configurations in
that the configuration factor also has the dimension of
length.

The earlier mentioned conclusion by previous workers
left the unfocussed arrangement using a combination of two
current electrodes with no potential electrode as the only
ilternative to the arrangement used by Roy and Apparac
{1971). The present work 1s devoted to this alternative
electrode arrangement. The method considered in the present

work does not separately measure the potential generated at
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any point by the current distribution in the ground but
rather employ the driving potential of the field equipment.
A voltage source supplies a driving potential which drives
current into the ground through one of the two current
electrodes. The two current electrodes are separated by a
distance L, and are such that one feeds current intc the
aground and the other makes a return to the voltage source.
It 18 expected that a variation in the resistance of the
ground, and hence 1ts resistivity will be evidenced in the
variation or change 1n the amount of current and voltage
registered by the measuring instruments in the circuit. The
current 1tself 1s expected to wvary, not only as the
alectrode separation distance L is varied but also as the

subsurface condition changes.

An electrode arrangement as is being considered here
would consider the earth material between the two current
electrodes as forming a cylinder or any other similar

regular shape. By using the appropriate expression such as

i

R = P-Tr- - B sawe e 1.18a
v

R = —?— ...... 1.18b

where A/l 1is the geometric factor, we hope to arrive at an

expression such as

Vv

E X =—  Gwmaess 125
e I

where K has the dimension of length.

Equation (1.19) is the general expression for the apparent
resistivity of a suppesedly homogeneous earth through which
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a current I flows and potential V 1s generated between the
measuring electrodes.

According to Smythe (1950), the pattern of current
flow in the earth 1is actually dependent on the nature of
the interbedded planes. Although the above statement may be
true, but for the purpose cof this work, the pattern of
current flow in the earth, known to actually depend on the
nature of interbedded planes, is also considered

hemispherical or near spherical.

1.4.4 Other electrode configurations

This class consists of the newly developed arrays such
as the six-electrode Differential array of Zohdy (1969) and
the relatively obscure ones such as the five-electrode Lee-
partition tri-potential, resistolog array. Figure 1.8 shows

a sketch of some of these electrode configurations.
1.5 Aims Of The Present Work

The present work has as its objective the
investigation and possibly, development of a new non-
conventional and simple electrical resistivity prospecting

method which does not sacrifice accuracy.

The methoed 1s a non-conventional simple one in that
only two movable electrodes are involved, and its
development is based on Ohm's law. It is not commonly used
because its pattern of operation does not follow the
conventional four electrode arrays and that there is almost

no basic interpetation procedure developed for the method

as of now.

The investigation of the method would involve deriving

basic resistivity expression(s) for the assumed geometry of
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earth material and current flow pattern between the two
current electrodes. Furthermore, horizontal profiling and
vertical electrical sounding procedures would be performed
on single and interbedded earth materials placed in a
laboratory scale model tank. The results of the laboratory
studies would be tried and cross-checked under field
conditions in which horizontal and vertical profiling
procedures would be performed on the real earth situation
during a field work. Deductions and conclusions woculd then
be drawn from the experiences of both the laboratory and
the field studies to explain the behaviour of this variant
of the two-electrode array in comparison with the Wenner
and the Schlumberger arrays which would also be used in the
field test for comparison purposes only. The accuracy of
this array 1n determining layer resistivity value and most
aspecially in the determination of layer thickness would be

verified.

Lok Advantages Of The Proposed Two-electrode Method

Due to its simple nature, it 1is envisaged that the
proposed two-electrode method would have some basic
advantages over the other conventional methods of
electrical geophysical prospecting. The envisaged
idvantages of the propeosed variant of the two-electrode

d.c. resistivity array investigated in this work are:

the method is easy to handle in the field in that its
manpower requirement is low as only two or three
people are needed for data collection (field work).
Length measurements are also easy 1n that the
electrode spacings are integral multiples o¢f the
metre. Hence, the method avoids measuring decimals (or
fractions) of a metre as is normally required in the
Schlumberger array;
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at the present stage of development, the underlying
principle does not invelve exotic mathematics such as
complicated differentials and integrals; rather, the
method is based on simple geometry;

the method has a fewer number of moving electrodes
during the field survey; the two current electrodes
needed are the only ones moved at a time as &gainst
the four electrodes normally required for the Wenner
and about two to four electrodes for the Schlumberger
array; These two electrodes are moved only in the
forward (expanding) direction as against the forward-
backward movements necessary in both the Wenner and
the Schlumberger;

the proposed method is time-saving due to some of the
factors discussed above:

due to the fact that the methed is time-saving plus
the fact that only about two people are required for

data collecticon, the method is alsoc cost-saving:

the method is simple to unambiguously interprete right
in the field without resocrt to the use of a computer.
This 1is so0 because the appropriate graph(s) can be
easily plotted in the field; the plotted graphs are
usually linear and they usually show a number of
segments which also indicate the number of layers
sampled by the data. TFurthermore, the +thickness of
each layer can be easily determined by reading off on
the electrode separation axis, the point of
intersection of adjacent linear segments and making
the necessary subtractions to determine the laver
thickness while the resistivity value of each laver
can be determined wusing the simple Iine analysis
method derived in this work.



CHAPTER_TWO

PRINCIPLE AND ORY OQF THE PROPO V T OF THE
TWO-ELECTRODE D.C. RESISTIVITY METHOD

2.1 Principle of the Proposed Two-electrode
Confiquration {Method)

The proposed variant of the two-electrode method
discussed in this work 1s a mode of the unfocused system in
which only the twe current electrodes are used 1n the
measurement of garth resistivity with the potential
electrodes completely eliminated. The present work hags as
its basis the measurement of the resistance and hence the
resistivity of an ohmic conductor of a given length and
crogs-sectional area in the simplified cirecult shown in
figure 2.1. In a simple laboratory work, the circuit is
usually used to verify Ohm's law. The resistance r' of the
current measuring instrument is usually very small; far less
than r and R so that 1t can conveniently be regarded as
negligible. The problem of galvanic electrical resistivity
surveyving as visualized in this work 1s analogous to the

cirecult of figure 2.1.

The circuit of figure 2.1 can again be used to verify
the term “terminal potential difference' in a c¢ilrcuit. By
definition, the ‘“terminal p.d.' refers to the potential
difference across the terminals of a driving cell when the
circult is ‘closed’'. The electromotive force {(e.m.f.) of the
cell, refers t¢ the potential difference across the
terminals ¢f the c¢ell when the circuit is “open'. Once the
circuit ig closed, that is, when the resistor of resistance
R ohms is connected up as shown in figure 2.1 and the key K
is switched on, it 1s found that the potential difference

across the terminals of the cell become less than the e.m.f.
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Figure 2.1: Simple circuit to verify Ohm's Law
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of the cell. The difference between the e.m.f. and the
observed p.d. is called the “lost volt'. If two voltmeters
having the same characteristics are connected, one across
the terminals of the cell, and the other across the
terminals of the external resistance R, it is observed that
both readings are the same. That is, the voltage across the
terminals of the cell when on closed circuit is the same as
the voltage across the resistor whose resistance R is to be
determined. If this voltage is V, and the amount of current

flowing in the circuit is I, then R can be calculated from
Ohm's law using

R = V/I WAR - |

The resistivity, P, of the conductor can thus be determined

using the equation:

P

RA/1 e A

where 1 - length of the conductor
A - cross-sectional area of the conductor
and R

resistance of the conductor

The above discussion forms the underlying principle of
the proposed variant of the two-electrode array discussed in
this work. From the above discussion, it seems possible that
the resistance R can be found by measuring the voltage
across the terminals of the supply source. The terminal p.d.
decreases as current flows from the battery and increases as
the external resistance R increases (Nelkon and Parker,
1982).

in the measurement of earth resistance, if R represents
the resistance of the earth material between the two current
electrodes, then, by measuring the terminal p.d. across the

power source when current I is being delivered into the
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earth, a calculation of R can be made withoiut necessarily
having the potential electrodes involved.

2.2 Assumptions Made In The Proposed Two-electrode
Configuration

In the application of the proposed two-electrode
arrangement to the model and the true earth, the following
basic assumptions were made: )

- the earth material in each layer ‘sampled’ by the
current from the current electrodes, is homogeneous and
isotropic;

- the earth materials or lavers are horizontally
stratified;

- the volume of the earth material sampled by the current
from the current electrodes at separation L can bhe
approximated by the volume of an equivalent horizontal
cylindey whose radius, %X, is #gual to half the radial
distance of current flow from each current electrods,
that is, ®x = /2 = L/4, and the material is of the same
volume as the hemisphere whose volume, v is zfgﬁT}

- each current electrode is a current point source or
sink;

- the pattern of current flow between the twoe current
electrodes in the assumed homogensous earth is either
hemispherical or near spherical whether or not a new
layer is encountered;

- the earth resistance is in series because the current

traverses the sarth in the vertical direction.
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Therefore, the average resistivity of the wearth
material can be expressed as: '
n P ol
121 ivi
P = 2.3
n
T v
1
i=1

- where n is the number of layers sampled by the current
at the maximum electrode separation L, andZv 1is the
volume of earth material sampled;

- for each homogeneous layer, the resistance of the
sampled earth is proportional to the wvolume of the
earth material sampled. Therefore, the resistance per
unit volume, k, of a given layer sampled is considered
a constant; :

- each electrode separétion, L is assumed to sound a new
layer although some of these layers, by the closeness
or linearity of their k values, are expected to, 1in
reality, indicate their belonging to the same laver,

- the mode of electrical conduction in the earth material

is assumed to be ochmic.

The assumption that the earth material between the two
current electrodes is homogeneous and isotropic is well
known not to be generally valid. For an isotropic medium, it
is expected that the outward current flow from the pogsitive
current electrode must be the same in all directions into
the earth {(Van Nostrand and Cook, 1966), no current flows
upward because the air has infinite resistivity. Hence, the
current lines are uniformly spaced radial 1lines and the
equipotential surfaces are concentric hemispheres with their
centres at the current electrodes (Van Nostrand and Cook,
1966)., For the two current electrodes involved, a top view

imagination of the pattern formed by both the current lines
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and the equipotentials show co-axal concentric circles
(f1g.2.2). Although 1t is known that the earth is
heterogeneous in nature, but the homogeneity assumption 1is
not only a fair representation of the possibility of such
existence to a finite depth extent within the earth, but it
also lends a lead to the analysis of the problem in a situa-
tion where there 1s a sharp departure from the (homogeneous)
nature of the top surface or of an underlying bed from the
{homogeneous )} nature of the overlying bed. In which case, it
15 expected that the slope of a supposed straight line graph
will change when the underlying bed is of a different

material or composition from that of the overlying bed.

The assumption that the pattern of current flow between
the two current electrodes form a hemispherical bowl of

volume v = 2/3nr3

implies that the volume increases wilth
increasing electrode separation. The pattern is now imagined

to be confined to a cylinder of radius x (=%r) and length 1.

) Theory Of The Proposed Two-electrode
Conf i ‘5 (Method)

In deriving a suitable formula for the proposed two-
electrode arrangement based on the previously stated
assumptions, figures Z2.3 to 2.5 are necessary in
understanding the volume of the earth material trapped
within each current hemispherical or near-spherical bowl as

the current electrode separation is varied.

By considering the electrode spacings Lj_.q and L; 1in
figure 2.3, and calling into play the eighth assumption, 1t
15 observed that part of the hemisphere described by the
separation Lj 1is of resistivity @P;; the remainder (the
shaded part) is of resistivity €. This shaded part 1is a
spherical cap. It therefore implies that the sum ¢f the
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Figure 2.3: Geometry for determining volume of earth
trapped within a layer using the hemispherical model

Fiagure 2.4: Geometry for determining spherical cap volume

D
+1l : }-1
}-——~L-’2~ Earth surfoce
A iE -
p
l o
£

Figure 2.5: Geometry for determining volume of earth
trapped within a layer using the near-spherical model
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volumes of the spherical cap of resistivity f,, and the
unshaded part of the hemisphere, of resistivity f;, makes up
the totality of the hemispherical bowl. Considering that
part of the hemispherical bowl having resistivity P, it is
necessary to apply the expression for the volume of part of
a sphere between two parallel planes to compute the volume
of each earth layer traversed by the current flow. This same

consideration is applicable to the near-spherical bowl.
The equation of a circle is x2? + y? = r?

The volume of a sphere is v = 4/3nr3

’

This implies that the volume of a hemisphere is 2/3nr3
where r 1s the radius of the sphere of which the hemisphere
1s a part of.

In figure 2.4, let the gquadrant YOC of the circle
®x? + y? = r? rotating about O0OX describe a hemisphere. Let
two parallel planes whose distances from O be given by OA =
i and OB = b, mark out the segment whose volume v 1is

required. Using

N i j ny?dx ve..2.4

(rotation about the Xx-axis, volumes of solids of

revolution), then

¥? = r* - Xx° S D
Therefore,
b 1 3.b
= 2 i = 2¢ o
v g an{r x? )dx nlr?x /3x ]a
- nib-a)[r*-1/3(b*+ab+a?)] ssiis WRH

If b = r, the part of the sphere becomes a spherical cap.

Therefore,

v o= ntr—a)[r’—1/3{r’+ar+a’)] PG s |
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When a = 0, the spherical cap becomes a hemisphere (Abbott,
1980).

The result of equation (2.7) is applied to the

hemispherical and the near-spherical models below.
- the Hemispherical Model

In figure 2.3 , let Lj_q = Lq and Ly = L then a = 3L,
and r = }L. Hence,

Volume of spherical cap
1,
¢

n({r-a)[r?-*/3(r?+ar+a?)]

i

3 5 R L-Ly J{ 2L -LLg -Le ¥)

1/ {20330 454 3) ....2.8

Volume of remaining part = Volume of hemisphere - Volume of spherical cap ....2Z. 9

= 1f12HL3—1/24ﬂ(2L3'3L=L1+L13)

1/24HL1(3L="L1=) S O 1

Relating the above results to figure 2.3 implies that

vy = 1/p4mL1(3L2-L4?), that is,
vy = M/o4mLioq (3037124 4)

and vy = 1/pum(2L3-3L3Ly+Ly7), that is,
Vo = 1o m{2L43-3L40 Ly _1+L35 1)

The volume of the hemisphere is therefore
v = Y/.omi3= 0.26181;°3
-~ the Near-Spherical Model

Figure 2.5 shows the geometry of the near-spherical
model used in this work. From figure 2.5, taking the



50

approximate probing depth at electrode spacing L to be L,
then from Pythagoras theorem,

r? = (3L)? + p? = F(L?+4p?) vel.2.11
but r =p+4g R 1 1
and r=L-0p P58 HeLS

Substituting equation 2.13 into eguation 2.11
reduces to
p = /gL C...2.14

Hence, from equation 2.13,

r=1L- 3/gL = /gL o §

From the theorem of product of intersection of cherds of a
circle, AB.BC = DB.BE ,that is, (3L).(3L) = q.L . Hence

q = %L ce..2.16

In determining the volume of part of the sphere 1in
empty space, the geometry of figure 2.5 shows that the part
of the sphere whose short axis is of length g ends up in
empty space above the earth surface. This region forms a
spherical cap whose volume is to be removed from the volume
of sphere to give the volume of part of sphere within the

homogeneous medium.

Using equations (2.7) and (2.14), the volume of the
spherical cap simplifies to

Veap = 0.033854nL% = 0.106356L3 oe 1T

The volume v of part of sphere within the homogenecus earth
is found using
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V = Vgphere ~ Vcap ce0.2.18
but Vgphere = 4f3n(5/8L)3 using equation (2.15),
that is Vgphere = 0.325521nL3 = 1.022654L3 ee.2.19

Thus, v = (0.325521 - 0.033854)nL°>

that 1is v

0.2916667nL = 0.9162978L3 L ...2.20

Egquation 2.20 represents the volume of part of sphere within
the homogeneous earth.

Considering the situation whereby part of the current
flowing in the near-spherical bowl of volume v = 0.91629781.3
is trapped within a layer of resistivity F&, and the
remainder is trapped in a region of resistivity @ such that

it forms a spherical cap within the second layer. Let

L, represent the electrode spacing when the current
flow pattern was just touching (and therefore
tangential to) the interbedded plane,

L the new electrode spacing,
v the volume of spherical cap formed in layer 2,

and vxx* the volume of earth trapped within the current
boundary in layer 1 (fig. 2.3).

Using r = 5/BL(: 0.625L) and a = 0.625Lq, equation 2.7 gives

v ¢ = 0.6251(L-Lq)[(0.625L)3-1/5((0.625)%LL+(0.625)3L %}]
= 0.2556634(2L°-3L3L4+L, %) ce..2.21

but V = vk 4 ykxX s ad

thus, v** = 0.9162978L3 - vx ...2.23

Equation (2.23) represents the volume of the remaining part
entrapped in layer of resistivity @
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The derivation of the formula for layer bulk
resistivity Pb using the two-electrode arrangement 1is
approached in two basic ways. These are by considering the
equivalent cylinder of the hemisphere formed by the earth
material sampled 1in order to find its resistivity, and by
computing the ‘specific resistance’ or *specific
resisitivity' of the sampled hemisphere from its measured
bulk resistance or bulk resistivity.

2.3.1 "equi ent cyli AL

An equation relating the volume of the assumed
hemisphere or of the near-sphere formed by the sampled earth
material to that of the approximate equivalent cylinder is
arrived at as follows:

e The Hemispherical Model: Volume of a hemisphere of

radius, r 18 v = 2/3nr3

For an electrode spacing L, r = L/2. Therefore,

Volume v, of the hemisphere is

v = 2/an(30y3 = 1/pom3 = 0.261803 0 L. 2.24
- 3
implying that Z vj = 0.2618L;
=1
For an equivalent cylinder of radius, x = %r = L, its
volume
v = ux*l = w(§L)?1 = }/ygnlal cee..2.25

As the volume of the equivalent cylinder equals the
volume of the hemisphere, then

1/16HL31 = 1f12ﬂL3
that is 1 = 4/5L . ..2.26

but the cross-sectional area of the cylinder is A = mnx?
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therefore A = 1f15nL’ I (W |
Equation (2.27) divided by equation (2.26) gives

A/l = 3/gunL = 0.14726216L.  ..... 2.28

By definition, the resistance R of the equivalent cylinder

1S gilven by equation (1.18a)

Substituting equation (2.28) into equation (1.18a) implies

R = (54751 0/L

P, = 3/g4TRL e 200
but again R = V/I, then

fp = 3/g4mLy/I ce..2.30
that is fp = aLv/I ceaa g 31

Equation (2.31) is consistent with the expression for the
resistivity of the earth material in the other common
electrode arrays such as the Wenner and the Schlumberger
arrangements in which P is always expressed in the form of
equation (1.19), that is P = KV/I, where K is a constant,

called the geometric factor of the configuration.
In eguation (2.31), K = aL and has the dimension of length.

Equation (2.30) gives the expression for obtaining the bulk
resistivity of the earth material sampled for a particular
value of the electrode spacing L.

-~ The Near-Spherical Model: Volume of the near-spherical
3 A 3
model 1s v= 0.9162978L" implying that Z v; = 0.9163Lj
1=1
Radius of the equivalent cylinder is r = 3L 232

Cross—-sectional area, A of the equivalent cylinder is

A nr? = nL? = 0.25nL? R . &






