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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



15

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).
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117

Figure 1.3 Geoelectric section for horizontal beds
(After Telford et al., 1976)
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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
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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
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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 . &
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Volume v. of the equivalent cylinder is

Ve = Al = 0.25nL21 cv..2.34

where 1l - the effective length of the cylinder

As the volume of the equivalent cylinder equals the volume
cf the remaining part of sphere within the homogeneous earth
structure, then equating equation (2.40) to equation (2.26),
gives

0.25nL%1 = 0,2916667nL3

I

then 1

1.1667L R .

Dividing equation (2.33) by equation (2.35) gives the
dimensional constant

A 0.25nL?
that is - = —— 0 = 0.2142856nL
1 1.16667L

Using equation (2.36) in eguation (2.2) implies that

]

.36

A, = 0.2142856nLV/I =% 0.6732LV/I e

where €, is the bulk resistivity and all other parameters

are as earlier defined. Therefore @, = KV/I where K = 0.6732L
Eguation (2.37) 1s consistent with the form of equations
(1.19) and (2.31).

The near-spherical and the hemispherical bulk resistivity

values are related by:
nea -spherical - 4.5714286hepispherical - --2-39

In the case of more than one layer, for a given Lj, the
bulk resistivity of the jth layer is given by

s A=3= 1; & Jisssi B c.o..2.40
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where n 1s the number of layers sampled by the current at

the maximum electrode separation, L.

Thus, for a two-layer case, if the electrode separaticn
Ly y gives a bulk resistivity @4, and the electrode
separation Lj gives a bulk resistivity ber then

1"

Popv = Prvy + Povy — L

Popv -Fyvq
from which  f5

.2.42

n

¥2

where Fb is the true resistivity of the second layer.
Equation (2.42) can be used to compute the resistivity of
the new layer defined by the new sounding separation, L; for
the two-layer case.

2.3‘2 " 1 -3 1 n

In this approach, the seventh assumption is called into
play. The implication of this assumption is that if R(= V/T)
1 “he measured resistance for a given spread length L and v
1s the wvolume of the earth material sampled, then the
resistance per unit volume, otherwise termed '"specific

res:stance"” for the layer 1s given as
k = R/v ve..2.43

Figure 2.7 shows that a new hemispherical wveolume 1s
sounded for a new L;. By making suitable subtraction, the
volume of the hemisphere trapped within each layer 1s
subsequently calculated. The value of k at various stages 1is
an 1ndication of layer homogeneity or inhomogeneity. For a
single homogeneous layer, the k values for the sample spread
within the layer are expected to be close but far different
from those associated with another (adjacent) layer; k

values within a single layer may also Dbear a linear
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relationship of the type y = mx + ¢ with themselves but
not with those assoclated with another adjacent homogeneous

layer.

Sample equations for the determination of the “specific

resistance” values for various layers are next shown.

2.4.17 The n-layer overburden case

'sing the two-electrode array, it is assumed that the
electrodes are expanded about the centre n times until the

basement 1s just encountered at the (n+l)th expansion.

Figure 2.7 shows the layering in the n-layer overburden
caese. Skipping intermediate values and working out the
equations for the n-layers, it was observed that;

for the hemispherical model,

Vn = /4™ {Lp-Lp_1 1{2Lp? -Lp_1?~ Lp_qLp);

vy = 1'24“(Lr“Lr—1)‘3an‘Lr='Lr—1='LT-1Lri;

r=13, 2, 3,...,0-1 .. ..2.45
Lg = b.g =Log = «ss = Log=90; =1, 2, 3,...,01
vy = “/o4MLq(3Lp?-L4%); n =2, 3, 4,000 ae... 2.46
Fquaticn (2.44) is the expression for the spherical cap

formed by the new L value. It 1is the volume of the nth
layar, issumed to be encountered by the current flow pattern

from the current electrodes separated by a distance L.

Equation (2.45) 1s the expression for finding the various

volume() described between the smallest value of L, that 1s

L4, and the maximum value of L, which is L.
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Figure 2.6 Earth layering at electrode spacing Lg
[n-Layer Case of Earth Layering].
{hemispherical model)
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Fguation (2.46) is the expression for finding the volume of
the first layer described between the surface and the top
boundary of the second layer at electrode spacing Lp.

- For the near-spherical model,
Vn = 0,2556634(Lp-Lp_1)(2Lp?-Ly_1Ln-Ln-1®);
N = 2y Fpesnsisns ce..2.47
vy = 0.2556634(Lp-Ly_q){3Lp? Ly ~Ly_1?-Ly_1Lyp);
= X 2o 3 eeepfi-l i = nd o dB
Lo = Lg =L.g= ... =Log=0; £=1, 2, 3,...,n-1
vy = 0.9162978Lq7-0.2556634(2L,3-3L 2L +Ly7);

By slotting in the appropriate values of r and n when
necessary, equations (2.44) to (2.49) are used to generate

values of the volume(s) to be used in expressions such as

n
RnZ Ekivi; n=1, 2, 3,..... L. 2.50
=)
a
i=
and Kp = : 8 =3, 2, 3, .05 S K.
v
n

Similarly, expressions such as

n
6, = T givy; n=1,2, 3,..... s i B S2

4

and
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used *- -~al-ulate the "specific resistivity™ of the
f the =arth where gn is the specific resistivity of

*n be nrted that for each value cf L, 2 new valus

% iz ~omputed. The values of k so obtained can then ho
mpare? and used in composing the layers 1into the
2riat? ganalectric layers

Typics? equations for different number of layers

1 -
rrelying the earlier derived equations to the
igvorical model, as axample
£ the two-layer case,
vi = 3fiowind = 3 fagn({2Li?)
e L. ig the szeparation at the nth electrode separation
> *hisz in 2quatisn (2.43) implies
T kiv Rn 254
' ¥my i=9= 1, ki = Ri/vi
Ra
z, ki - 2.55
1 foam{2Ls3)
for the three-1zyer case,
Flaam(2L23)
Yl 2L 3 =372 ¥ Ly #1a¥)
V-2 t/oam!/3L2%L1-L1?) = Y/aenLe (3L22-L12)
Ro-Y/2oymks Ly (31.:7-L:2)
e .y a i A EBf
a2 LTl tha: k.‘ - SE— = - a..--'r.
t f24m{2L2%-3L2% L1413 )
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shad¥-c{la-L; ){2La¥~-LaLy~L1?)

Rz-kKe 3023 -c(L3-L1)(2La3%-LaLy-L12)+

k2ec(3L32L2-3L3®* Ly +L1¥-5213)

7{2L33-3L3?L2+L23)

.2.60

™¢e procedure for the determination of the number »f

'=r>, layer paramecters such as thickness and resisitivity

*

({}]

@, = aqu difforent in this method from the one
pted in  determining similar parameters using the
volent cylinder approach. While the equivalent cylinder
expscted to invoclve mostly graphical
“rirstisn af  +the layer parameters, the specific
=t anra approach will be analytical in nature. Though it
7t %2 able to specifically give the resistivity value
ayer, nevertheless, it will serve the same purpose
fic resistance” will be almost a conztant
v =ingle homogeneous layer and thereby be a gocd
‘stick for determining the number of layers. It is noted
arit cube of volume, the specific resistance is

to the resistivity of the material.



LABORATORY SCALE MODEL STUDIES
3.1 Introduction

In laboratory model studies, geologic structures are
simulated by small-scale models of a size readily handled
in the laboratory. It therefore makes i1t mandatory that., in
laboratory scale modelling, similitude should be achieved
between the model and the full-scale system. In mocdelling
resistivity methods, suitable conducting media which allow
the flow of current are used. This 1is usually an
electrolyte, in which the scaled model body or target
structure(s) is(are) placed. The above statement 1s known
to be strictly valid when a body whose characteristics are
to be studied 1s placed inside a medium of electrolyte or
earth material which forms the environment for the body. A
situation of this sort exists in a case such as when a
metallic lamina to be studied is placed in a body of water
which forms the environment. However, in a situation as
exists in this modelling experiment, in which the
environment itself is being studied, the above statement
and subsequent statements as regards the scaling factor,
though not out of place, or irrelevant, may not be fully
applicable.

Due to the nature of the investigations carried out in
this modelling experiment, in which the medium was
investigated, suitably scaled homogeneous, isotropic
electrolytes and earth materials were used to simulate and
configure the real earth condition. In experimenting over
the electrolyte and earth materials, each of the materials
used was 1in turn placed in a tank made of transparent

perspex. Perspex 1is a highly resistive non-conducting
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material. It is most desirable not only because the use of
a conductor would greatly affect the pattern of current
flow hence the measured response, but also for 1ts great
strength and transparency. Because 1t only dissolves
readily 1n solvents such as chloroform, and bonds together
very well when adhesives such as glue are used in putting
sheets and pieces of it together, 1t therefore provides a
strong support for the electrolyte and earth materials put
into it. The electrolyte and earth materials used in this
experimentation are water, lateritic clay, river sand and,
a combination of lateritic clay and river sand called
‘mixed-soil'. The perspex base of the tank represents the
basement in the real earth situation. In the
experimentation, a situation whereby a single homogeneous
layer of earth material is in direct contact with the base
of the tank is referred to as either a single overburden
case or a two-layer case for it to be in conformity with
similar address in the real earth situation. 1In the
laboratory work, the two-layer case, the three-layer case

and the four-layer case in different combinations were
considered.

3.2 Scaling Factor of the Model System

The characteristic parameter of a conducting medium 1s
the conductivity, o (or resistivity, € ) while the current
density J and electric field strength E form the field
parameters.

The potential field distribution within a source-free
medium is described by

- = the equation of continuity,
‘7'Jc = 0, and
~ - Ohm's law
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Je = -OVE’
where Je 18 the conduction current density
and ¢ is a scalar potential.

In order to have an accurate simulation of the full-
scale system, both the model and full-scale systems must

satisfy the above equations.

Applying the principle of similitude through
dimensional analysis,

-- the basic dimensions {(and units) in the potential
field problem are length L (metre), mass M (kilogramme),
time T (second) and electric current I (ampere).

- - by letting a, B, t and € to be the scale factors for
the length, mass, time and electric current respectively,
the ST base units as related in the model and full-scale

systems are as follows:

. = ol', that is L/L' =@ .eewss 3.1(a)
M = BM', that is M/M" o B  ..iaeun 3.11b)
T = =T, that 48 T/P" =2 €T  swenus 3.3(e)
I = 1", that 18 I/1" =€  .wuaa 3.1{4)

where the primed quantities represent the full-scale system

and the unprimed quantities represent the model scale
system.

In a conductive medium, the cbserved potentials due to
a current flowing through it are determined by the
resistivity {(or conductivity) of the medium, the strength
of the current flowing through it, and the distance from
the current source (Mwenifumbo, 1980). This simply implies
that four variables, namely the potential ¢, the
resistivity @ (or conductivity, o), the current strength I,
and the distance L from the current source are involved in
the soluticn to the resistivity problem.
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The dimensions of the variables are worked out and

summarized as seen from table 3.1 below

Table 3.1 Dimensions of scaling variables

¢ 2 L I o
;3 3 2 1 0 =3
M 1 1 0 0 -1
T -3 -3 0 0 3
I -2 -1 0 1 2

Using the scale factors of equation (3.1) and the dimension
matrix in table 3.1, we can relate the parameters >f the

mcdel and the full-scale system as follows:

¢ = a¥prle?Q" i v 163 218)
o = a3¥IB1itrie?o’ s o uadadl D)
g = aifr-ldeig’ S

Combining equations (3.2) and (3.3), we have
cg = aleo'p' i & wediik
implying that

ogL/1 = o'g'L'/I «s wudad
gL./I has the dimensions of resisitivity and hence each side
of equation (3.5) is a dimensionless quantity.

By making #/1 = R, equation (3.5) may be written as
oRL. = o¢'R'L" qauwas 3.6

thereby reducing the number of independent variables to
three.

I1f for instance we want to meodel a conductor on a
linear dimensional scale structure of 1:100 and resistance
of 1:10, that is L = 10-2?L' and R = 10-!'R’', then the scale
factor for the resistivity will be obtained from
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implying that ' = 1039

that is, the resistivity scale factor will be 10?. The
implication of this is that a measurement of ‘the
resistivity made in the model will need to be multiplied by
the scale factor for a rough estimate of the expected order

of the real earth resistivity toc be obtained.

In the present study, a model length of 1.0m was used
to simulate a field length of the order of 10?m, implying
that L:L' = 1:100. The resistance was modelled on a
thousand to one ratio, that is R:R' = 103:1. Hence, from

equation (3.9), we arrive at
&' = 10-1P

that is, if during the model study a resistivity value of
say 2010.0 Om is measured, representing in this system, a
sort of tank field representation, then the expected true

resistivity will be 201.0 Qm.

< | The Experimental Set-up

3.3.1 The apparatus

The laboratory scale model apparatus used in the
laboratory experimentation is schematically shown in figure

3.1, It consists of
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- a tank which holds the simulating electrolyte/earth
material.

- a framework for carrying the electrodes across the
tank, and

~ the measuring equipment.

The model tank was wholly constructed of transparent
perspex. This was to enable the easy visibility of the
content of the tank so as to be able to correct for
uneveness of surface or make cross-measurement of the
thickness of layers. The tank itself was encased in an iron
frame which provided adequate support and protection

against breakage of the tank. The top of the tank was open
to the air.

The tank had an internal 1length of 100.2cm, an
internal width of 80.5cm and an effective depth (depth from
the bottom level of the electrode carriage toc the inner
bottom part of the tank) of 50.0cm.

In the model set-up, copper electrodes of 1.20mm
diameter were used as current electrodes. This was because
platinum electrodes - a better option, known tc have low
polarization impedance and high resistance to corrosion,
were unavailable. Albeit, the 1low-resistivity wvalue of
refined copper made it a good substitute. The copper
electrodes, projecting 0.3 cm from the tubing (the covering
insulator) were each mounted in a slide and clip-on form so
that their positions/separations along the carrying
framework was easily adjusted by sliding them along the
metre-rule carriage. The electrodes could therefore be
moved to any desired position across the tank with a

minimum lateral positioning accuracy of 0.6 mm.
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In supplying electrical eneragy to the
electrolyte/earth material and the measurement of the
desired response of such a material, the following
equipment was used:

--  Universal LABPACK H.T. and L.T. Power Supply Type
LABS9R: This equipment was used to supply mainly the 4 c.
(OHz) signal to the simulating electrolyte/earth material
in the model tank. When necessary, it was found suitable to
supply higher voltage and current to the earth material at
line frequency (50Hz). The range of d4.c. voltage that could
be supplied by this eguipment was from zero to about 300V
at a current range of zero to 8A. It could also supply a.c.
voltage at S50Hz from 2zero to about 25V with the current
range from zero to 8A.

--  PHILIPS PM 5106 LF Generator 10Hz - 100KHz: This
equipment, which has a frequency range from zero to about
100 kHz, was used primarily to feed a.c. at different
frequencies of interest to the simulating electrolyte/earth
material in the model tank. The equipment was capable of
delivering a maximum voltage of about 10.3 volts thereby
making it very suitable and easy to handle in a laboratory
work of this nature.

--  PHILIPS PM 2522 Digital VAQ Meter: This equipment
was used to measure both the input signal (current and
voltage) from the power supply unit (as they are being fed
into the earth material) and the output signal from the
simulating electrolyte/earth material.

~-  TRIO, 10MHZ Double - Beam Oscilloscope CS - 1562A.:
This equipment was used to moniter both the 1input and
output signals in checking the amplitude level and phase
shift between them.
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3.3.2 Determination of the tank characteristics

In most of the resistivity field systems, use is made
of either very low frequency a.c. (<¢50Hz) or commutated
d.c. sources. According to Mwenifumbo (1980), because ~f
difficulties due to polarization at the electrode-
electrolyte interface, these very low operating frequencies
are sometimes found to be unsuitable in model systems.
Although frequencies up to 1500Hz have ©been used in
electrolytic tank model studies, it is equally necessary
that the advantages of reduced polarizaticn affects
obtained at higher frequencies be balanced against ‘the
problems of greater stray capacitative currents in the
measuring circuit and cable induction when selecting an
optimum value for the operating frequency. Experimens were
conducted to determine the operating frequency to be used
in the studies using both the Wenner array and the proposed
two-electrode method. Figure 3.2 shows the plot of current,
I against frequency, f for determining the operating
frequency.

The first medium of experimentation in the tank was
water.

In the determination of the apparent resistivity of
the tank water as a functicn of frequency, the Wenner array
at electrode spacings of 2cm, 5cm, 10cm and 30cm was used,
with the observation point situated at the centre of the
tank. Figure 3.3 shows the apparent resistivity of water as
a function of frequency for the electrode spacings
mentioned while the resistivity of water as a functiocn of
frequency for the two-electrode method with the electrode

spacings of 2cm, 5cm, 6cm, 10cm, 15cm, 30cm ané 9%0cm is
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shown in figure 3.7 . Similar results for the lateritic
clay, mixed-soil and river sand used in the experiment are
shown in figures 3.4 to 3.6, and 3.8 to 3.10.

From figures 3.2 to 3.10 it can be seen that any
frequency between 10Hz and 200Hz could be conveniently used
in this experimental set-up except for the 0OHz and, the
line source (50Hz) and its harmonics.

The capacitative coupling effect was also studied by
observing the frequency response of the potential field
distribution when a point source was placed in the tank
water. From figure 3.11, i¢L can be seen that this
capacitative coupling ffect comes into play slightly
within the range of 100Hz to 600Hz and becomes more
pronounced at frequencies greater than 1000Hz. In the
present set of experiments, a set of frequencies 0, 10, 20,
30, 40, 50, 60, 90 and 125Hz were tried in order to find
out which one(s) gave the best result in terms of stability
of readings and good alignment of computed resistivity
values, Low-frequency values of 20, 30, 40 and 60Hz were
found to give more stable readings than the other tried
frequencies. However, in the end, all of the frequencies
gave good alignment of the computed resistivity value. The
best result was nevertheless given by the 40Hz frequency.

3.3.3 Experimental procedure

The set-up for conducting the model tank experiment is
as shown in figure 3.1.

In the course of the experimentation, water - an
electrolyte, was alongside with two major earth materials,
namely lateritic clay and river sand, used as the major
medium of experimentation. A subsidiary make-up earth
material, here called mixed-soil, which was a mixture of
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electrode spacings.
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lateritic clay and river sand in the ratio of 1 to 3 was
also used to represent the material whose conductivity and

resistivity lie between that of lateritic c¢lay and river
sand,

The lateritic clay was §0urced from the Kubanni rviver
basin. It was composed of fine, well-grounded particles of
soil which were also clayey in nature. The lateriti~ clay
formed the topsoil of the Kubanni river valley. It is part
of the older remnants which are recognized b©wy their
reddish-brown cellular aspects and relative freedom from
impurity (Wright and McCurry, 1970).

The river sand was egually sourced from the FKubannt
rivar basin, directly from the rviver bed. It was composed
of coarse grains with the grain size being between 0.2%5mm
and 0.35mm in diameter. 1t formed part of the wash-off and
sediment deposition along the bed of the main channel of
the Kubanni river. Because of the grain size, 1t was veary
porous and therefore hardly retained water ogver a lona
period of time; most of the pore spaces were fi1]lled with
air. This condition, coupled with the gquartz content and
composition of river sand made its resistivity to

electrical flow of current to be very high,

In carrying out resistivity survey over the
electrolyte/earth materials, the central part of the tank
along the long axis of the tank was chosen as the profile

length. Two methods were available for use. These were by:

-— Keeping an electrode fixed close to ©one end of the

100cm long axis and moving the other electrode(s). or

-- Starting at the 50cm mark as the central position. and

expanding all the slectrodes abcout this centre.

The first method was not used
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-— because of the tank wall effect on current
distribution from the fixed electrode placed clnse tc

the wall, much error might then accrue;

-- because the sounding point was always fixed. this
method might not be the best for this work as each
time the array was expanded, the sounding point was
shifted.

In order to present a visible, easily interpretable
analysis, a set of graphical output were proposed for the
two-electrode method. These are

-- A plot of bulk resistivity against the electrode
spacing, L.

This is easily observable from the expression

P = aLv/1
that 1is,
& = (&)L 0300 e 3.10

A change in the underlying layer resistivity from the
resistivity of the overlying layer was expected to

show up as a change in the slope of the graph.

- A term called ‘normalized resistivity' (which was
derived by dividing the bulk resistivity at the first
electrode spacing by the bulk resistivity at each of
the subsequent electrode spacings) was plotted against
the reciprocal of electrode spacing, L.

This is easily seen using P = aRL and Pl = aR, L,

then,

Pl - Rlo—.h 3.11

which becomes
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The same result as for equation (3.10) was expected

- The ‘specific resistance' or “specific resistivity’

could be plotted against the electrode spacing. L

The specific resistance, k, was derived using the
expression of equations (2.52) and (2.53) where all
the parameters are as defined 1in section 2 3. 2 and
2.4. At each value of L, a new value of k was
calculated. The values of k for a single homogeneous
layer were expected to either be very close or seqgual
at a set of values of L; it was equally expected that
they might progressively wvary at a low but constant
rate 1in some cases particularly at the transition
zones where a progressive ascent or descen' was
expected.

In all the processes mentioned above, the depth ‘o
interface and hence the thickness of a layer of interest
could easily be found by estimating the value of L a3t which

point a change in the slope of the graph was observed.

The procedure of interpretation was expected to be
more favourable when the bulk resistivity was plotted

against L on a log-linear graph scale.
3.3.4 Sources of error

Sources of error in electrolytic tank model studies
may be classed into two major categories; these according
to Mwenifumbo(1980) are

-- those due to inaccuracies 1in experimental techniques,
and
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- those due to the inexactness of the analogy between
the actual problem and that represented by the model.

The first group includes electrical circuit errors as
well as mechanical and surface tension errors. In the
second group are the polarization effects and boundary
errors. This can as in this experiment, include errors due
to the actual current flow pattern geometry as against the
assumed geometry and alsc, the depth of investigation
alongside the depth of current penetration,

In minimizing the electrical circuit errors. the
following steps were taken

- All cables were properly shielded and earthed so that
no ground loops were introduced into the system.

- The source and the measuring circuits were made to
have a common ground in order to minimize the stray
voltages induced from the mains.

- Both the input and output voltage signals were
monitored on the oscilloscope to ensure that they were
relatively noise-free and to detect any phase shift.

- The operating frequency of the source signal was
chosen not to lie close to the 50Hz line frequency or
to be a harmonic of the line frequency although for
comparison of results, the 50Hz line frequency was

also made use of.

Inaccurate positioning of the electrodes,
inhomogeneity and misalignment of the electrcdes normally
constitute the bulk of mechanical errors encountered during
an experiment of this nature. In the construction of the
mechanical parts of the model tank, efforts were made to
ensure that these errors were reduced tc the Dbarest

minimum. To achieve this, it was ensured that all distances
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could be measured to within 0.5mm at any given point within

the tank and all distance measurements were referenced to
the centre of the tank.

3.3.5 Precautions taken

Tank wall Effect: In electrolytic tank model studies
of ‘open' potential fields (fields in a half space), errors
are introduced because the halfspace is terminated by the
tank walls. The effects of the tank walls were assessed
experimentally by observing the change in the potential
field when the electrode system was moved towards the
walls. A number of profiles were run along the central
longitudinal line of the tank with both the Wenner array
and the proposed two-electrode method. Figure 3.12 shows
the electrode configuration and the relative positions of
the electrodes with respect to the tank walls. Figure 3.12
shows the experimental apparent resistivity profile for the
central longitudinal line using the Wenner array and the
experimental resistivity profile for the same 1line using
the two-electrode method. In assessing the side wall
effects, it was assumed that the bottom of the tank was of
sufficient depth so that 1ts effects on the surface
potentials were negligible. The long side walls of the tank
were treated as perfectly insulating planes cof 1infinite
extent.

The experimental results for electrode spacings of 2cm
and 10cm are also shown in figure 3.13. From the graphs,
there is almost not much evidence to show that the short
side walls have much effect on the resistivity value at
considerable distances from the walls., For the 2cm
electrode spacing, the closest distance of investigation
from the wall was about 6cm while it was about 25cm for the

10cm spacing in the case of the Wenner array. For the two-
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electrode method , the closest distance of investigation
from the short side walls was about 2cm for the 2cm
electrode spacing while it was about 10cm for the 10cm
electrode spacing.

The effects of the bottom of the tank were equally
investigated experimentally. This was done by running a
number of profiles along the central longitudinal line of
the tank using the Wenner array. The electrode spacing. A.
was chosen in relation to the depth, 2, of the water in the
tank. Each time the water depth was reduced, the choice of
A to Z was accordingly adjusted so that relatively large
number of readings could be taken. For each prefile, Wenner
depth sounding was made. Figure 3.14 shows the graphical
results of this investigation for the Wenner array depth
sounding, with the centre of the sounding situated at the
centre of the tank. It could be seen from figure 3,14 that
the influence of the bottom of the tank came into effect
when the ratio cf the electrode spacing to the depth of the
bottom of the tank from the water surface {(that 1is. A/Z)
was greater than 0.14. The effects of the bottom floor of
the tank were investigated under the assumption that the
side walls were of negligible effect.

In the subsequent discussion of the results, all the
experiments were conducted well within the region that was

relatively free of tank wall effects.

Control Experiments: In order to check and control
the reliability of the present modelling experiment., a
number of control experiments were conducted. These control
experiments were actually conducted in order to access
guide resistivity values of the electrolyte/earth materials

and therefore ensure the reliability of observed data.
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-

The following describes and explains the control
experiments:

Determination of Water / Earth Material Resistivity:

- The resistivity of the water in the tank was
determined by running a profile along the central
longitudinal traverse of the tank. The experiment was
performed using both the Wenner array and the proposed
two-electrode configuration with electrode spacings
a =L = 2cm, 5cm, and 10cm. The results of these are

shown in figure 3.15.

Under normal and ideal circumstances, a conductivity
bridge should have been used alcongside this method for
comparison purposes. Due tc the non-availability of the
conductivity bridge, these values were however compared
with results obtained using a laboratory type metre
bridge and the tube method. The results of these are
shown in Table 3.2. Similar procedure was done for the

other earth materials.

-- The electrolyte/earth material was first tightly
packed in an open-ended cylindrical glass tube to
wheose ends were affixed two metal plates of the same
diameter as the internal diameter of the cylindrical
glass tube as shown in figure 3.16. For this geometry,
it was quite easy to <calculate the dimensional
parameters and hence determine the resistivity of the
enclosed material. The result of the resistivity value
so determined was expected to give the true rather

than the apparent resistivity of the earth material
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enclosed. It was therefore aimed at serving as the
true guide value for this parameter. Connecting leads
were passed to the metal plates through rubber bungs
which served as corks. The average internal diameter,
d, of the tube was 1.635 cm while its effective length,
1, after being filled with the electrolyte/earth
material and closed up was about 3.85cm. Low frequency
a.c. or pure d.c. was then passed into the tube
arrangement. The voltage drop V, across the terminals
and the amount of current I, flowing through were then

taken. This method is hereafter called the Tube Method.

The expression of equations (1.27b) and (2.1), that
is, R = V/I was used to compute the average resistance,
R of the electrolyte/earth material enclosed in the

tube. Similarly, noting that the cross-sectional area
Kasmad®fid 20000 L UL et 3.11

and, substituting this in the expression of equation

(2.2) that is, P = RA/1, the equation

¢ = nrd*/41 ... 3.12
that is, .
e = 0.5453366 x 10-2R  ....... 313

obtained after the substitution of the numerical
values of R, d and 1 was used to compute the average
true resistivity, P, of the electrolyte/earth material
enclosed in the tube. This methed was applied on the
electrolyte and all the earth materials namely, water,
lateritic clay, river sand and mixed-soil, wused in

-

this experimentationt‘AIThe numerical results of
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resistivity values obtained are shown in Table
3o

Typical calculation, for water, is given below:

V = 9.97 volts; I = 143.7 mA

therefore R = V/I = $938.8 Q
from which
P = 0.5453366 x 10°2 x 6938.8 = 38 Q-m

- Instead of passing pure d.c. or low-frequency a.c.
directly into the tube arrangement used above, the
terminals of the tube were connected to a metre bridge
with the contents of the tube as the unknown
resistance, X. This was balanced by a choice of known
resistance, R on the metre bridge. A d.c. source was
used.

-- The corresponding values of L (the distance of the
balance point from the end of the bridge wire where the
unknown resistance was connected) were obtained. A
graph of R against (100-L)/L was plotted and the mean
line through the points was drawn. The slope of the
graph was then calculated to give the value of the
unknown resistance X.

The resistivity of the electrolyte/earth material was
calculated using the expression.
@ & axf} 00 wemwus 3.14
where P - the resistivity of the earth material
a - cross-sectional area of the tube

1 - effective length of the tube
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TABLE 3.2 Computed Resistivity Values ﬁsinq Wenner, Two-
Electrode, Tube and Metre Bridge Methods.

Resistivity Values (Q0m)
Wenner Two-Electrode Tube Metre Bridge

Water 31 34 38 40
Lateritic Clay 33 32 34 32
River Sand 844 1000 1721 4788
Mixed-soil 524 217 245 59
3.4 Data Processing

In the use of electrical method of geophysical
prospecting, two distinct bedding cases can be considered;
these are the horizontal bedding and the dipping bedding.
Horizontal bedding has been 'giveCL by far, the greatest
attention in electrical prospecting for two reasons:
firstly, the mathematics for the horizontal-bed problem is
relatively simple. Secondly, the problem of determining the
depth to horizontal or nearly horizontal beds 1s of great
economic importance in petroleum exploration, groundwater
and engineering problems. The electrical theory for
horizontal bedding has had more success 1n groundwater and
engineering problems, which usually involve finding the
thickness of overburden or finding the depth to a shallow
key horizon, than in petroleum exploration problems which
usually involve key horizons at relatively great depths
(van Nostrand and Cock, 1966).

The general problem of resistivity prospecting in
plane parallel boundaries is developed by assuming that all
of space is divided into a large but finite number of
regions each of which is bounded by parallel planes; each
of all the finite regions has different values for the
resistivity and thickness.

There are basically -three schools of thought on

electrical prospecting for horizontal beds; these are, the
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curve-matching, the empirical, and the direct-
interpretation schools. The curve-matchers assume a
geological situation and construct a thecoretical

resistivity curve based upon that assumption. Although
these assumed conditions and theoretical curves ¢an be
organized into charts to cover a wide range of conditions
even before the fieldwork is done, this method is

essentially one of trial and error {(van Nostrand and ¢ook,
19667).

In the empirical schoel approach (Van Nostrand and
Cock, 1966), field curves are first obtained. If there is a
good geological control, the salient features of the curves
are then related to known geological contacts. Such
features consist of maxima, minima, inflection points, ang
incongruous breaks in the curves. They then try to follow
the geological contacts away from the region of control by
observing the behaviour of the resistivity curves in the
new regions. Otherwise, they examine the series of field
curves for ‘“breaks' which seem to persist in all the
curves. These breaks are then attributed to some horizontal
discontinuity in resistivity at a depth corresponding to

the eslectrode separation at which the break occurs,

The direct-interpretation school, which was started by
the work of Slichter in 1933, inveolved the use of the
measured resistivity data in a mathematical operation to
.determine directly the horizontal layvering which gave rise
to the data (Van Nostrand and Cook, 1866). By ‘direct
interpretation' 1is meant a method in which the measured
potentials or measured resistivities are wused in some
mathematical process to determine directly the actual

resistivity of the earth as a function of depth. Noted is
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the fact that direct interpretation techniques require a
tremendous amount of computation time.

The processing and analysis of electrical geophysical
data collected using common electrode configurations such
as the Wenner and the Schlumberger arrays among others
become relatively easy because of the availability of
adequate interpretation technigues for such systems. The
non-availability of such interpretation technigue for
either the arrangement developed by Roy and Apparao (1971)
or for the arrangement worked on in this treatise make the

full interpretation of the results of this work much more
tedious.

It must be stressed again at this point that, as
earlier stated, the scope of this work does not extend to
the realm of either developing a suitable field 1instrument
for the arrangement, or developing an interpretation
technique for the arrangement. The exact aim of conducting
this experiment was to find out 1f this arrangement was
capable or incapable of delineating horizontal layerings
within the earth structure between the top surface and the
basement.

The solution of electrical resistivity problem using
the direct interpretation technique assumes a single
current electrode on the surface of an earth in which the
resistivity wvaries with depth. The applicability of
Laplace's equation 1is also assumed. The conductivity 1s
assumed to vary with depth only. According to Keller and
Frischknecht (1966), the resistivity of the earth may vary
in the vertical direction according to the law

Pz = Pleiaz ----- 3 . 15
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where Pl - the resistivity of the surface laver
z - the layer thickness
and a- a parameter defining the rate of increase

(or decrease) of resistivity with depth

In solving electrical resistivity problem across an
interface, two conditions, according to Van Nostrand and
Cook (1966), become very important

- there must be a continuity of the potential or the
appropriate function at all points in space except at
the current source;

-- the normal component of current density or the
appropriate function at the boundaries must also be

continuous across the boundaries.

Within the earth structure, there 1is no sharply
defined boundary between adjacent layers but rather there
is a gradual gradation of one layer into another. There 1is
therefore a gradual continuation of conductivity and its
derivative to a certain extent across the interface. Hence,
the interpretation of the two-electrode array hinges much
on the manipulation of eguation (3.15) and its derivative.

Pekeris (1940), gave the procedure for determining the
variation of conductivity with depth for the case of a
horizontally layered earth. Pekeris gave the function to be
used in locating the mth boundary as

Kp-g Lo~ 2A%18 0 0 () =k gk o)

£ (A) = — 3.1
m Kpop - kp_q@ 2Atetf o (h)
e, - 6 _
where ki . w2l ...3.17
Ca * Ca-1

and tp 4 = 2p - 2.4 v i da &8
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th-1 - is the thickness of the (m-1)th bed.

A - is a constant parameter of Slichter's "kernel" k())
having the dimension of L‘l, and varying between 0 and o

In addition to the large amount of computations
involved, one of the possible objections to the direct
method of interpretation is the difficulty of measuring the
potentials sufficiently accurately in the neighbourhood of
an isolated current electrode. This difficulty is
especially serious for points at some distance {rom the
electrode if the effects of greater depths are sought (Van
Nostrand and Cook, 1966).

The type of analysis as given by Pekeris (1940) would
have been the easiest and most suitable for this mode of
the two-electrode array if it were possible to express the
potential distribution in terms of the Wenner-type
potentials.

Sanker Narayan and Ramanujachary (1967), proposed a
simple direct method using graphical approach. The method
used the general expression for apparent resistivity as
measured by any electrode configuration, that is,

Pa = KR o Sn i
where K is the geometric factor having the dimension of
length.

1 1
- = — v...3.20
Py KR

Using K = cL, where c is a constant, the expression
L 1

A, T i
Pa cR
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was arrived at for the Wenner array. When a plot of 1/cR
against L was made, a straight line graph was obtained The
graph had a slope of 1/f and passed through the origin. The
point of intersection of adjacent segments of the graph
projected on the L axis gave the depth to interface. The
intercept on the 1/cR axis gave hi[@i+1-Pi)/Pifie1.

As a result of the failure of computational methods to
correctly estimate the layer resistivity values, due to the
fact that the exact nature of signal transfer and the
interdependency between these layers are not well Xknown,
effort was made to estimate these values directly from the
graph. A simple graphical analysis was employed to
determine the layer resistivities and thicknesses in this
work. The following sets of graphical approaches were
attempted:

- plotting the linear-linear graph with the normalized
resistivity on the vertical axis and the reciprocal of
the electrode separation on the horizontal axis;

-- plotting the log-log graph with the bulk resistivity
on the vertical axis and the electrcde separation on
the horizontal axis;

- linearizing the positive aspect of equation [(3.15)
logarithmically to obtain

logfz = az + logh ..., 3.22
if z= Lk, then
logf = aL + loglsr ..., 3.23

A graph of the bulk resistivity @& at electrode separation
L was therefore plotted against L. Plotting this on a semi

log graph, implies that the intercept of the first segment
on the vertical axis is the resistivity € of the top
layer. The nature of the graph is as shown in figure 3.17.

In the graph of figure 3.17 :the following representations
are made
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02 = dl B dz

DS = DZ B d3

Dp = Dpog + 4y

dy - thickness of the first layer;

d, - thickness of the second layer;
d - thickness of the third layer;

d, - thickness of the nth layer;

The layer thickness was estimated on the L axis as the
value of L at which two layers/graph segments intersect or,
where there was a change of slope value. From the sketch,
€q 15 correctly estimated as the resistivity of the first
layer. In all the models, this estimate of the top laver
resistivity was in close agreement with the values obtained
using any of the earlier mentioned methods such as the tube
and the metre-bridge methods. It is viewed that the
observed response over the second layer does not represent
only the response of that layer to the input signal but
represents the total response of the layer and of the
overlying layer(s). The exact nature of signal response,
partition and contribution by each layer was not known but
it 1is assumed here that the intercept c, represents the
average resistivity of the first and second layers The
same holds for c4, c4, and so on.

In estimating the layer resistivity, a simple
graphical method of analysis was adopted thus:

Considering say, the equations of the first and second
layers, that is,

71
and Y,

SqX + Cq . for the first layer,

SoX + Coy for the second laver.

For the two equations to represent the same layer, albeit

with a little shift of origin or intercept, then. they must
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have the same inclination. The second equation need then to
be steered and linearized along the first egquation. This
results in a situation whereby

s.%x + [cq]
that is, SqX

sz[slfsz}x + [cz] oy e 2
8o(8,/851% + [cy - 4]

with cq and c, ignored.

It is here adduced that where graphically two adsacent
layers 1lie parallel to one another, although segmentad,
they both represent the same layer in which there rould
likely have been a vertical faulting of the layer Both
sides of equation (3.24) have the same slope. The ratio
sy/sp 18 here called the straightening factor or slope
index of the adjoining layvers. This deduction was used in
estimating the layer resistivity values from the top lavyer
to the Dbasement. 1In which case, the departure of the
underlying layer from the direction of linearization of the
overlying layer was sought after. The straightening facter
is therefore the measure of this departure. For both the
model study and the field study, the layer resistivity
values were estimated from the 1log-linear graph plot of

bulk resistivity against electrode spacing.

In estimating the layer resistivity values
graphically, the following steps were taken:

The expected resistivity values were classed as

- low, if resistivity value lies between 1 Q-m
and about 100 Q-m;

- medium, if resistivity value lies between 100 QO-m
and about 400 Q-m;

- high, if resistivity value was greater than 400
Q-m;
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- moderately high, if resistivity value lies between
400 Q@-m and about 800 Q-m;

- very high, if resistivity value was greater than
800 Q-m;

The intercepts of the layers on the vertical axis were read
off from the graph

- the intercept of the first layer on the vertical axis
was taken as the resistivity of the first layer;

- the intercepts of the underlying layers down to the
basement were compared with the computed layer
resistivity values.

The slope 1index relationship of the basement to the

immediate overlying layer was observed with the
understanding that

- if the index 1is low, then the immediate overlying
layer 1is of either medium or high resistivity
depending on the index value;

- if the index 1is high, then the immediate overlying
layer is of either low or medium resistivity depending
on the index value.

Two possible conditions for discrimination namely the
closeness and negativity of slope values, which equally
appeared to be naturally imposed were applied in fixing the
position of the basement.

-- The basement is positioned where the slope value of
the underlying layer become elther very close to that
of the overlying layer or positioned immediately above
the layer having a negative slope value.
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Using the basis of the knowledge of the top lavyer
resistivity and the slope 1index relationship of the
basement to the immediate overlying layer, a construct for
the intermediate layver(s) was then made to take 1nto
account the observations mentioned and therefore compase
the best possible combinaticn that could give shape to the
observations.

S8imilar expressions as in equation (3.24)  were
expected for the third and fourth layers and beyond for
layers that are more than two in compesiticn.

The layer resistivity computation procedure is shown
in Appendix A3.

According to Mwenifumbo (1980), the interpretation of
the results of the model structure may be a little
different from the interpretation of the actual field
results. Moreover, the accuracies may be greatly varied.
This is necessitated by the fact that more constraints are
introduced into the model studies than is usually
¢obtainable in the real earth situation. The implication of
the above statement is therefore that a wide variation in
accuracies o0f the results between the model study and the

real earth situation is not impossible.

3.5 Typical Model Data and Results

Data collected in the model study are presented. The
data show the variation of voltage V, and current I, with
changes in the electrode separation L, using the proposed
two-alectrode method. Also presented is the interpreated
result over each composition. The results were mainly
derived from the graphical plot of the bulk resistivity
against electrode separation.
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3.5.1 Two-layer cases (single overburden )

Water over Perspex:

TABLE 3.3 Typical Model Data for Water over Perspex

Figure 3.19

shows the plot of the bulk

L(m) V(v) I(mA)

0.05 7.02 1.247

0.1 7.02 L o |

0.15 7.02 1.186

0.20 7.02 1.143 — o
0.25 7.02 1.162

0.30 7.02 1.124 P——‘°0°?=m——'|
0.35 7.02 1.138

0.40 7.02 1:312 —

0.45 7.02 1.103 I -
0.50 7.02 1.141 RS e Sl
0.55 7.02 1.134 - - - o
0.60 7.02 1.290 e |
D.65 7.02 1.248 R N _an_ - e
0.70 7.02 1.220

0.75 7.02 1.171

0.80 7.02 1.193 Pigure 1.18 Water in mode] tanmk
0.85 7.02 £.153

0.90 7.02 1.162

resistivity

against electrode spacing for the single overburden ~ase of

table 3.3 with water as the electrolyte/material medium.

segmentation of
exponential

approximated to a straight line.

From the plot,
the

curve,

it could be seen

only the

first part, the

that there was no
first part 1is an
points in the second part

The first part connected

the second part at a point which is about the thickness of

the first layer. Since the first layer 1is perfectly
homogeneaous, exponential <curve observed was not
unexpected; it is in consonance with equation (3.15).: The
resistivity of the first layer was estimated to be 34.chm-
metres at the point where the curve intercepted the
vertical axis. In the original experiment of figure 3.18,

the thickness of water in the tank was 48.7cm,
{3.19).

From figure

the thickness of water was estimated to be 49 . 0cm



104

Bulk resistivity (Am)

101

B == =4 Hemitphernical Mode!
*——a@ Neor-sphericol Mode!

i i L L 1 1 i 1 | L L S |

Figure 3.19

i
50 L 0 L] "

10 10 0
Elecirode separalion (m)

Graph of bulk resistivity against electrode
spacing for water on perspex
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at the point of intersection between the first part and the

second part. This is only an error of about 0.62%

The water resistivity value of 34 ohm metres nhtained
from the graph of figure (3.17) compared favourahly well
with the 30.8 Q-m obtained wusing Wenner profiling (a
2cm), and the 37.8 Q-m obtained using the tube. 1t 1is
equally not too far from the 40.4 Q-m obtained using the
metre bridge method.

Lateritic Clay over Perspex:
TABLE 3.4 Model Data for Lateritic Clay over Perspex

L(m) Viv) I{mA)

0.05 9.87 1.838

0.10 9,85 1.810

0.15 9.86 1.624

0.20 9.86 1.596

0.25 9.86 1.547

0.30 9.86 1.563 |..___100-2cm———4{
0.35 9.87 1.520

0.40 9.89 1.490 s 1
0.45 9.89 1.478 e m w BEF W ;
0.50 9.88 1.445 i oW mu . -g
S B L e 8
0.65 5.89 1.803 LA « WoE €
0.70 9.%0 1.763 el eSS
0.75 9.88 1.554

0.80 9.88 1:.735% Fg. 31.20 Lateritic Clay in mode! tamk
0.85 9.88 1.692

0.90 9.88 1.593

Figure 3.21 shows the plot of bulk resistivity against
electrode separation for the single overburden c¢ase of
table 3.4 with lateritic clay as the material medium

Like in figure 3.19, there is no segmentation of the
first part of the graph in figure 3.21 while the points in
the second part approximated to a straight line. This is
the basement. The first part 1is an exponential curve; 1its
resistivity was estimated to be about 32.0 Q-m. This value

is in close agreement with 32.5 Q-m obtained with Wenner
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Figure 3.21 Graph of bulk resistivity against
electrode spacing for lateritic clay on

perspex
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profiling (a = 2cm), 33.9 Q-m obtained using the tube, and
233.0 Q-m obtained using the metre bridge.

In the original experiment of
lateritic clay emplaced was 50cm thick.

3.20,. the
From the graph, the
first part intersects the second part at the 51.0 cm point
This means that the layer thickness as read from the agraph
was only about 2.0% in error.

figure

River Sand over Perspex:

TABLE 3.5 Model Data for River Sand over Perspex

L(m) V(v) I(mA)

0.05 9,94 0.042

0.10 9.94 0.038

0.15 9.94 0.042

0.20 9.93 0.038

0.25 9.94 0.040 b——002em —
0.30 5.93 0.042

0.35 9.93 0.048 T g
0.40 9.93 0.042 Tk e E -I
0.45% 9,94 0.045 . - -~ £
0.50 9.93 0.043 " River sand s
0.55 9.94 0.042 ... ...
0.60 9.94 0.040 - e e e e e e e . -
0.65 9.94 0.042

0.70 9.94 0.043

0.75 9.94 0.036

0.80 9,94 0.038 Fig. 3.22 River 5and in modsl tank
0.85 9.94 0.046

0.90 9.94 0.040

Figure 3.23 shows the plot of bulk resistivity against

electrode separation for the single overburden of
table 3.5 with river sand as the material medium.

As was experienced in both figures 3.19 and 3. 21,
there is no segmentation of the first part of the graph in
figure 3.23 while the points in the second part
approximated to a straight 1line. The first part an
exponential curve; its resistivity was estimated be

about 1000 Q-m.

with Wenner profiling (a

2cm) .

This value is far from the 844 Q-m obtained

The value obtained using
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the tube was 1721 Q-m while no good result was obtained for
the metre bridge for reasons earlier explained.

The thickness of river sand emplaced in the original
experiment of figure 3.22 was 50.0 cm. From the graph, the
first part intersected the second part at the 47.5 c¢m

point. This thickness was just about 5.0% in error.

3.5.2 Three-layer cases

Lateritic Clay on River Sand on Perspex:

TABLE 3.6 Model Data for Lateritic Clay on River Sand on
Perspex

L{m) Viv) T(mA)

0.01 10.03 4.17

0.02 10.04 3.53

0.03 10.04 3.37

0.04 10.04 3,23

0.05 10.04 3.22

0.06 10.04 3.10

0.07 10.04 3.04

0.08 10.04 3.08

0.09 10.04 3.02

0.10 10.04 2.96 e Q3 ER oty
0.15 10.03 2.96

0.20 10.03 2.82 €
0.25 10.03 2.77 . : ]
0.30 10.03 2.76 :;Eq§ﬁ“1-”“1—j:j:jﬁ -----
0.35 10.03 2.75 - Biver.samd 7L 7L 7L E
0.40 10.03 2.61

0.45 10.04 2.58

0.50 10.04 2,60 Tig 3.2¢:  Lateritic Clay on River
0.55 10.04 2.60 sand in mode! tank
0.60 10.03 2.55 (3-1aver nodel)

0.65 10.03 2.42

0.70 10.03 2.43

0.75 10.03 2.40

0.80 10.03 2.36

0.85 10.03 2.24

0.90 10.03 2.16

0.95 10.03 2.17
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The composition of table 3.6 was made with Lateritic
clay of thickness 5cm emplaced on river sand of thickness
15¢cm thickness. These values are only approximate but valid

within a variation very much less than 1.0%.

Below are the results as obtained from figures 3.25(a)
and (b). From figure 3.25(a), only the layer thickness
could be fairly estimated.

Model Thickness Calculated Thickness Percentage Error
di = 0.050m Dt =d1 =1/21.0 = 0.048m - 4.8%
dz = 0.150m D2 = 3 /4,98 = 0.211m + 5.3%
B = 0.200m d2 = D2 - D4
*>dz = 0.163m + 8.6%

Slope 0of the first layer, s:1 = 9.196 x 10-3m
Slope of the second layer, sz = 7.762 x 10-3¥m

From figure 3.25(b), the layer thickness(es) is(are)
obtained/read-off directly from the graph.

Model Thickness Graphical Thickness Percentage Error
di =0.050m di = 0.048 m - 5.0%

dz2 = 0,150 m Dz = 0.155 m - 22.9%

D = 0.200m d2 = 0.108 m + 28.3%

g1 = 1/s(1ln 50 - 1n 7.6) = 0.376775m" !

82 = 1/10 (1ln 98 - 1n 26) = 0.132709m"!?

3 = 1 /10 (1ln 155 - 1n 112) = 0.0325m"?

Using the expressions of equations (3.15), (3.22) and

(3.24), the layer resistivity could be estimated thus:
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For the first layer,
0 = 7.6 x 10 ohm metres

It is noted that 7.6 is in the first decade and it is the
intercept of the first segment on the ordinate. The factor
of 10 came in as a result of the resistivity modelling
factor of 10-! obtained in the experiment.

Hence, 1 = 76. ohm metre.
For the second layer s:/s2 = 2.83911
Therefore P2 = 76 x 2.83911 = 216. Q-m

This value of resistivity is far lower than expected for
river sand.

For the third layer, sz2/831 = 4.083354
Therefcre ¢3 = 216. x 4.0833%4 = 881. 0-m

Although this is also much lower than expected but the
values of @1, P2, and @3 still follow the expected trend of
fr < P2 < @. The low value of P and its subsequent effect
on P13 could be adduced to the presence of water within the
intergranular spaces of the river sand at this 1initial

stage of the experiment.

There is a close agreement between the depths arrived
at in figures 3.25{(a) and 3.25(b) in which the top layer
thickness was evaluated as 4.76 cm and 4.75 cm
respectively. The thickness of the second layer was
evaluated to be 16.29 cm and 10.75 cm respectively.
The resistivity of the first layer 1is believed to be
accurately estimated because of its closeness in order to

the expected value.
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The general procedure for <computing the layer

resistivities for the laboratcry scale modelling is shown
in Appendix A3.

River Sand on Lateritic Clay on Perspex:
TABLE 3.7 Model Data for River Sand on Lateritic Clay on

Perspex
L{m) V(v) I(mA)
0.01 9.73 0.315
0.02 9.73 0.246
0.03 9.72 0.227
0.04 9.72 0.220
0.05 9.72 0.216
0.06 9.71 0.204
0.07 9.71 0.205
0.08 9.70 0.212
0.09 9.70 1 B . & (— e— ———
0.10 9.69 0.191 P, [ J. | ———-
0.15 9.69 0.178
0.20 9.69 0.176
0.25 9.69 0.165% . River~30nG - -~ -~
0.30 9.69 0.178 SRR R 3
C.35 9.69 0.1%5 " Lateritiq “gtay "7, 7| &
0.40 9.69 0.155
0.45 9.69 0.212
0.50 9.68 0.414 Pig. 3.26: River Sand on Clay in model tanmk
0.5% 9.68 0.154 [3-1ayer aodel)
0.60 9.68 0.147
0.65 9.68 0.160
0.70 9.68 0.199
0.75 9.67 0.169
0.80 9.67 0.223
Q.85 9.67 0.162
0.90 9.67 0.144
0.95 9.67 0.150

The composition of table 3.7 was made with river sand
of 9cm thickness as in figure 3.26 emplaced on lateritic
clay of 17cm thickness, thereby making the total thickness

of earth material in the model tank to be 26cm.

Below are the results as obtained from figures 3.27(a)
and 3.27(b). Only the layer thickness could be fairly
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-

estimated from the normalized bulk resistivity against the

reciprocal of electrode separation graph shown in figure
3.27(a).

Model Thickness Calculated Thickness Percentage Error

di = 0.090 m D1 =4 =0.087T m - 3,3%
d2 = 0,170 m D2 = 1/3.5 = 0.286 m + 9.9%
D = 0.260m => dz = 0.199 m +16.9%
s1 = 7.966 x 10-3m
s2 = 6.609 X 10-3m

From figure 3.27(b),
Model Thickness Graphical Thickness Percentage Error

di = 0.090 m di = 0.080m + 11.1%
dz = 0.170 m Dz = 0.300 m + 15.4%
D =0.260 m => d2 = 0.220 m + 29.4%

s1 = /30 (1n 2700 - 1n 170) 0.276521m"1
s2 = 1/10 (1ln 3100 - 1n 990) 0.0470726m" 1
g1 = 1/10 (1ln 4200 - 1n 3500) = 0.018232m"!

Similar interpretation as was performed for the case
of lateritic clay on river sand was done to yield

Pt = 1700 Q-m; hi1 = 8.0 cm = 0.080m
2 = 351. Q-m; h2 = 22.0cm = 0.220 m
€ = 1098. Q-m; hy = o

3.5.3 Four-layer cases

Lateritic Clay on Mixed-soil on River Sand on Perspex:

Lateritic Clay of thickness 3.0 cm was emplaced on
Mixed-s0il of thickness 5.0 cm which was in turn emplaced
on River Sand of thickness 15.0 cm in the model tank. The
total thickness of earth material therefore emplaced on the
basement was 23.0cm { fig.3.28 ). It should once again be
noted that the guoted values of thicknesses are only fairly
approximate as a result of possible non-uniformity in the
eveness of bedding plane. The table of wvalues for this
composition is shown in Table 3.8.
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TABLE 3.8 Model Data for Lateritic Clay on Mixed-soil on
River Sand on Perspex

L(m) Viv) I(mA)

0.01 10.10 4.16

0.02 10.10 3.47

0.03 10.10 3.22

0.04 10,10 2.82

0.05 10.09 3.04 o

0.06 10.08 3.14 —100.2 ¢m —— |

0.07 10.09 2.97 £
0.08 10.07 2.97 I,Louﬁtk clay &
0.09 10.08 2.90 . : J €
0.1 10.08 2.83 e ettt 4 W
0.15 10.07 2.85 ", " River_sagnd~ - - - iﬁ
0.20 10.07 2.73

0.25 10.07 2.64

0.30 10,06 2.65 ng. 328 Clay on Mized-soil on River Sand in
0.35 10.06 2.67 aodel tank (4-layer model)
0.40 10.06 2.54

0.45 10.06 2.60

0.50 10.05 2.58

0.55 10.05 2.47

0.60 10.04 252

0.65 10.0% 2.46

0.70 10.04 2.40

0.7% 10.04 2.45

0.80 10.04 2.42

0.85 10.04 2437

C.90 10,04 2427

0.95 10.04 2.12

Figures 3.29(a) and 3.29(b) show the graphical results
as obtained for this composition. From figure 3.2%(a),

Model Thickness Calculated Thickness Percentage Error
di = 0.030m D1 =d1 = 1/00.3% = 0. 049 m + 62.7%
d2 = 0.050m Dz = 1/9.s = 0.105m + 31.6%
da = 0.150m dz = 0.057m 4+  13.0%
D = 0.230m Dy =1/4.0 = 0.250m + B.7%
=> da = 0.153m - 3.5%
81 = 8.390 x 10-3m
82 = 8.909 x 10-m
€3 = 6.316 x 10-3m
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Model Thickness Graphical Thickness Percentage Erro:

di = 0.030m d4: = 0.038m + 25.0%

dz = 0.050m Dz = 0.110m + 37.5%

di = 0.150m dz = 0.073m + 45.0%

B = 0.230m D3 = 0.255m + 10.9%
=> di3 = 0.1450m - 3.3%

st = 1/10 (1ln 1000 - 1ln 6.6) = 0.5021m"!

2 = 1/10 (1n 105 - 1n 23.5) = 0.1497m"!

S3 = Y/10 {(1n 115 - ln 62) = 0.06178m"?

S¢ = 1/10 (1n 173 - 1n 123) = 0.03411m"?

The layer resistivities were calculated thus:

81 = 0,5021im-1? 82 = 0.1497m-! s3 = 0.06178m"?

s¢ = 0.0341m"?

s1/sz = 3.354044 s2/81 = 0.,2981477

S2/s3 = 2.4231142 83/82 = 0.412692

53/s« = 1.8112 S4/83 = 0.5521204

€1 = 66 Q-m c2 = 235 Q-m ¢3 = 620 0O-m cs = 1230 Q-m
1 = c1 = 66 Q-m; hi = 3.75¢m=0.2375m
P> = 66 x 3.354044 = 221. 0-m; h2 = 7.2%5m=0.0725m
A = 221 .x%x 2.4231142 = 536. 0-m: ha = 14.%cm=0.14%0m
€4 = 536.x 1.8112 = 972. Q-m; hg = o

Lateritic Clay on River Sand on Lateritic Clay on Perspex:

In this composition of table 3.9, lateritic clay of
thickness 5.5¢m was emplaced on river sand of thickness
10.0cm which was in turn emplaced on another layver of
lateritic clay of thickness 17.0cm.

The graphical results obtained for this compcsition
are shown in figures 3.31(a) and 3.31(b).

FProm figure 3.31(a),

Modal Thickness Calculated Thickness Percentage Error
dr = 0.055m Dt = d: =1/23. 5 = 0.043 m -22.6%
d: = 0.100m Dz = 1/3.5 = 0.133m -14.0%
da = 0.170m d2 = 0.091m - 9.3%
P = 0.325m D = 1/3.s = 0.286m -12.0%
=> @81 =

0.153m -10.0%
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TABLE 3.9 Model Data for Lateritic Clay on River Sand on
Lateritic Clay on Perspex

L(m) Viv) I(mA)

0.01 9.89 5.31

0.02 9.90 4.60

0.03 9.90 4.41

0.04 9.90 4.28

0.05 9.90 4.20

0.06 9.90 4.15

0.07 9.89 4.05

0.08 9.90 4.09 . B

0.09 9.90 4.12 £

0.10 9.90  4.15 f———100-2¢m —— 3

0.15 9.90 3.92 T —— i

0.20 9.90  3.89 " Rives s8od """ | =S

0.25 9.90 3.90 —

0.30 9.90 3.84 . " Latéritic " clay . ", §

0.35 9.90 3.65 AT =

0.40 9.90 3.67

0.45 9.90 3.61

0.50 9.90 3.2 Fig. 3.30 Clay on River Band on Clay in Model Tank

0.55 9.90 3. 710 (4-layer model)

0.60 9.90 3.64

0.65 9.90  3.49

0.70 a.90 3.15

0.75 9.90 3.43

0.80 9.90 3.28

0.85 9.90 3.26

0.90 9.90 3.08

0.95 9.90 2.64

s, = 9.281 x 10~ 3m

85 = 8.25 x 1073m

§3 = 7.2 x 107 3m

From figure 3.31(b),

Model Thickness Graphical Thickness Percentage Error

dy = 0.055m dy = 0.050m - 9.1%

d; = 0.100m Dy = 0.148m - 6.5%

d3 = 0.170m d5 = 0.098m - 2.5%

D = 0.325m Dy = 0.365m +12.3%
=> d3 = 0.218m +27.9%

sy = 1/40 (1n 190 - 1n 7.4) = 0.3246m"1

s; = 1/70 (In 72 - 1n 21) = 0.1232m"]

s3 = 3/70 (1n 106 - 1n 73) = 0.0373m"}

sy = /39 (1n 152 - 1n 119) = 0.0245m~}
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P, = 74. Q-m hy = 5.0 cm = 0.050m
F; = 195. Q-m h2 = 9.8 ¢cm = 0.098m
Fz = 644. Q-m h3 = 21.8 cm = 0.218m
(72 = 980. Q-m hy = @

. tic Cl . o

TABLE 3.10 Model Data for Mixed-soil on Lateritic Clay on
River Sand on Perspex

L(m) V(v) I(mA)

0.01 10.06 0.825

0.02 10.06 0.840

0.03 10,06 0.940

0.04 10.05 1,123

0.05 10.05 1.046

0.06 10.05 0.943

0.07 10.05 0.856

0.08 10.03 0.914

0.09 10.03 0.791 Ry R ——— £
0.10 10.33 o.;gg J €
0.15  10. 0. T i ae s B L
0.20 10.02 0.957 o e ~
0.25 10.02 0.850 s o w ] LR
0.30  10.02  0.750 2 LN - e
0.35 10.01 0.797

0.40 10.01 0.779

0.45 10.00 0.786

0.50 10.00 0.768 rig. 3.32 Mixed-soil on Clay on River Sand in
0.55 10.00 0.836 Model Tank (4-layer case)

0.60 10.00 0.956

0.65 10.00 0.831

0.70 10.00 0.785

0.75 9,98 0.734

0.80 9.98 0.698

0.85 9.98 0.627

0.90 9.98 0.718

0.95 9.98 0.597

In this composition, of table 3.10 and figure 3.32,
4.0cm thick of Mixed-soil was emplaced on 7.5¢cm thick
lateritic clay which was also emplaced on about 23.0 cm
thick river sand. The total emplaced thickness was 34.5 cm.

Figures 3.33(a) and 3.33(b) shows the graphical
results obtained for this composition.
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From figure 3.33(a),

Model Thickness Calculated Thickness Percentage FError
di: = 0.040m Di = di = Y/21.958 = 0,046 m +15.0%
d2 = 0.075m Dz = t/5.1 = 0.110m +46.533%
di = 0.230m dz = 0.064m -14.67%
D = 0.345m Da = 0.345m 0.00%
=> ds = 0.230m 0.00%
st = 9.342 x 10-3m
s2 =14.704 % 10-3m
s3 = 8.022 x 10-¥m

From figure 3.33(b)

Model Thickness Graphical Thickness Percentage Error
di = 0.040m di = 0.025m -37.5%
d: = 0.075m D2 = 0.103m -10.9%
di = 0.230m d: = 0.078m + 3:3%
D = 0.345m D3 = 0.333m - 3.6%
=> da = 0.230m 0.0%
st = /10 (1ln 5600 - 1ln 22) = 0.554m"!
s2 = 1/10 (1n 430 - 1n 54) = 0.2075m"1
83 = /140 (1n 435 - 1ln 275) = 0.04586m"!
s4 = 1/530 (1ln 745 - 1n 590) = 0.02333m"!

Applying similar interpretaticn procedure as before, we
obtain

1 = 220 Q-m hi = 2.5 ecm = 0.025m
2 = 82. Q-m hs = 7.8 ¢ = 0.078m
€ = 373. Q-m hy = 23.C cm = 0.230m
€« = 733. Q-m h = @

River Sand on Mixed-soil on Lateritic Clay on Perspex:

The composition of table 3.11 and figure 3.34, was
made with 3.0 cm thickness of river sand overlying a 7.0 cm
thick Mixed-soil, which in turn was emplaced on a 17.0 cm
thick lateritic clay.

Figures 3.35%(a) and 3.35(b) show the graphical results
for this composition.
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TABLE 3,11 Nodel Data for Yiver Sand on Nixed-soil on Lateritic Clay on Perspe

L{m) Viv) I(mA)

0,01 9.90 0.205

0.02 9.90 1.77

0.03 .90 0.150 -

0.04 9.89 0.170 ’

.05 9.89 0,157 e TR

C.06 9.88 0.20 River sand =

.07 9.88 0.233 ::ﬁ&:‘?jm 4 g

n.0¢8 .82 0.178 S W . o e i

n -"'\-"\ 1 {\Q C' . . . : . ' . . . 4

Vo aae fer [eteectay | B

0.15 9.88 0.193

0.20 9.88 0.173

0.25 9.88 0.151 Fig. 1.)4: River Sand on Nixed-soil on Clay iz Xode:

0.30 9.88 0.138 Tank (4-laver aodsl!

0.35 9.88 0.137

0.40 9.88 0.148

0.45 9.88 0.162

0.50 9.88 0.189

0.55 9,88 0.136

0.60 g.88 0.147

0.65 9.88 0.136

0.70 9.88 0.152

0.75 9.88 0.145

0.80 9.88 0.151

0.85 9.88 0.14¢9

0.90 9.88 0.162

0.95% 9.88 0.151

From figure 3.35(a),

Model Thickness Calculated Thickness Percentage Error

d:r = 0.030m Dy =di1 = Y/33.2 = 0.030m 0.0%

dz2 = 0.070m D2 = 1/4.25 = 0.211m -13.0%

dx = 0.170m d2 = 0.057m -18.7%

D = 0.270m D =1/a.s = 0.286m + 5.8%
=> 83 = 0.199m +16.9%

8t = 11.272 x 10-3m

sz2 = 5.392 x 10-3m

s3 = 13.043 x 10 °m
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From figure 3.,35(b),

Model Thickness Graphical Thickness Percentage Error
d; = 0.030m d, = 0.026m -13.3%
dy = 0.070m Dy = 0.103m + 2.5%
d; = 0.170m d> = 0.008m + 9.3%
D = 0.270m Dy = 0.318m +17.6%
=> dy = 0.213m +25.0%
s; = 1/;0 (1n 120000 - 1n 68) = 0.7476m™]
s, = /3o (1n 1800 - 1n 320) = 0.1727m"}
s3 = ;/10 (1n 1800 - 1n 970) = 0.0618n"]
84 = /70 (ln 4400 - 1n 3600) = 0.0201m™*

Adopting similar procedure as before, we obtain

680.

e, = Q-m hy = 5.0 cm = 0.050m
P% = 157. Q-m hz =z T.7¢m = 0.07Tm
P3 = 56. Q-m hy = 21.3 cm = 0.213m
Py = 173. Q-m hy = @

The basement value is far lower than expected. This may
likely be due toc its effect being effectively masked by the
highly conductive layers overlying it.

3.5.4 Model horizontal profiling with the two-electrode
array

An attempt was made to investigate the ability of the
two-electrode array to delineate vertical contacts. An
arrangement whereby a block of lateritic clay 35cm 1in
length, 50 cm wide and 50 cm thick was sandwitched between
two blocks of river sand was made. The arrangement 15 as
shown in figure 3.36. Horizontal profilings using the
Wenner array with a = 2cm and a = 5cm were then run across
the tank along the middle of the tank parallel to the long
axis of the tank. Similar profiles were run using the two-
electrode array with L = 2cm and L = 5cm.

The results of the horizontal profiling using the two
arrays are shown in figures 3.37 and 3.38. The results show
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that the proposed two-electrode array delineates the
different portions as good as the Wenner array does. The
two-electrode array promises to be a good substitute for
the Wenner array judging from a comparison of figures 3 37
and 3.38. The contacts between the blocks of River Sand and
the block of Lateritic Clay were well defined. and
accurately too, by the two-electrode array. Moreover, the
measured resistivity curves and the resistivity values of
both the two- electrode array and the Wenner array are very

much comparable. The values are shown in Table 3.12 tco
Table 3.15.

TABRLE 3.12 Horizontal Profiling with Wenner (a = 2cm)
Position (cm) Viv) T(mA) R{kQ) e (p-m)
10 3.81 0.0%81 41.868 526.130
20 4.99 0. 131 38.092 478.673
30 8.79 0.182 42,297 606.914
40 3.66 2.100 1.743 21.901
50 4.05 2.140 1.893 23.782
60 3.76 1.980 1.899 23.863
70 2.89 0.089 32.472 408.054
80 4.22 0.099 42.626 $35.657
90 4.82 0.115 £1.913 526.695
TABLE 3.13 Horizental Profiling with Wenner {(a = 5cm)
Position {cm) Vi(v) 1(mA) R(Q) O (f-m)
10 3.07 0.054 69.815 2193.2%7
20 3.30 0.069 47 .826 1502.501
30 9.10 0.199 45,729 1436.608
40 3.49 1.603 1.177 68.398
50 3.82 1.843 2.073 65.116
60 0.14 60.070 32.000 62.832
70 0.80 0.190 74.061 127.5877
80 3.26 0.078 41,795 1313.025
90 2.70 0.114 23.684 744 .0861
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TABLE 3.14 Horizontal Profiling with Twe-Electrode
Method (1, = 2cm).

Position (cm) V(v) T{mA) R(Q) Pi0-m)
10 9.72 0.221 43,082 259 .,0757
20 9.72 0.138 70.435 414 .8951
30 9.72 0.219 44, 384 261.441
32 9.71 1.181 8.222 48 .43
40 9.68 3.750 2.581 15.205%
50 9.68 3.810 2.541 14.966
60 9.69 63.790 2.557 15.060
67 9.71 0.280 34.679 204.274
70 9.71 0.150 961.069 359.727
80 9.71 0.171 56.784 334.483
90 8. 72 0

.183 53.115 312.872

TABLE 3.15% Horizontal Profiling with Two-Electrode Method
(L = 5cm).

Position (cm) v(v) I(mA) R(Q) € (q-m)
10 9.73 0.144 67.431 992.9977
20 9.71 0.139 69.856 1028.716
30 g T1 C.234 41.496 11.075
40 9,68 3.380 2.864 42.174
50 9.67 3.610 2.679 39,447
60 9.67 3.440 2.8117 1.396
65 9.70 0.307 31.5986 &5%5.29)
70 9.70 0.144 67.361 991.974
80 9.71 0.187 51.925 764.660
90 95.70 0

2357 61.783 909.836

In order to ensure the homogeneity of the top layer in
each of the compositions attempted during experimentation,
a fair run of horizontal profiling was made using both the
Wenner array and the two-electrode array. Whenever the
surface resistivity was found to be averagely non-uniform,
that 1is, a large variation 1in surface resistivity was
observed, a re-mixing of the surface/top layer material was

then usually undertaken.
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3.6 De tion

From the result of the horizontal preofiling undertaken
in the model study, it is evident that the proposed variant
of the two-electrode array can be another good method for
horizontal profiling alongside the Wenner array 1f it works

this fine under field condition.

It was observed from the processed data of the model
studies that the depth to interface is approximately equal
to the electrode spacing, implying that, the actual depth
.of investigation for this variant of the two- electrode
array is about egqual to the electrode spacing. This is not
in agreement with the theory that the pattern of current
flow within & homogeneous and isotropic earth is

hemispherical.

Alsc observed during the experimental studies was the
fact that a certain set of input signal frequencies., namely
30Hz, 40Hz and 60Hz, gave very stable readings of voltage
and output current. The produced graphical results of
figure 3.39 showed that in a situation whereby we could not
have, for field use, eguipment which can operate at these
frequencies, any other commonly available freguencies such
as d.c. (0Hz) and line frequency (50 Hz), {where there are
no overhead electric power lines to cause interference and
distortions) could be wused. The graph of figure 3. 39
compares the laboratory model study data collected for
water using the wvariant of the two-electrode array at
frequencies of OHz, 40Hz and S0Hz. The points and curves
are very close; the intercepts on the vertical axis {that
gave the resistivity of the medium) and the depth estimates

are about the same for the three frequencies compared.
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In drawing the lines Jjoining points that represented
each layer in the graphical output, only visual estimate of
the best line of fit was made without rescrt to the use of
linear regression analysis procedure. This visual method of
line fitting was definitely bound and expected to i1ntroduce
errors into the estimates of layer thickness{es) and layer
resistivity thereof made. To minimize the error, as best as
possible, the best 1line of fit wunder the prevailing

conditions was drawn,
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CHAPTER FOUR

THE _FIELD SURVEY

4.1 Instrumentation

4.1.1 Designing a suitable instrument

As mentioned earlier on, this research work does not
have as one of its main goals, the design and development
of a field instrument for the proposed method. However, it
was observed during the experimental studies that certain
set of input frequencies, namely 30Hz, 40Hz and 60Hz, gave
very stable readings of voltage and output current This
prompted the attempt to design an equipment that could be
used for the field survey such that the equipment could be
operated at any one of the stable frequencies in crder to
achieve stable and more reliable data than when operating
at frequencies of either 0Ez or 50Hz.

The designed instrument is made up of four circuits
namely the multivibrator circuit, the buffer circuit, the
current amplification circuit, and the transformer circuit.
The instrument uses a 12 volt d.c. source as its input, and

generates a high voltage a.c. signal of desired frequency
as its output.

The Multivibrator Circuit: The heart of the
designed equipment is the multivibrator circuit.
Multivibrators are two-stage amplifiers/transistor

switching circuits with strong positive voltage feedback in
which the output of each stage is fed to the input of the
other by coupling resistors or capacitors (Shea, 1953). As
a result, the transistors are driven alternately into
saturation and cut-off thereby giving rise to complementary
outputs (Duncan, 1982).

In the design of the .instrument, the free-running or

astable multivibrator was used to oscillate the 1incoming
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d.c. signal. The free-running multivibrator has no stable
states; it switches automatically from one state to the
other at a rate determined by the two CR interstage
couplings within the circuit (Havill and Walton, 1975). It

consequently generates a continuous stream of square

pulses.

It is possible to generate a continuocus train of
square-wave pulses of equal mark-to-space ratio by applying
shaping techniques to a sinuscidal oscillation. This method
is used where the highest frequency stability is essential
and calls for a regenerative type of switching circuit
where pulse duration and repetition frequency are
controlled by one circuit {(Cowles, 1976). This exactly 1is
the requirement of this work, and the free-running

multivibrator simply fits in.

In controlling the frequency and heﬁce the pulse
duration of the instrument, a dcuble potentiometer was used
in conjuction with the two CR couplings. The circuit is
symmetrical and the mark-to-space ratic 1is one. The
frequency f is therefore

0.693 "
f = ——— {Maddock, 1969) A S
CR o
The Buffer Circuyit: The buffer circuit has as its.

input, the output signal from the multivibrator circuit.

The two circuite were coupled using the direct coupling
method,

The ¢ircuit 1is Dbasically an emitter-follower or

common-collector amplifier with 100% series negative
voltage feedback. It is a broad-band amplifier used to

couple high impedance circuits into low-impedance loads.
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The amplifier transfers the 1input voltage to the output
'load without requiring voltage step-down, as in a
transformer (Cowles, 1976). Thus the common-collector étage
provides an impedance step-down and current-gain that makes
the a.c. emitter voltage to follow the base signal with a
loss of only one or two percent (Cowles, 1976). They are
therefore described as buffer amplifiers since they impose
very little electrical lcad on the input signal source and
vyet have a sufficiently low value of input impedance lcad
(Morris, 1978). This circuit is therefore essentially one
having the following characteristics:

- the gain is approximately unity
- the amplifier is non-phase inverting
- the input impedance is high
- the output impedance is low
{Morris, 1978)
This circuit was used to couple the multivibrator circuit

to the current amplification circuit,

The Current Amplification Circuit: This circuit

was used to raise the level of output current from the
buffer circuit. The circuit is mainly composed of a
Darlington connection which allows us to obtain the maximum
input impedance possible from a transistor (McGray and
Cahill, 1973). i1t enhances the buffer action of the
emitter~-follower. The large 3 possible with the Darlington
connection allcws the emitter-follower <circult to be
designed to have a very large input resistance; the high
effective B value increases the current gain but does not
increase the voltage gain (Uffenbeck, 1982). The Darlington

configuration therefore is also an excellent buffer stage
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since 1t gives a voltage gain of approximately one, a
current gain of approximately B8?, a high input 1impedance
and a low output impedance.

The Transformer Circuit: Two transformer stages were
incorporated into the equipment

- a 9v - 0 - 9V centre-tapped transformer which was used
to amplify the output voltage from the current
amplification c¢ircuit, to a transformer output of

approximately 240V,

- a transformer which receives as its input, the output
from the first stage transformer, to give a set of

switched output of 240V, 480V, 720V and 960V

respectively.

Because of the voltage step-up achieved by the
transformer circuit, current was stepped down and hence a
lower output current than achieved at the current
amplification stage was recorded. The output current was
21mA at 240 V, this was found to be too low judging from

the field work requirement.

The leads from the second transformer were connected
to the measuring instruments and the current electrodes 1in
a similar fashion to that shown in figure 4.1 in which the
instrument is represented by the power source.The
instrument could not however be used for the field work
mainly because its output current level was found to be too

low, especially at very high voltages.
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4.1.2 Instrument used for the field work

As a result of the unresolved problems of the
onstructed field equipment, it was adjudged mor &
reasonable to use a2 well tested equipment. The results of
the model studies show that although the wvoltage and
current measurements were not very stable at 0OHz and 50Kz
respectively, yet the graphical results at these
frequencies were as good as those obtained when operatinf!
at such frequencies whose voltage and current measurements
were very stable. Choice was therefore made of using

suitable power units which could deliver current into th

ne

D

earth at either OHz or 50Hz fregquencies "and also pick u

bt

response signals from the earth at these frequencies.

Figure 4.1 shows the arrangement. o¢of the field
equipment used for the two-electrode array aspect of the
field survey. The field equipment consists of the signa!
source - an Ealing high voltage power supply unit, 0- S00V,
capable of delivering a maximum current of 250mA; an
analogue voltmeter of a range 0-300 volts; a digital
ammeter set from the digital multimeter PM2522; rconnecting
wires and, twc copper electrodes. An electricity generator
was used to power the power supply unit and the digital
multimeter. An SAS 300 terrameter was used to carry out
both the horizontal and vertical profiling surveys using
the Wenner and the Schlumberger arrays Because of 1.5
light weight and digital output, the terrameter rombires
portability with ease of reading %tc¢ mzke the measuring

procedure less cumbersome,
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4.2 The Field Work
4.2.1 The choice of the project (field test) area

The area used to test the proposed method under field
conditions is the Kubanni River Basin.

The basin was chosen on the ground that a lot of work
had been undertaken within the basin by various
researchers. There is therefore an abundance of information
about the basin, most especially geologic and geocelectric
information. This implies that its geologic, hydrogeologic
and geophysical parameters are well known hence making the
basin a good ground for testing a new method such as the

variant of the two-electrode method investigated 1in this
work,

The river basin occupies the centre of the South-
Eastern sector of the 2Zaria sheet (No 102 S.W.) of the
1:50,000 sheet ordinances series of the Nigeria ordinances
survey maps. It 1is approximately bounded by latitudes
11°4'25"N and 11°10'45''N and longitudes 7°36'56"E and
7°44'22"E (Shemang, 1990). The basin has an average area of
about 150 km? (Egbeifo, 1978). It lies on a plateau with a
height of about 570 metres above mean sea level, and has a
dendritic drainage pattern. The basin is elongated 1n the
NW-SE direction (Figure 4.2); being the direction of
dominant faulting and jointing in the basement complex of
Nigeria (McCurry, 1970).

Between 1962 and now, a sizeable number of researchers
have carried out intensive and extensive work on different
aspects of the Kubanni River Basin. These works, as diverse
in nature as they are, ranges from geographical,
geological, and hydrogeological to geophysical
characteristics of the basin.
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Wright and McCurry (1970) in their study of the
basement geology of Zaria sheet 102 S.W. within which the
Kubanni basin lies, have reported that part of the basement
complex which covers the entire 2Zaria area 1s made up

mostly of older granites and biotite granite-gneiss (Figure
4.3a,b).

Egbeifo (1978) has established that the depth to the
water table at various locations within the Kubanni basin
ranges between 3 and 10 metres. He also concluded that the
thickness of the weathered basement aquifer within the
basin ranges from about 1 to 30m. Akpoborie (1972),
suggested that the presence of Jjoints and fractures
predominantly controls the flow of underground water in the
Samaru creek. Ososami (1968) has assessed the depth to
bedrock in the basin to vary in thickness frém less than 1m
to about 30m. Olugbemiro (1985) has estimated the depth to
bedrock around the Jama'a Kubanni village in the basin to
be about 36m. This has been corroborated by the borehole

drilling work done by Messrs Preussag Nigeria Limited in
1985.

Hassan (1987) in his geocelectrical investigations of
the Western half of the Kubanni basin reported the
undulation of the bedrock in his study area. He concluded
that the depth to the basement in the area 1s generally
increasing towards the Southern part. He also suggested the
existence of a great depression in the Southern part of his
study area which trends SE-NW and occupies about 40% of his
study area.

The most recent electrical survey in the area is that
of Shemang (1990) who has conducted electrical depth
soundings at selected well sites within the Kubanni River
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Basin. He reported that the resistivity values of the
topmost layer in the basin ranged from 50 Q-m at Cikaji to
781 Q-m at the Government Day Secondary School, Zaria City.
He estimated the depth to basement range to bhe from about 3
m, Jjust west of the university dam to about 44 m around
Ungwan Xubanni, with the average depth-to-basement in the
basin being about 12 m. He concluded that the depth to
basement is generally decreasing towards the Southern part
of the basin. He also confirmed and completely delineated
(mapped) the existence of a depression earlier reported by
Hassan (1987) in the Southern part of his study area.
Shemang's interpreted VES data suggested that the
overburden, in most parts of the basin, is made up of two
different rock types, except in some few places where only
one rock type has been interpreted, which overlie the fresh
basement. Shemang's VES data show that the overburden is
mostly made up of clays, silts and sands (topsoil),

weathered basement, fresh laterite and weathered laterite.

The most recent geophysical work in the basement is
credited to Bajeh (1992) who conducted a ground magnetic
survey of the basin. His results, in most cases, have
corroborated the findings of Shemang (1990)., He established
the depth to basement within the basin to be between O m
and about 50 m. This range is only about six metres deeper
than that of Shemang which is between 3 m and 44 m.

4.2.2 Geology of the project area (Kubanni Basin)

The Basement Complex: The Nigerian Basement Complex,
shown in figure 4.4, covers more than half the surface area
of Nigeria, mostly the Western part, the North Central part
and the Eastern flank bordering the Camerocons. The Kubanni
basin, situated in the North Central part of Nigeria 1is
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therefore underlain by Precambrian rocks of the Nigerian
Basement Complex (Figure 4.3a).

The older granites which predominate in the area are
non-porphyritic and variably foliated. They form groups of
inselbergs and low whalebacks. Cross-cutting sheets and
irregular masses of pegmatites, applite and vein quartz are
widespread. The gneiss complex which are primarily composed
of quartz, oligoclase, biotite and occassionally
porphyroblastic microline is another basement rock present
in the basin; it is medium to coarse grained and moderately
to weakly foliated (McCurry, 1870).

The different basement rocks found in the basin and
which are covered by Quarternary to Recent deposits can be
summarised as follows:

- coarse prophyrritic-biotite granite;

- medium-coarse grained biotite granite agneiss;

- applite granite with pegmatites and quartz
veins cutting across most of the bodies;

- weathered basement which 1is part of the
basement complex that has been weathered and
disintegrated beyond recognition (Shemang,
1990).

The Superficial Deposits: According to Egbeifo
(1978), the superficial deposits that cover most of the
basement rocks in the basin act as recharge areas to the
aquifer where they are underlain by weathered basement.
These deposits are the Older laterites and Quarternary
deposits which constitute the sporadically distributed
Older and Younger alluviums. The Older laterite remnants
are recognized partly by their topographical relationships
and thickness up to 7 m and partly by their reddish-brown
cellular aspects and relative freedom from :mpurity (Wright
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and McCurry, 1970). The Younger alluvium which consists of
grey-brown sands, silts and clays is the product of the
most recent cycle of erosion. It is over 10 m thick in some
places (0Olowu, 1967). The superficial deposits rest almost
everywhere on the weathered basement. The thickness of the
weathered zone is not certain but there is evidence that it
can attain 16 m or more especially in places where the
older laterite is still preserved (McCurry, 1970).

Tables 4.3 (a and b) respectively show the resistivity
values of rock types in the Dbasement areas and the
resistivity values of earth materials in the Kubanni Basin

as used in previous works in the basin (Shemang, 1990).

4.2.3 The data collection

The field work was undertaken in June 1993, The area
covered by the study is the entire Kubanni Basin. As much
as possible, stations in the present wcrk were sited in
some of the villages covered by Shemang in 1990 although
his stations were not exactly reoccupied as their exact
location were not known. In all, twenty-four stations were
occupied. Vertical electrical sounding was performed in
twenty-three of these stations while horizontal profiling
was performed in one of these twenty-three, and the twenty-
fourth station. A total of thirty-one vertical electrical
soundings were made; a sounding each in twenty-two of the
twenty-three stations mentioned and nine sounding staticons
established in NAERLS alone. Two depth horizontal profiling
was undertaken in NAERLS and one depth horizontal profiling
was made across the lower channel of the ABU Dam.

In order to westablish the correctness of the
interpreted results of thel two-electrode method, use was
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made of the Schlumberger array and the two-electrode method
on one hand for vertical electrical sounding, and the use
of the Wenner array and the two-electrode method on the
other hand for horizontal profiling in the field survey.
This was aimed at enabling a comparison to be made between
the results of the two-electrocde method and the results
obtained using other standard and established methods for
vertical electrical sounding and horizontal profiling. The
interpreted results obtained using the two-electrode method
were compared with the results obtained using the standard
interpretation techniques for both of the Schlumberger
array and the Wenner array.

TABLE 4.1 Typical Resistivity Values of Earth Materials in
Basement

(a) Resistivity Values of Rock Types in Basement Areas
(After Shemang, 1990)

Rock Type Resistivity (Ohm-m)
Fadama loam 30 - 90

Clay, silt and sand 100 - 200

Sand and gravel 100 - 180
Weathered laterite 200 - 500

Fresh laterite 501 - 800
Weathered basement 20 - 100

Fresh basement > 1000

(b) Resistivity Values of Materials in the Kubanni Basin
(After Shemang, 1990)

* Rock Type Resistivity (Ohm-m)

Fadama loam 30 - 70

Clay, silt and sand 71 - 200

Sand and gravel 100 - 180
Weathered laterite 181 - 500
Fresh laterite 501 - 800
Weathered basement 20 - 150
Fractured basement 600 - 1000

“~agh basement (Crystalline) >1000
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Figure 4.2 also shows the distribution of the twenty-
four stations at which the field surveys were carried out
within the Kubanni River Basin.

The main aims of carrying out this field test are

~ to find out if the result of the model study
in reality represents the real earth
situation, in which case the inferences and
deductions drawn from the laboratory work
were corroborated by, and transferable to the
real earth situation;

- to find out if the two-electrode array could,
in the real earth situation, delineate the
different layerings within the earth
structure between the earth surface and the
basement.

During the field survey, adequate care was taken to
ensure the reliability of the collected data as follows:

- Apart from ensuring that all electrical
components were well grounded, it was equally
ensured that there were no open jecints. This
was aimed at eliminating current leakage into
the ground; current leakage introduces a
pseudo-source into the earth énd thereby

induces errors in the measured response.

- Because of the dependence of measured

response on the electrode spacing, L,
adequate care was taken to ensure that
accurate measurement of L was made at each

electrode separation.
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- Of utmost importance to the measurement of
layer resistivity using the two-electrode
array is the condition that the resistivity
of the surface layer be uniform (Rust, 1938;
Van Nostrand and Cook, 1966). To ensure this.
at every station and sites investigated
during the field survey, a horizontal
profiling of the surface layer was always
carried out. In order to be certain that only
the surface layer was being profiled, a small
electrode spacing of a = 1 m was always
applied using the Wenner configuration and L
= 1 m applied using the two-electrode array.
This value of electrode spacing was chosen
since the depth of investigation for either
of the two arrays was not expected to be
greater than this value at this electrode
spacing. Moreover, doing s0 ensured that the
measurements were made at the same electrode
spacing so that the readings could easily be
compared if need be.

As earlier stated, during the field survey both
vertical and horizontal profiling was carried out. The

major horizontal profiling work was carried ocut along

- two profiles, each 600 m long in NAERLS, with
Wenner array a = 30 m and twc-electrode

method L = 30 m spread, and

-- one profile 600 m long across the KXubanni
river channel near the ABU Dam, with Wenner
array a = 60 m and two-electrode method L =
60 m spread.
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4.3 Data Analysis and Interpretation

4.3.1 Treatment of field data obtained using the proposed
me thod

Using the field equipment arrangement of figure 4.1,
the driving voltage, V, and the current, 1, flowing *hrough
the earth were read off from the analogue voltmeter and th
digital multimeter respectively. The resistance R, of the
earth material between the current electrodes was
calculated using the usual expression of equation {1.17b).
The resistivity of the earth material wis then calculated
using equation (2.30).

A set of the computed apparent resistivity values for
a particular profile form the field resistivity data
collected for that sounding station. The computed apparent
resistivity values were, in both cases of vertical electric
sounding and horizontal profiling, plotted on a log-linear
graph based on the theory of equation (3.15).

This interpretation technique took intc consideration
the fact that when a particular layer 1is sounded, the
response as picked up on the surface by the measuring
instrument represents the contribution of that layer itself
and the overlying layer{s). The layer resistivity was then
calculated as a function of the resistivity of the
overlying layer. The procedure for calculating the layer
resistivity is given as follows:

- the slope values were calculated,

- the slope indices/straightening factors and
their reciprocals were calculated;

- the closeness of the slope values were chaecked to

determine the 1location of the basement; the
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basement is then identified as the layer with the
first of the two of such very close slope values;

- the intercept of each layer on the vertical
axis were read off; the most impecrtant being
the intercept of the first layer on this
axis;

- the intercept of the first layer on the
vertical axis was fixed as the resistivity of
the top layer ;.

- the resistivity wvalue(s) of the underlying
layer(s) were composed by multiplying the
computed resistivity value of the overlying
layer with either the straightening factor or
its reciprocal for the layer; these were usad
in such a way that the basement value will
not be toe low or too high. A decision
therefore had to be taken for each layer so
that the product of the multiplying
guantities would match the composition;.

- the point of intersection of adjacent
segments of the graph projected on the L axis
was read off. This is the depth to interface
between the layers; the thickness of the
overlying layer was then calculated by
working out the neccessary subtractions.

The geoelectric two-electrode VES interpretation for

all the stations covered are shown in Appendix Cl.

In interpreting the field data obtained using the
proposed method, the interpretation applied to the model
data in section 3.4 was also applied. Moreover., the
interpretation was strictly tied to the geology of the
field test area.
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4.3.2 Treatment of field data obtained using the
Schlumberger array

The SAS 300 terrameter gave a direct output reading of
the earth resistance R. For each current electrode spacing
in relation to the potential electrode spacing, a new value
of R was measured by the terrameter. A set of apparent
resistivity values for a particular profilt form the field
resistivity data collected for that sounding station. The
apparent resistivity values, € was computed using the
equation

P = KR .. 4.1
where K 1is the geometric factor of the configuration.

K was calculated using the expression

[ &

1

i
J

b
K =1 - —_
4

L b

where a is half of the current electrode spacing
and b is the potential electrode spacing.

For the Wenner configuration, a = 1.5b, hence

Kdvenner =200 i, 4.3

The computed apparent resistivity was plotted against
L (half the current electrode spacing) on a bi- logarithmic
scale for the vertical electric sounding. For the horizonal
profiling, either of a log-log or a log-linear graph would
do.

The interpretation of data from electrical sounding
survey involves expressing in geological ‘terms ' the

information given by the measured apparent resistivity
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data. For the interpretation to be reliable, a considerable
practical experience with the method in use as well as a
versed knowledge of the geology of the area under study is
necessary. For the purpcse of this work, all available
geological information on the field test area was taken
into consideration to guide in the interpretation. As
usual, each layer of rock type in the area was assumed to
be homogeneous and isotropic, implying that 'the lateral
variation in conductance was ignored.

In interpreting the VES data collected in this work
using the 8Schlumberger configuration, a computer program
written and developed by Mooney (1980) was used. The use of
the computer programs involves the following steps:

- the assumption and supply of a trial model;
this involves the supply of a realistic earth
model as a first model to be used by the
program; the parameters of the assumed model fed
into the computer at this stage 1include the
number of data points, the number of layers, the
field resistivity data, the resistivity value of
each layer and the thickness of each layer; the
parameters of the initial model were determined
using the partial curve-matching procedure
(Keller and Frischknecht, 1966);

- computation of the theoretical field curve were
expected from the trial model;

- comparison of the computed resistivity curve
with the observed field resistivity curve; and

-— modification of the model, where necessary. to
improve the agreement between the computed and
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the observed data until the best possible
agreement 1is achieved.

Stages two and three were automatically executed by the
computer program by making use of the parameters supplied
in the first stage. Step four 1is achieved by the
interpreter who modifies the trial model for the program to
re-execute stages two and three. The program make use of
the supplied initial parameters to compute a thecretical
apparent resistivity curve which it then compares with the
observed field curve and then iteratively modifies the
initial parameters until the best fit between the ohserved
field curve and the computed curve was obtained. The
iterative process was terminated only when the error falls
below a specified cut-off value or the process had gone
through a specified number of iterations. The process, at
this point, falls back to the interpreter who, 1f not
satisfied with the match, or found out that the computer
interpretation did not fit the geologic parameters of the
study area, goes back to modify the initial parameters and
the whole process 1is repeated all over again wuntil a

geologically acceptable interpretation is achieved.

Figure 4.5 shows the geoelectric interpretation of the
depth sounding data at Station 1 (FCE Zaria) following the
earlier discussed four stages of interpretation. The
observed field data are represented by dots while the
computed resistivity values are represented by crosses. The
r.m.s error, which is a measure of fit between the computed
and observed curves was 15.318 for the input model (zero

iteration) and 8.060 after twenty iterations.
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In order to improve the accuracy of the interpretead
data and hence minimize the number of iterations, a number
of steps had been taken at the data collectinn stage. Thase
include ensuring that the electrode spacing was i1ncreased
at a constant logarithmic interval and, making =ix data
points to lie within each decade of AB/2 as required by the
computer program used for the interpretation of the dJdata

The geoelectric Schlumberger VES interpretation for
all the stations covered are shown in Appendix C2.

The interpretation of the data collected in the
process of horizontal profiling using the Wenner
configuration and the two-electrode array involve

- plotting the field resistivity data on a log-
linear scale, and

- reading off the resistivity value at any point of
interest along the apparent resistivity against
electrode separation profile so constructed. The
resistivity profile shows the lateral variation of

the top layer resistivity along the profile
length,

In this case a computer interpretation is unnecessary.

4.4 Horizontal Profiling Results

4.4.1 Field data obtained using the proposed method

As earlier stated in secticn 4.1.3, the major
horizontal prefiling was carried out in NAERLS and at the
ABU Dam site.The graphical result of this profile is shown
in figure 4.8. The entire field data obtained using the
two-electrode array are shown in Tables 4.2 to 4.7. while
the graphical results are shown in figs. 4.6 to 4.8
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TABLE 4.2 NAERLS Profile 1 TABLE 4.3 NAERLS Profile 2

P Viv) I(mA) P Viv) I(mA)
1 30.0 60.1 37.0 60.3
2 34.0 60.2 2 39.5 60.1
3 42.0 59.8 3 38.4 60.2
B 46.0 59.6 4 40.3 60.1
5 44.0 9.5 5 41.3 99.9
€ 37.0 60.2 6 42.2 59.8
7 32.1 60.3 7 44.6 . 59.6
8 239 60.2 8 44 .4 59.7
9 28.4 60.2 9 40.8 59.9
10 28.1 59.9 10 40.8 59.9
11 29.2 60.1 11 40.7 60.0
12 30.2 60.3 12 39.1 60.1
13 30.7 59.9 13 40.8 59.9
14 3%.3 59.9 14 42.3 59.8
15 31.9 60.0 15 40.9 9.9
16 32.1 60.2 16 41.0 59.9
1% 33:9 60.0 17 40.7 9.9
18 32.5 60.0 18 40.7 99.9
19 33.0 60.1 19 40.8 59.8
20 33.4 60.0 20 40.9 59.7

P Viv) T(mA)

70.0 58.4

2 32.0 99,1

3 42.0 58.9

4 44 .1 58.6

5 43.0 58.8

6 40.6 -1 1

7 41.5 $9.0

8 40.5 58.8

9 40.1 58.9

10 40.0 58.7
11 40.3 58.9
12 40.5 58.9
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Horizontal profiling was carried out along two profile
lengths in NAERLS. Each profile length of 600m ran from the
TAR end towards the Gymnasium end. Profile 1 was laid along
the frontage of NAERLS parallel to the wall and tarred
road, while profile 2 ran behind the NAERLE building and
parallel to profile 1. The resistivity values of profile 1
ranged from about 2,070 Q-m at the 270 m mark to about
3,400 Q-m at the 90 m mark. It was found that the
subsurface resistivity steadily rose from the Om mark to
its peak at the 90 m mark from where it again steadily
decreased to its lowest value at the 270 m mark point
Beyond the 270 m mark point it gently rose uniformly until
the end of the profile was reached. The resistivity wvalue
of profile 2 appeared to be generally uniform at the depth

sampled, the average resistivity being about 3,000 Q-m.

The result of the horizontal profiling for prefile 1!
at the NAERLS is shown in figure 4.6 while that for profile
2 is shown in figure 4.7. The kind of horizontal profiling
undertaken in this work was not the common surface
horizontal profiling usually undertaken in most geophysical
surveys. The electrode separations used in this survey were
very large, thereby reaching greater sounding depths below
the surface. For the NAERLS site, electrode separation a =
30 m was used for the Wenner array and L = 30 m was used
for the two-electrode array. The Wenner array therefore
investigated a depth of about 10 m (one-third of the
current electrode spacing while the two-electrode method
investigated a depth of about 30 m (the current electrode
spacing spread). This difference in the depth of
investigation accounted for the difference in the shapes of

the two profiles as shown iﬁ‘figure 4.6
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Horizontal profiling was also carried out close *o the
A.B.U.Dam running from the Water Works end to the Ungwan
Maigamo end. An electrode spread length of L. = 60 m and a
60 m was used for the two-electrode and the Wenner arrays
respectively. The profile length was 600 m. The greatest
depth resistivity value of about 10,000 Q-m was recorded at
the 0 m mark and the lowest, of about 4,800 N-m, at the 60
m mark. Beyond the 240 m mark, the depth had an average
resistivity of about 6,000 Q-m.

4.4.2 Field data obtained using the Wenner array

Figure 4.6 shows the depth resistivity graph for
NAERLS profile 1 taken with a Wenner electrode separation,
a = 30 m, along with that taken with the two-electrClLe
array with L=30 m. The graphical result shows that the
resistivity at depth is not uniform. The lowest value of
about 19.5 Q-m occurs at the 360 m mark and the highest

value of about 98 Q-m occurs beyond the 540 m mark.

For NAERLS profile 2, there is a depth resistivity low
of 41 Q-m at tﬁe 30 m mark. The resistivity at depth
generally rose to about 60 R-m at the 150 m mark beyond
which the resistivity at depth appeared to be uniform at an
average value of about 61 9-m (Fig. 4.7). The profiling was

also taken with a Wenner electrode spacing a = 30 m.

The depth horizontal resistivity profiling with
electrode spacing, a = 60 m undertaken at a site close to
A.B.U., Dam shows that at the depth of investigation, the
resistivity is uniform in this area (Fig. 4.8). The average

value being about 90 Q-m.

The field data obtainéd:-ﬁsing the Wenner array are
shown in Tables 4.5 to 4.7.
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TABLE 4.5 NAERLS Profile 1 TABLE 4.6 NAERLS Profile 2

3 R(Q) P (am) P R(Q) P (am)
1 0.204 38.45 1 0.215 40.55
2 0.297 55.98 2 0.239 45.06
3 0.326 61.45 3 0.293 55,17
4 0.375 70.69 4 0.287 54,09
5 0.282 53.16 5 0.319 60.10
6 D.348 65.60 6 0.311 58,66
7 0.336 63.33 7 0.325 61.25
8 0.267 50.33 8 0.330 62.13
9 0.306 57.68 9 0.330 62.13
10 0.325 61.26 10  0.322 60.74
11 0.197 37.13 11 0.325% 61.33
12 0.103 19.42 12 0.328 61.86
13 0.271 51.08 13 0.318 59.96
14 0.386 72.76 14 0.324 61.03
15 0.446 84 .01 15  0.312 58.88
16 0.467 87.95 16 0.311 58.67
17  0.456 85.99 17  0.303 §7.19
18 0.510 96.11 18  0.305 57.44

TABLE 4.7 A.B.U. Dam Site

P R(Q) P (Qm)

1 0.242 91.23

2 0.249 93.87

3 0.231 87.08

4 0.237 89,35

5 0.235 88.59

6 0.241 90.85

7 0.242 91.23

8 0.239 90.10

9 0.235 88.59

10 0.233 87.84
4.5 Depth Sounding Results

4.5.1 Field data obtained using the proposed method

Tables in Appendix Bl show typical depth sounding
field data obtained wusing the proposed method. Typical
graphical display of the resistivity data for the stations
are shown in Appendix Cl. Two approaches have been used for
the interpretation of the depth sounding data. These are
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the "equivalent cylinder" approach whose theory of
interpretation has been given earlier on, and the "specific
resistance" approach. In the "specific resistance”
approach, following the derived expressions of equations
(2.44) to (2.53), the specific resistance of the volume of
earth trapped within the hemispherical and near-spherical
bowl assumed bounded by the pattern of current flow between
the two current electrodes was calculated. Figures in
Appendix C3 show typical plot of the specific resistance
against electrode spacing for the laboratory model while
figures in Appendix C4 show the same plot for the field
survey sites. It is evident from these graphs that other
than the depth to interface that can be determined from the
"specific resistance" against electrode spacing plot, no
other meaningful deduction(s) can be made. This therefore
rules out the wusefulness of the specific resistance
approach in providing an adequate interpretation to the
problem of the two-electrode method.

In using the "equivalent cylinder" approach, egquations
(3.15) and (3.23) came in handy. The adopted interpretation
approach was able to provide means of estimating the layer
resistivity from the intercept of each segment on the
vertical axis, and the layer thickness from the point of
change of slope of the graph as read off on the horizontal
(electrode spacing) axis. Thus, with the equivalent
cylinder approach, it was found possible to obtain a rough
estimate of the layer resistivity and the layer thickness.
Typical layer resistivity values graphically deduced for
FCE (Fig.4.9) are shown below

0.03562m" 1

sq = 0.266883m 1 89

81/89 = 7.4925 32/81

0.1334667
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Ci
f
P = 260 x 7.4925

2600Qm C2 27500m

"

c1 = 260Qm; hi

10.0m

1948.0510m; hy = ®

Similar procedure was adopted 1in calculating the layer
resistivity for other stations investigated. The result of
the two-electrode depth sounding resistivity interpretation
as obtained using both the "equivalent cylinder" appronach

and the specific resistance" approach are shown as part of
Table 5.2.

4.5.2 Field data obtained using the Schlumberger array

Tables in Appendix B2 show the typical depth sounding
data obtained wusing the Schlumberger array. Figures 1in
Appendix C2 alsoc show the typical graphical results of the
Schlumberger array resistivity data.

The depth sounding data were interpreted using the
procedure highlighted by Mooney (1980). The results of the

interpreted data using the Schlumberger array are shown as
part of Table 5.2.

4.6 Comparison Of Depth To Basement Values Obtained In The
Kubanni Basin From This And Previous Works

A comparison 1is made here between the depth to
basement values obtained in the survey area using the two-
electrode method with the depth to basement values obtained
with the Schlumberger array used in this work on one hand,
and on the other hand, with the depth to basement values
obtained in the survey area by some of the other previous
workers in the study area. Because the proposed two-
electrode method is a new method under development, theare
is the need to standardize the method against other well-

known methods for which is available standard
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interpretation techniques. This standardization will be 1in
the form of being able to ascertain whether or not the
method 1s able to delineate the earth layers effectively
as, or more effectively than, the other methods of
investigation used by other workers. Moreover, it is
necessary to find out if this method locates the basement
the way other methods locate it or not. The comparison will
enable us to evaluate the competency and effectiveness of
the new method in giving true and reliable information
about shallow subsurface conditions and hence determine
whether or not it is a method that is good enough for use

in electrical geophysical prospecting.

In this work, a depth to basement map of the bhasin as
obtained from the interpreted results of the proposed two-
electrode method was produced. This map is shown in figure
4.10(a). Also produced 1s a depth to basement map of the
basin as obtained from the interpreted results of the
Schlumberger array used in this work. This map is shown 1in
figure 4.10(b). The nature of the contours of figures
4.10({a) and (b) were compared with the depth to basement
map produced by Shemang (1990), shown in figure 4.10(c),
and that produced by Bajeh (1992), shown in figure 4.10(4)

The depth to basement map of figure 4.10(a) is well
comparable with figures 4.10(c) and (d) in terms of the
depth estimate at the various locations they have in common
and the direction of trending of the resulting depression.
Hassan (1987), Shemang (1990) and Bajeh (1992) reported a
depression trending NW-SE and E-W at about the middle of
the Western half of the basin. This same depression shows
up in figures 4.10(a) and (b). Using the values of Shemang
(1990) as the authentic data for previous geoelectric
survey in the basin, it was observed that the values of

depth to basement used by Shemang (1990) in producing his
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map actually correspond with the overturden thicknesses
obtained using the two-electrode method except for a very
few sites. In most cases, both the Schlumberger and the
two-electrode method delineated the same number of layers
and recorded about the same depth to basement, Because 3!
least three scunding points must fall in line appreoximately
for it to be possible to pick up a layer convincingly on
the graph, it was observed that whenever the top layer
became as thin as less than 2 m, it became difficult to
pick the layer up on the graph of bulk r2sistivity against
electrode spacing plotted for the two-ele~trode method. The
result of this was usually that the otherwise first layer
became merged with the otherwigse secend layer to form a
thicker top layer. The implication of the above is that the
method may not be useful in locating thin layers even Aat

the surface except if a smaller electrode spacing 1s used

Figure 4.10(a) clearly shows that the depth to
basement as defined by the variant of the two-electrode
method used here is not much different from the basement as
defined by the Schlumberger array. The identification of
the basement became even much eagier when the
discriminators are applied to the two-electrode method. For
the variant of the two-electrode method considered here,
the depth to basement was found to vary from between 2m and

about 45 m in the basin. The basement relief was found to
correlate with that shown in figures 4.10/c) and (d) Table
5.2 shows a comprehensive summary of resilts for this and

previous geoelectric works.



CHAPTER FIVE
DEDUCTIONS AND CONCLUSIONS
5.1 Goals And Achievements Of The Present Work

The mode of the two-electrode array as presented in
this work has as its goal that, at the completion of its
full development, it should be equally useful and versatile
in carrying out electrical geophysical surveys to which the
common electrode arrays are found applicable. As a first
step towards making this mode of the two-=lectrode array
available for use as a major electrical method in
prospecting for minerals, groundwater, and buried
structures, effort was made in this work to apply the
method in prospecting for horizontal layers. The result of
the laboratory scale model shows that the mode can easily
be used to delineate boundaries of horizontally laid
homogeneous layers. The field test results also
corroborated the laboratory model results in that whaen the
computed resistivity values were plotted against electrode
spacings, soundings which fall in a particular layer all
line up and have a common linear relationsh:p between them
on the plotted graph. From the results of the resistivity
soundings, it could be concluded that each sounding station
was distinctly sampled and the layers well delineated by
this mode of the two-electrode array. This initial success
of the mode in the situations already mentioned, gave a
lead to the fact that for a complete success and
application of this method to other prospecting activities,
a reliable and efficient interpretation technique would
have to be developed so that the array would not only show
the layerings, detect the buried structures, but also
determine the layer/overburden thickness{es) and

resistivity correctly and convincingly.
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Found most easily adaptable to the present work among
the interpretation methods of vertical electrical soundings
is the direct method of interpretation. For the common
four-electrode Schlumberger arrangement, various direct
methods of 1interpretation have been given by Bernabin: and
Cardarelli (1978), Mohammed and Habberjam (1877), Rosler
and Schallar (1978), and Roy ({(1978)., In an attempt tcC
derive an interpretation regime for the mode of the two-
- electrode array used in this work, it was observed that all
of the above mentioned possible ways out are only well
applicable to the four-electrode array. Effort therefore
need to be made to modify them suitably to be applicable to
the two-electrode array under consideration.

In this work, a simple graphical procedure for
computing the layer resistivity was proposed. The procedure
was strictly tied to the geology of the area under
investigation. Moreover, some possible conditions for
discrimination were observed and introduced to help in
fixing the position of the basement. The Iinterpretation
procedure worked well over the antire stations
investigated. Nevertheless, it 1is not being stated heare
that it has become a standard rule of interpretation for
this method. Noted however is that the theory underlying
the adopted procedure compares well with that of Watson and
Johnson (1938), Pekeris (1940) and, Sanker Narayan and
Ramanujachary (1967).

5.2 Comparison of Model Results
{Between the Two-Electrode Array and the Model Values)

The interpreted resistivity and layer thickness
values for the VES data collected using the two-electrode
method over the model earth material was compared with the

originally emplaced model values. From the results,
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discussed in section 3.5 and summarized in Table S.1, it
was found out that there was much agreement 1n layer
thickness values between the values obtained using the two

electrode method and the emplaced model values.

Table 5.1 shows the compariscn between the results
obtained using the two-electrode method and the mode!
values. It was found that both the "equivalent cylinder”
approach and the "specific resistance" approach vyielded
excellent results in terms of the layer thicknesses when
compared with the model wvalues. As earlier stated., the
result of the "equivalent cylinder" approach 1is favoured
over the "specific resistance" approach. The percentage
error € , given in the table was calculated from the
comparison between the '"equivalent cylinder" approach and

the model values in terms of the layer thickness{es).

5.3 Compariscn of Field Results

(Of the Two-Electrode Array, the Wemner Array and the Schlumberger Array).
5.3.1 Horizontal profiling

The horizontal profiling as carried out during the
laboratory model studies and the field test differ much in
nature and intent. The horizontal profiling as executed 1in
the laboratory model was the conventional one in which a
small electrode spacing was used to profile the surface
layer with the sole aim of either ensuring that the surface
resistivity of the host medium was uniform or that a
lateral inhomogeneity be detected. The horizontal profiling
carried out during the field survey used a large electrode
spacing, large enough for the current to get to or close to
the basement. In which case, the intention was not to
profile the surface layer but to dec a sort of depth
profiling.
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Table 5.1: Coaparison of Results Between the Two-Electrode Arrav and the Node! Values

} Resistivity Valges of Maisr Barth Materials/Elactrolyte Osed Usiag Various Xethods/Arrigs
Resistivity Values in ohm-metre
Nethod/Array Water  Lateritic Clay River Sand
Tuo-electrode
{Graphical) i il. 1000.
Wenner [2:=223) il. 1. LT
Tube Method 38. u. 1120.
¥etre Bridge
Nethod {0. 1. {120,
£ Camparisen of Layer Resistivity and Thickness Values Obtained from Diract Measu:eme::
Vaterizl Yode! Values Bquivalent Cylinder Thickness Error Specific Resisiince Thickness frrae
Approach Tstimate (V) Appreach @ Pstinats '
[ | ; e f h g
¥ater 3 @87 U 9.0 §2.0
e B ? 8.0 0.f T 52.0 6t
Lateritic " $0.0 12 51.0 .5
Clay ¢ 500 s §1.0 0 ° 4.5 ]
Biver Sand 721 50.0 1000. (1.8 51.0
e 500 e 1.5 5.0 ? §1.9 M.
Clay/ L[ B 5.0 i T 5.0 i} 10.¢
Piver Sazd 1721,  15.0 . 1038 10.9 11.5 R
e 20,0 851 ’ 13.1 1.5 e 00 9
River Sasd/ 1711. 5.0 1700. 8.0 111 10.0 !
Clay . 1.0 351, u.¢ LK .
¢ 26.0 1098. T 30.0 15.4 ? a0 14
Clay/uix/ . 1.0 6. 1.8 5.0 1.3 1.1
River Sand 5.0 1. 1.3 5.9 4.5 19.0
1721. 15.0 9. 118 1) 13.5 10.¢
e 10 9. 13 25.8 10.9 r 38.5 3.7
Clay/ k1 55 . 5.0 9.1 §.§ 18.7
River Samd/ 1721, 10.0 195. 9.8 2.5 10.5 ¢
Clay u. 1.0 f, U8 1.9 13.0 N
1.5 . e 3.5 2.1 v 10.0 1
¥ir/Clay/ (.0 . 14 1.5 5.0 250
River Sand u. 1.5 2. 1.8 33 10.9 1.3
1. 10 m. 1.0 0.0 1.5 5.5
LI © R T 5 * 111 1.6 L "5 §.8
River Sand/ 1771. 1.0 §80. 2§ 13.3 5.0 §5.7
Kir/Clay 1.0 151, 13 11 10.9 e
. 1 e Wl on B u.0 1.
e .0 173, it i N X

v 1.0 it

€ - could not be accurately detersined.
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The result of horizontal profiling as executed in the
laboratory model studies, discussed in section 3.5 4 and
shown in the graphs of figures 3.30 and 3.31. showed a good
agreement in the nature and trend of the graphs obtained
using both the Wenner and the two-electrocde method There
was no match found, as in the laboratory model studies, in
the result of the field test between the Wenner and the
two-electrode method. The nature and trend of the graphs
and resistivity values were found not to match or agree for
the two methods as shown in the graphs of figures 4.6 to
4.8. This is principally due to the fact that the depth of
current penetration and hence the depth of investigation
for the two arrays are very different. According to Roy and
Apparao (1971), the depth of investigation for the Wenner
array is only 0.12L while the depth of investigation for
the mode of the two-electrode array they used is 0. 35L.
This therefore would account for the difference in measured
resistivity as both of the Wenner array and “he mode of the
two-electrode array used in this work, which has a depth of
investigation of about equal to the electrode spacing, were
not sounding the same depth. Because of this difference,
the field horizontal profiling results of the two arrays

could not be adequately compared.

5.3.2 Vertical profiling

Table 5.2 shows the comparison of field results
between the two-electrode method and the Schlumberger array
used in this work. The results of the work of Shemang
(1990) 1is also shown as part of the table. This 15 to
enable us make good comparison of values, most especially
in the situation where investigations were carried out 1in

the same station(s).
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Table 5.2: Table Showing Summary of Results Between the Twr
electrode and the Four-electrode Methods
layer resistivity in ohm-metres
h - layer thickness in metres
H - depth to basement in metres

Station Tuo-Dlectrode Nethod Four-Blectrcde Method
Bguivalent Cylinder Specific Resistance  Schlusberger Shesang's Resy':

Approach Approach

pee 0. 10.0 - LG 134, .4 8. 110
1948. ¢ 10.0 - 9.5 9. 1899 439, t 1.0
e 16.75 1600 s M8
DNGWAR XAYA 210, 11§ - 8.0 i, 1.12 88. i
[ROKGO) 1141, e 11§ - T g.0 105, ® 1,17 #45 L §.0
CIRAJL 8. 6.5 S 59. §.0 5. 1.0
{88, 16.0 - 12.0 80. {.5 674, ® 1.0
11, : 18 s 165 58k, e 105
AVIATION %0, 4.0 - 4.5 158. 5.0 116. .0
! 108, 8.0 - LS 08, 5.9 1914, L] 1.3
kL e 1.0 - v 5.0 1001 e 0.0
PALLADAY 38. £.19 - 1.8 164. 5.0 0. 1.0
(8. 15.00 - 15 298. 1.8 " ¢
826 s 0.1 - t 5.0 208 e 1.5 194 v 16.9
BASEANR 115. 8.0 - 4.0 L1 §.22 254 8.1
168 ¢ 8.0 - 3.0 6§29 t 1.8 M v 8.0
- 80
s 150
TARGD 140. 11.0 1.8 ut .U 159.
1009 e 110 1.5 101, LY L. * {.0
L] §.5 2M0. ® 5.51
JANAR' {5, £.0 9.0 n 8.04 ur 3.0
TIRANKY 1. u.0 8.0 8. 1.5 86, 3.0
1159 e 150 e 270 181, e 7156 991 t “o
HAYIR LEMA 165. 8.3 1.5 111. 1.8%
(8. 12.0 12.5 i 9.33
041, e 0.5 e 2.0 0. o 1598
TODON SARR! 150 5.5 S 119. 5.0
1 T 5.9 - LS . nn
- 1 i1, e 1B
- e 150

------------------------------------------------------------------------------------------------------
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GORUBA T C A 3. 50
e e 10 - 40 e s
ST ot e s
- Y 15.0
VISASA 0. 6.0 S T
WLos 68 - LTS 0 260
i1 PR
T I MR TR Y
ARV T s T
. 14 -8 W et
0. e 38 - s 100 ML e 1L
TTR- 0. s ' 103, 11.%
20R0R a1 9 T @ e 15
1752. (I £ 1 [ 5,25
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R
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Y

1646, # 3.0
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Y,
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As in the model study, there was found to be
reasonably good match between the values of layer
thickness(es) obtained using the two-electrode method and
the Schlumberger array. However, in some cases they neither
delineated the same number of layers nor estimated the same
depth to basement,

5.4 Recommendations For Future Work

The present work on the current-current mode of the
two-electrode array still form the beginning of
investigations into the applicability of this mode to
various electrical geophysical problems. Since this work
forms the beginning of such investigations, other
interested investigators may need to look at the problem of
the use of this mode from other important angles.

For the realisation of a complete success of this mode
of the two-electrode array, it is hereby suggested that:

- An equipment should be developed for use in the field
survey. The field equipment should be able to deliver a
current of about 250 mA at a voltage of about 700 volts
operating at a frequency less than 50 Hz; preferably
between 2 Hz and 10 Hz. During the course of this
investigation, an attempt was made to develop a
suitable field equipment. The equipment developed was
able to deliver a voltage of up to 720 volts operating
at 40 Hz using a 12 wvolts d.c. input source., The
equipment was only able to deliver a current of about
21 mA at 240 volts and a current of less than 5 mA was
delivered at 720 wvolts., Because of 1ts low current
output at high voltages, the equipment was found very
much unfit for the field work for which it was

initially designed.
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The method should be tested on a site where 1t s
known that a substantial deposit cf 2 Xknown ore or
mineral is available. The thickness of the mineral/cr=
deposit should be reasonably large so that its effect
would not be masked by the signal responses from the

overlying and the underlying earth materials.

Wherever this mode of the two-electrode array is
tested, effort should be made tc make a seismic
refraction survey alongside the method even if othe:
electrical prospecting methods are applied. From the
field survey undertaken in this work, it was evident
that if a seismic refraction survey had ©been
undertaken alongside the two-electrode method, a
better comparison of results could have been possible.
Moreover, those stations that showed regions of
faulting could have easily been wverified, and
corroborated or otherwise, Dby the result of the

seismic refraction survey.

The proposed interpretation technique should Dbe
adequately tested to ensure its reliability and
suitability to every field situation. If however it is
found not sufficiently appropriate. a suitable and
effective interpretation should be developed for the
method. From the experience gathered from both the
laboratory model studies and the field investigation,
it might be worth it to try out the use of the
variation of the driving potential, Vv, and current, I,
with electrode spacing, L, to derive an interpretation
technique. Equally possible is a lire analysis of the
segmentation of the graph. Another envisaged
possibility in the course of finding a suitable

interpretation techniqgg,for this array may be to find
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cut the form of U(r) that will fit this mode of the
two-electrode array so that necessary equations can be

used in developing a direct interpretation technigue

- This mode of the two-electrode array should be applied
in the field for greater depth investigation. In this
wise, the lateral extent of electrode spacing should
be made larger than the 200m used 1n this work
depending on the depth of interest. The result should
be compared with the result of deep sounding survey
conducted using deep sounding array such as the Lee
configuration. If the experimentation 1is successful,
it may lead to the application of this methed in the
search for more valuable minerals at depth.

- An attempt should be made to make this mode of the
two-electrode array to be insensitive to lateral
inhomogeneities so that the condition that the entire
ground/host earth surface should be homogeneous can be
rendered unnecessary. The advantage of this will be
that the electrodes can be placed at any point on the
surface, and take measurements without the readings
being affected by the nature cof the lecality in which
the electrode{s) is(are) placed. A basic solution ‘¢
this problem may likely be found in the design of the
field equipment developed for this method.

5.5 Conclusions

Another mode of the two-electrode system has been
investigated in this work. In this mode, here called the
current-current (C-C) mode, measurements were taken using
only the two current electrodes with the potential
electrodes completely eliminated. Use was made of the

values of the driving potential, V and the corresponding
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current, 1 flowing between the two current electrodes at an
electrode spacing, L in determining the resistance and

hence the resistivity of the earth material between the two
current electrodes.

The mode of the two-electrode array discussed in this
work has a series of advantages over the conventional four-

electrode array. Among these envisaged advantages are:

- ease of handling: in terms of the number of electrodes
that would need to be moved during the field survey,
the manpower need, and the non-logarithmic electrode
spacing intervals;

- cost effectiveness: as a result of reduction in
overhead cost due to fewer manpower need; as only two
electrodes would need to be moved at the same time.
and the ground measurements would be more direct

without the need for overlapping measurements;

- ease of interpretation: as the interpretation was
envisaged not to involve rigorous computer use and to
involve more of graphical estimation of layer
parameters; and

- greater depth of investigation: both the model studies
and the field survey showed that the depth of
investigation is approximately equal to the electrode
spacing.

From the model studies, it was evident that the amount
of current capable of flowing into the earth media was
mainly controlled by the nature and therefore the
conductivity of the surface layer. Where the surface layer
is highly conductive, more current flows, such as 1in the

case where <clay overlaid other earth materials. Less
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current will therefore flow when the surface layer 1is
highly resistive such as in the case where river sand
overlaid other earth materials. It was also evident from
the mcodel studies that the effect of a layer may be masked
by the signal responses of the adjacent layers. 1In a
situation where the earth material's resistivity sharply
contrasted the resistivities of earth materials overlying
and underlying it; in which case it is sandwitched between
two earth materials of about the same resistivity, if its
thickness becomes too small, it may never be detected. It
will therefore have ;o be of an appreciable thickness for
its presence to be detected. This condition is evident 1in
such a situation as when clay was sandwitched between two
layers of river sand or when river sand was sandwitched
between two layers of clay. For such a layer to be
detectable will require that the electrode intervals be
such that three or more samplings could be aeffected within
the layer. This is quite possible because this mode of the
two-electrode array does not require that a logarithmic
electrode spacing interval be used as in the case of an
array such as the Schlumberger array on which the
interpretation program imposes the requirement of six
soundings per decade in a certain ratio for the data to be
interpretable. Hence, any number of soundings can be made
within a certain length depending on how detailed the study
is supposed to be.

Although the laboratory study suggested that a low-
frequency alternating current would be most adequate for
the field experimentation, but because an effective and
efficient field equipment could not be put in place in good
time, direct current source was therefore used during the
field survey. The use of a d.c. source was equally

investigated and supported by the model studies where it
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was found that the overall result using a d.c¢. or a line
source 18 as goed as that obtained wusing any othes
frequency below 50 Hz. The field data, though i1n few rases
failed to properly align, also showed that the d.c. source
might not be as bad as we had thought it to be. Tn the
majority of stations sampled, the data points aliagned
perfectly well along a particular line and, 1in some other
cases where they were not perfectly aligned, they showed a
particular trend and direction of alignment which enabled a
best line of fit to be drawn through the points, 11 the
results presented in the graphs of bulk resistivity against
electraode spacing for the model studies and field test are
as actually obtained. They have not been subjected to any
statistical adjustment or alignment neither have they heern
manually manipulated. The same goes for other results
presented in this work.

The laboratory model study and field investigations of
this mode o0f the two-electrode array have elucidated the
viability of conducting electrical geophysiral prospecting
survey for horizontal layers using the method. The field
investigation has also helped in answering some basic
questions as regards the 1layering of the earth structure

from the top layer to the basement within the Kubanni
Basin.

Among the major contributions of the study are:

- the ability of this mode, the C-C mode, of the twe-
electrode array to compete fairly with the Weanner

array in the process of horizontal preofiling:

- the capability of the C-C meocde t> detect and

effectively delineate horizontal layers:
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- the capability of the C-C mode to ~orrectly estimate
layer thickness and the depth to basemen: ;

There was found to be no detailed previous w-rk done
in the Kubanni Basin in the fields of s2aismi~ an? gravity
investigations. Results nf these inves'ijations would havs

bean nf much assistance in the comparison of the res:.lt

»

the C-C mode with other methods rather than with just the
results of previous electrical measuraments taker within
the basin. It is of note that for now, only an abundance »f
information on electrical studies of the Kubanni BRasin is
availahle. The work of Hassan {(1987) and Shemang (1997
amnng othars, form the bulk nf the resistivity data for the
Kubanni Basin. Magnetic survey of the basin is very recent

The magnetic survey conducted by Baieh (1992) showed that
the depth to basement within the basin varies he!'ween fm
and about 50m. Ogah (1990) conducted seismic surveys almng
fourteen profiles in three villages name.y Ungwan Kubarn:

Maigamo and Hayin Lema, within the basin. From his study,
he concluded that the depth to seismic basemant was hetweern
15m and 40m in the areas he worked cn in the basin. By
using more of other geophysical methods such as gravity and
seismic within the basin, the hasement could bhe bhettar
defined. Umego {1990) suggested a comparison and
correlation of depth to basement wvalues using 1integrated
methods of investigation. From the frtesult of the twe

electrode method used in this work, the depth to hasement
for Ungwan Kubanni was found to be ahout 35 m, for Maigamc
it was about 29 m and, for Hayin Lema 1* was found to be
about 20.5 m. These values are well withir the range 320t by

Ogah (1990) using seismic refraction method.
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From the summary of results outlined in Tables 5.1 an'!
5.2, it 1is quite obvious that of all the appriaches
ocutlined, the "specific resistance" approach iz thras mne:*
unsuccessful. This is mainly as a3 result of it5 Adependance
on the volume of earth trapped within the rurre-t hYow?
defined. This volume is outrightly unmeasurable. Maregve:
because of inaccuracies in the predir*ed current flow
pattern and tracks due tc unkhown subsurface conditions.
the said volume can never be accurately estimated to m3ake
an interpretation technique such as the "specifi-
resistance”™ approach workable. The interpraetation te~hnique
adopted for the "equivalent resistance" approach though may
not he too perfect, is in most cases ccmparable with the
computer analysis result for the Schlumberger
cenfiguration. It is believed that wusing a commutated

voltage socurce, a source equipment capalble of eliminati

3

wl

local inhomogeneity effect and a suitalle interpretation
technigque, the reliability of the C-C mode results would be
enhanced and the mode would compare favcurably well, eves
with the Schlumberger array, in vertical electric sounding

survey.

The results of the depth tc interface deduced from the
graphs for the field study supported such results from the
model studies that suggested that the probing depth for the

C-C mnde of the two-electrode array may be about egual t

(@]

the electrcde separation. This therefore implies that th

D

assumption that the pattern of current flow within A
homogeneous isotropic earth is hemispherical may not be
true afterall as far as the depth of investigation 1is

concerned. However, from the result of the layer
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resistivity computed from the graphs, it was found *that the
layer resistivity values computed using the near-spherical
model was in most cases between four and five times the
values computed using the hemispherical mode! faor the same
parameter. The resistivity wvalues obtained fnor this
parameter using the hemispherical mode)l compared well with
that obtained for the Schlumberger array It can therefage

be deduced that the hemispherical model is a hetter mode!

as far as the determination of layer resistivity 1is
concerned. Tn conc¢lusion, a balance is struck in that the
hemispherical model is seen as a hetter choize toc use in
Aetarmining the layer resistivity while borh rhe
hemispherical model and the near-spherical medel give the
same estimate of layer thickness. The hemispherical model
1s therefore adequate for use in estimating layer
resistivity and 1layer thickness but the near-spherical
model still remain the actual representation of the pattern
and depth of current flow within the =2arth betwsen two
current electrodes. A comparison <c¢f the ‘top layer
resistivity and thickness obtained using the hemispherical

model and the near-spherical model with the Schlumberger

array result for the field study.is shown in Table ¢ 7
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TABLE 5.3 comparison of Top Layar Rasistivity and Thicknass Values Obtained Ne

Hemaispherical and the Near-Spharical MHodels, of *‘he Tuo-Flactpode Hethood

Schiumbarger Array Result for the Field Study

Station Graphical Estimate

Hemispherical Near -spherical
fy(am) hy(m) Prtam) hyl(m)

FCE 260 10.0 800 10.0
URGWAN KAYA

(KONGO) 210 11.5 1000 11.%
CIRAJI 84 .5 420 6.3
AVIATION

-8ITE 1 250 4.0 1500 4.0
PALLADAN 98 4.8 500 4.8
BASSAWA 115 8.0 520 8.0
ZANGO 140 11,9 640 i1.0
JAMAA' -

KUBANNI 45 6.0 200 6.0
HAYIN LEMA 165 8.5 B60 8.5
TUDUN SARKI 150 %5 B 700 55
GORUBA 40 7.0 145 7.0
WUSASA 60 6.0 240 6.0
HANWA 170 6.0 800 6.0
TUKUR-TUKUR 42 4.8 260 4.8
ALHUDAHUDA 140 3.9 500 3D
TUKUR-JUKUN 62 50 440 5.0
UNGWAN-SARKI 280 6.5 270 6.5
BOMO 125 859 630 8.9
KURRIMI BOMO 60 3.3 360 33
DAC 230 o8 1100 2.8
MAIGAMO 220 5.0 840 5.0
STAFF-

SCHOOL 260 5.0 1300

NAERLS 30 3.0 190 3.0
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APPENDIX Al: COMPUTED NODEL SLOPE VALUES USING THE TWO-ELECTRODE N!THUDI

Al.1 Clay / River Sand / Basement
81 = 1,5 {In 80 - In 7.6) = 0.376775m !
s2 = 1/10 (ln 98 - 1ln 26) = 0.132709m"!
83 = Y/10 (1ln 155 - 1ln 112) = 0.032% m-1?
Al.2 River Sand / Clay / Basement
st = Y710 (1ln 2700 =~ ln 170) = 0.276521m-1
g2 = 1/20 (1ln 3100 - 1ln 990) = 0.132709m" 1
s3 = /10 (ln 4200 - 1n 3500) = 0.0325 m-1
Al.3 clay / Mixed-Soil / River Sand / Basement
s1 = Y710 (1n 1000 - In 6.6) = 00,5021 m!
sz = 1/10 (1ln 105 - 1ln 23.5) = 0.1497 m 1!
83 = /10 (1n 115 - 1ln 62) = 0.06178m"?
s¢ = /10 (1ln 173 - 1ln 123) = 0.03411m-?
Al.4 Clay / River Sand / Clay / Basement
81 = Y710 (ln 190 - 1n 7.4) = 0.3246m™ 1!
g2 = /40 (In 72 - 1n 21} = 0.123Z2m"1
83 = Y/10 GLn 106 - 1ln 73) = 0.0373m™ 1
s4 = Y/10 {1n 152 - 1In 119) = 0.0245m-1
Al.5 Mixed-Soil / Clay / River Sand / Basement
st = 1;10 (1ln 5600 - 1n 22) = 0.554 m-1?
s2 = 1/10 (1ln 430 - 1ln 54) = 0.2075 m1?
83 = 1/10 (ln 435 - 1ln 275) = 0.04586m 1!
S¢ = Y/10 (1ln 745 - 1n 590) = 0.02333m-1
Al.6 River Sand / Mixed-Soil /Clay / Basement
st = Y;10 (1ln 120000 - 1ln 68) = 0.7476m"?
s2 = /10 (1ln 1800 - 1ln 320) = 0.1727m"!
s3 = /10 (1ln 1800 - ln 970) = 0.0618m !
s4 = 1/10 (1n 4400 - 1ln 3600) = 0.0201m-!
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AZTINYIE MG CCMDUYRD PIRID 90CTCTVTTY VALORS USING THE YNO-BLECTRODR KEYEOD
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A4.17 UNGWAN SARKI
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APPENDIX B2: FIELD DATA COLLECTED USING THE SCHLUMBIRGER ARRAY
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APPENDTX C1:  INTERPRETED VERTICAL RLECTRICAL SOUNDING PIELD DATA USING TWO-ELECTRODE METHOD:
(GRAP OF BULX RESISTIVITY AGAINST ELECTEODE SPACING)
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APPENDIY C2: INTERPRETED VERTICAL ELECTRICAL SOUNDIN¢ FIELD DATA
(GRAPH OF APPARENT RESISTIVITY AGAINST AB/2)
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APPENDIT C3: GRAPE OF SPECIFIC RESISTANCE AGAINS? ELECTRODE SPACING FOR TEE LABORATORY NODELS

[0SING THE WO-ELECTRODE NETHOD)
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APPENDIY C4: GRAPE OF SPECIVIC RESISTANCE AGATNST ELECTRODE SPACING POR THR FPIELD STATIONS

(USING THE TWO-ELECTRODE XETHOD)
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