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ABSTRACT

This work spells out the node of execution and the results of
the geoelectrical investigation within the Northern Part of
Kaduna State, Nigeria. The project is located within Latitude
10° 40" and 11° 20' North and Longitude 7° 0' and 8° 0' East. The
Schl umberger 4 - array was used in the Vertical Electrical
Sounding (VES) methods with a maxi num half current electrodes
separation of 156 m A total of 118 VES points was occupied
Majority of the VES curves obtained are the 4 - |layer types
t hough there are both 3 - and 5 - layer types. The Zohdy met hod
has been used for the interpretation of the field curves. The
begi nning of each geoelectric section was found to be
influenced by the dry soil or laterite or fadama |oam The
t hi cknesses of the layers also vary fromlocation to |ocation
dependi ng on the processes that have taken place and the type
of parent rock. The top layers give resistivity values as | arge
as a few hundreds of ohmmeters for l|laterites and | oose sands
or as low as 100 ohm m or |less for fadama | oans and cl ays, and

varies in thickness from1l mto 20 m

The weathered basement rock is made up of various
mat eri als due to the weathering of the parent rock. They could
contain mxed sands with varying degree of coarseness with
clays. The thickness varies from 1l mto 60 m but on the
average the thickness is around 45 mwhile the resistivity is
between 50 to 200 ohmm Under favourable structural setting

this layer could serve as good aquifer.

Vi



The fractured rock has high resistivity which is greater
than 500 ohmm Where the fractures/joints are connected and

open, this layer could serve as a good aquifer.

The solid bedrock has high resistivity, it is about 1000

ohm m and sometinmes running up to tens of thousands of ohm

met ers.

The structural trend maps delineate a series of bedrock
ridges (nost especially around Zaria) and depressions within
the survey area. The bedrock depressions being groundwater

collecting centers are priority areas for groundwat er

deve] opnent .
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1
CHAPTER ONE
INTRODUCTION
1.1 General Introduction
In several parts of Africa underlain by crystalline
basement complex rocks, the major rock types include quartzo-
feldspathic granites, migmatites, gneisses and schists. These

rocks Lypically show a bulk uniformilLy in their mineralogy and

result, Lhere is a broad similarity in the grosas

1985).

as a
weathering of materials from place to place (Jones,

Arising from Lhis, tLhe basement aquifers could be expected to

have predictable hydrogeological characteristics on a regional

basis. However, it has also been observed that on a local scale

differences in bedrock mineralogy and structure may produce

significant variations in the physical and chemical

characlteristics of tLhe aquifer (Chitton and Smith-Carington,
1984).

Nigeria as a nation, has been striving hard to solve some

of her many social, economic and political problems by

employing scientific methods. As part of these scientific

approaches Lo Nalional planning and the increasing demand for

water for domeslbLic, industrial and agricultural purposes which

has become more compelling due to a ten-year drought cycle in

Nigeria, geophysical data collection, analysis and

interpretation were undertaken Lo cover the tLopographic map

sheets 102 (Zaria) and part of 104 (Igabi), latitude 10° 40°N

to 11° 20°’N and longitude 7 0'E to 8 O'E (hereafter referred

to as Zaria area (Kaduna North)) (figure 1.1). The location of
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3
Kaduna State, on Lhe fringes of the Sahel region, has
particularly compelled Government to turn to the search for
ground-waler as a remedy for the scarcity. The large number of
people required to be served, and the dwindling financial
resources has led Lo a greater need for efficiency in the

giting of boreholes (waler-wells) to sustain yields of good

qualily waler.

The geophysical method has found useful applications in
groundwaler invesbLigation, geologic mapping and engineering
silte inveslLigation. These include bedrock determination,
determination of Lhe superficial deposits, stLructural mapping,
aquifer delineation, saline waler mapping, lithological
boundary differentiation, and delermination of structural
trends among others (e.g. KurbLhenecker, 1934; Early and Dyer,
1964; Page, 1968; Zohdy, 1974; Van-Overmeeren, 1981; Olatinwo,
1981; Olorunfemi, 1985; Olorunfemi and Olorunniwo, 1985;
Olorunfemi and Mesida, 1987; Olorunfemi and Opadokun, 1987 lna

Mbipom et al., 1990; Shemang et al., 1992).

In most parls of the lowland area, where tLhe present study
is concentrated, the basement rocks are not exposed. Hence, the
geology and Lhe lithological boundaries are in most cases
inferred. Unexposed rocks are somebtimes identifiable using

surface geophysical measurements (Dobrin and Savit, 1988).

A detailed geoelectLric survey covering about 72000 square

km has been carried out within Zaria area (fig. 1.1). The area

is accessible with the Kaduna - Zaria - Kano motor roads, rail
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line and foot paths running through it in a south - north
direction. The Kaduna - Jos road runs in the Southern part,
while the Funtua - Zaria - Pambegua runs in the middle, in a
Wesl - Easl directLion. There are olLher secondary but motorable
roads (at least during the dry season) in this area due to the
agricultural activity of the inhabitants. The data collection
spread over 2 years due Lo logistic problems such as the qize

of Lhe survey, and availability of equipment.

1.2 Physiography and Drainage

The Zaria - Kaduna plains are part of an extensive
peneplain developed on c¢rystalline metamorphic rocks of the
Nigerian Basement complex. It extends almost unbroken from
Sokolo Lo Lake Chad and from South of Kaduna to Agades (Thorp,
1976). At first sight, these monotonous plains appear to be
geomorphologically simple, but a closer examination reveals

considerable variations in both surface form and composition.

Within the range of 80 km from Zaria, the plains vary in
height from 600 m Lo B0OD m above mean sea level reflecting both
a regional slope Lo the south and a local relief of 180 m
(Thorp, 1970). The plains are surmounted by hilly features such

as inselbergs (e.g. Kufena and Turunku) and laterite mesas.

The Southward flow of river Galma and its tLributaries into
river Kaduna in Lhe extreme south, and the westward flow of the
tributaries of river Tubo drain the whole area. The watershed

runs from south to north, towards the Funtua modal point. A
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major Easl-West axis of warping (Russ, 1957) forms the main

walerashed between the Kaduna drainage basin and the rivers to

Lhe north.

Thorp (1970) has reported the possible existence of two
Lypes of drainage basins in Lhe area in terms of stream
frequency and drainage density. One tLype is characterised by a
large number of unbranched first order tributaries, producing
high stream frequencies and drainage densilLies, for example,
Kubanni and Saye rivers. Such basina are characterised also by
gullying and intense headwater erosion. River captures are
suspeclted Lo have occurred along the watershed north and east
of Zaria. The second type of drainage basin is characterised by

low sLream (requencies and drainage densities. Awai river, east

of the surveyed area is a good example.

The drainage palterns are commonly dendritic reflecting an
absence of structural control over the drainage lines on these
deeply weatLhered plains. Metasedimentary beds such as ‘the
quartzite ridges occurring in the south - west of Shika, do
impart. a rectilinear pattern. Valley bottoms contain wide

marshy flood plains often with intricately developed river

meanders.

1.3 Climate, Vegetation, Soils and Land Use

The region has dry (October to April) and wet (May to

SepLember) seasons with rains falling wmainly during the wet

season, with an average annual rainfall of 45 inches. It also
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experiences cold and hot weather with the coldest months (the
hamatan period) from November to February (when a minimum of
57°%% and a maximum of 95%) have been recordedl(I.A.R. Weather
StaLion Report). Evaporation is highest during the hnn#tan
period due mainly Lo south westerly wind from the Sahara desert

north of this region.

So0il properties in Lhis region show a rather sandy topsoil
and a clayey subsoil in which concrelions are common. Once the
vegelalive cover is removed Lhrough over - cultivation,
overgrazing and periodic bush burning, the top soc0ils are
readily washed off by rain water. Gully erosion is common along
the slopes of cliffs bordering the river valleys, and it has
been observed Lhat gullies in such areas cut back very rapidly.
The areas bordering the rivers are Lhe most densely settled due
Lo Lhe need Lo estLablish selitlements near walter sources, and
the fact thal the increasing height of floodwaters in the basin
has resulted in a retreat of settlements from the flood plains
to the edge of tLhe plateau surfaces. Footpaths leading from
these settlements to the streams have often provided initial
flow channels which have developed into large gullies. Gullies
have also been known Lo originate at the downward end of

furrows in field where ridging is along the slope instead of

along the contours.

The area lies within the Guinea Savannah supporting a
tropical bushland vegetation of few scattered trees and shrub

bushes characterised by isoberlinia doka in alluviated areas
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and by isoberlinia tormentosa in laterised regions (Jackson,
1970). This is undergrown by a vegetation of tall herbs and
grasses. Bul because Lhis area is intensely cultivated the
remnant. of this vegetation can only be observed in lateritised

areas and near or alt the fool of inselbergs.

The soils which occur along the extensive fadamas (or
seasonally flooded river valleys) differ from the general
description given above in that, firstly they provide more
fertile farmlands, excepl where the drainage is very poor and
only swamp rice can be cultivated. Secondly, the fadamas are
very close to the sources of water for dry - season irrigation,
their major handicaps being Lhe erratic nature of the flood
height which may destroy crops and habitations. There are
patches of uncullivaled areas which are mainly in the laterite
and Lhe inselberg areas. All the vegetation have been affected

such that there is no where that the natural vegetation can be

observed.

1.4 Geolo

Almost half Lhe surface of Nigeria (fig. 1.2) is covered
with granitoids which are mostLly Precambrian in age. These are
collectively known as the basement complex. The rocks of the
basement complex have been recognized to belong Lo three
groups, viz; group I the older metasediments; group 11 the

gneisses, migmatites and older granites and group I1II the

younger metasedimenis. The rocks of Lhese Lhree groups have

undergone at leasl two major phases of orogenessis (Oyawoye
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9
1964), Lhe lasl of which was initiated by deposition of sands,
muds, greywackes and igneous malerial on an eroded metnlorphié

basemenl.

Erosion and weathering of the Basement must have commenced
from Precambrian and tLerminated by quaternary deposition.
Folding and low Lo medium grade metamorphism of these eroded
materials may have led to the development of gneisses,

migmaliles and older granites.

The rocks of Zaria area (Figure 1.3) belong to group II
which can be further classified into three major subdivisions
viz: (1) a Crystalline complex which includes gneisses and
migmatites; (2) a late Prolerozoic suite of sediments, folded
and metamorphosed into phyllites, quartzite, pelitic and
psammitic schists; (3) intrusive rocks of late Proterozoic to
Cambrian age, including synorogenic to late Orogenic granites,
minor basic and Ultra basic dyke rocks, pegmatites and aplites.
The rocks vary rapidly in texture with the metamorphosed low
grade pelitiec schists and ferruginised micaceous schislts
located in the western part, being separated from the othér
rock types by a line running north - south. The gneisses and
granites are mostly in the central and eastern parts, but the

contacts between them is gradational.

1.4.1 Structures

The Basemenl complex in this area together with its

supracrustal younger metasediments suffered two phases of tight
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i1
isoclinal folding during the Pan - African episode {(McCurry,
1975). During the early deformation episode, ENE - WSW {40 to
50°) trending structures predominated. Here fold axial planes
and foliations dip slightly npnorth or south. The later
deformation episode produced the north - south trending steeply
dipping structures. Joinls—-sets and fractures formed here are
frequently filled with aplite - pegmatite veins in granites or

vein quartz {(Adanu, 1989).

Another joint set is between 120° - 130° (ESE to WNW)
usually showing small sinistral displacements. These have been
observed on exposed bedrocks. Both deformation episodes
produced tectonic feliation defined by parallel alignment of
play, prismatic Labular minerals such as mica, amphibole and
microcline megacrysts, which are essentially parallel to

lithological boundaries (Wright and McCurry 1970).

Groundwater flow direction obtained from construction of
groundwater levels observed in boreholea do not seem to show
any discrimination in [f[avour of the dominating linearment
direction; instead these flows show teopographic controls in the
direction of drainage channels such as rivers and streams. That
meang that, on Lhe regional scale, linearment trends do not
coincide with the regional direction of groundwater flow; but
at local levels of first order stréams and tributaries f{low .
direclLions are virtually conilrolled by structural features,

which eventually cumulatively produce the regional direction of

flow.
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Linearments which are observed on areal photos do not all
represent fractures and joints. Even when they do they may not
be interconnected or not anymore extend deep enough to the
water bLable due Lo elimination by weatLhering process which
though previously have been enhanced by Lhese structural
traces. The obliteration of Gthese structural traces by
weathering activities within the weathered material mars aﬁy
structurally controlled groundwater flow in this layer. These
lineaments have been found to be important when present around
producing wells. Transmissivity values are always greatly
influenced by Lhe fractures. Fracture density and
interconnectibility around a producing well in a terrain are
more important factors in the determination of local aquifer

properties Lhan regional fracture length and orientation

(Olowu, 1967).

1.4.2 Hydogeology

According to Olowu (1967) the crystalline rocks of the
Basement complex, by virtue of their lithological composition
and texture, are generally poor in groundwater content except,
however, where exists fracture systems or where weathering has
attained advanced stage that it results in thick permeable
product. To contain gsignificanlt. aquifers with exploitable
groundwater, the weathered layer must attain a minimal areal
extenl and thickness with gsufficient porosity and permeability
to store and to yield it Lo wells from season Lo season

(UNESCO, 1979). It is therefore the most extensive and thickly
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wealhered layers Lhal are likely Lo contain the most viaﬁle

productive aquifers.

The superficial deposits, which contain partly the
products of weathered rocks and partly alluvial deposits serve
as media of infiltration and recharge of the aquifers. The
areal extent and location of these superficial deposits will
encourage or inhibit infiltration, The river valleys and the
"fadama" usually contain alluvial malerials such as clayey and
silly products deposited during floods. Their composition and
porosity make Lhem good reservoirs of groundwater which serve
as source of waler for Lhe wells during Lhe dry season. Rivers
loose Lheir water during tLhe dry season in three major ways,
viz run off of tLhe water, evaporation and recharge of the
aquifler through the fadama, In the heart of the dry season when
the river may have dried up (which is verv common in Zaria
area) tLhe fadama "cakes" up thus preventing Lhe loss of water
in the aquifer through evaporation of wate: from the pores.
Although the agquifer level within the fadann region may have
fallen slightly Lhere is stLill an appreciab!: amount of watér
retention within it, thus wells dug within the fadama area
stLill give good yield. On the other hand Kalina north area is
geographically a savannah region characterii:d by dry and wet
seasonga. Mosl of the rain water received du- ng the short wet
season (May to September) is held up in the superficial

covering and in the weathered basement. Sirce this region is

dissected by numerous streams (fig. 1.3), the total surface

discharge is likely to be more than the amonnt of infiltrated
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water., This small amount of infiltrated water is unevenly
distributed among the rock units (McCurry, 1970), a facter
which depends both upon the state of weathering and the
permeability of the rocks. Field evidences show that the
counltry rock units (mainly granites and the gneisses) are more
fractured, faullted and folded than Lhe fresher more extensive
batholithic granites (Tokarski, 1972). Wright and McCurry
(1970) have suggested that the batholithic granites may extend
in weathered form beyond 30 feet. This means tLhe gneiss are

likely to be weathered Lo a grealer depth than this,

In conclusion, it is suggested tLhat despite the facl that

groundwaler may be contained in c¢rystalline rocks undar

favourable condilions, localion of wells for use based on the
physical and sbLructural states of Lhe rocks as well as the
hydrogeological conditions in a given area must be preceded by

careful geophysical investigation.

1.5 Previous Work

Although detailed geophysical mapping of this area as a
unil. has never been done, bul some geological, hydrogeology,
geographical and geophysical survey have been carried out in
isolated localities within this area. Between 1928 and 1946, a

total of 2000 hand dug and concrete lined wells were sunk in

Northern Nigeria.

Du Preez (1952) gave a short account of the groundwater

occurrence in Lhe Zaria area. This was followed by the
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geophysical investigation of the Regional Technical College
site, Zaria by Jones (1952 and 1954) for water supply. Barber
and Phoenix (1963) prepared a report on water supply for Ahmadu

Bello Universily, Zaria in which it was pointed out that

groundwater occurred in superficial deposils and in decomposed

bed-rock.

The most extensive study on groundwater in tLhis area
(sheet 102 SW) is that carried out by Olowu (1967), in which he
has attempled to give a regional oulline of the conditions
governing groundwalter occurrence in the basement complex.
According Lo him, groundwater occurs in water table conditions
in Jjoinlts, decomposed zones of the basement complex and the
overlying alluvium. Olowu (1967) in a report on groundwater
conditions in Zaria produced a small scale geological sketch
map delinealing the major rock types. Bankole (1983) and
Ogunjobi (1983) also worked in the Shika Basin and part of the

Galma Basin respectively, all within the Zaria Sheet 102 (Scale

1:100,000) and tLhey gave some accounl of the groundwater

conditions in the area.

Previous geophysical works are limited both in scope and
objeclLive, even when Lhe scope is wide the objective is still
reslLricted. The regional aeromagnetic mapping which covered the
whole of Nigeria including Zaria area was carried out by the
Geological Survey of Nigeria for the purpose of producing

aeromagneltic maps only. For example the gravily interpretation

by Osazuwa et al., (1992) focused on macrostructures such as
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batholiths. The works of Olowu, (1967), Ajayi and Hassan,
(1990) focused mainly on the thickness of the aquifer and the
depth to water Lable in limited areas within Zaria sheet 102,
Of all the series of isolated Electrical resistivily surveys
(Ososami, 1968; Messrs Pressuag Ltd, 1982; Ajayi and Hassan,
1990; and Shemang el al., 1992) none was carried out outside
the Kubanni basin and Ahmadu Bello University main campus. Even
within the basin where Lhey worked they could not provide a

complete picture of Lhe basement structure.

Structurally Lhe resislLivilLy work carried out by Du Preez
(1952) within the Kubanni basin revealed the presence of steep
dipping joints in some granite oultcrop, however Lhe location of
these joints were not clearly stated. Adeniyi (1987) and
Osazuwa el al., (1992) carried oul grsfiLy survey and
interpretation respectively of the older granite pluttons in
Zaria area, they deduced thalt there are multiple batholiths
wiLlhin this area. However Adeniyi (1987) recommended the use of

oLher geophysical methods.

Prilling of Water Well boreholes in this area was carried
oul. by the Geological Survey of Nigeria between 1954 and 1965.
Messrs Strojexporl (1980) also carried oul. some groundwater
study in the Northern part of 01d Kaduna State. At present both
the Kaduna State Water Board and Directorate of Food, Road and
Rural Infrastructure (DFRRI) are drilling in some rural
settlements within Lhis area. This exercise was carried out

relying on chance, luck and the experiences of the drillers
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(wild cat drilling) without preliminary geophysical survey fo

localte correctly the borehole points.

1.6 Objectives of Lhe Research Work

In response Lo Lhe ever increasing demand for water and
Lhe awareness on the part of both the State and Federal
governmenlLs of the problems of provision of water, and coupled
with Lhe fact that no attempt has yel been made by previous
workers Lo extend their studies and use Lhe informations
obtained therefrom Lo evaluate the water resources of the whole
Zaria sheeet 102. Also no detailed geotechnical studies have
been carried out Lo assess subsurface geotechnical parameters
that are of importance Lo Lhe construction industry. These data
inadequacies have resulted in two major problems. Viz; (i) non-
realistic estimation of the water balance of the reservoirs and
catchment. areas, especially during the dry season and (ii)
IneffectLive or non-existence legislative scheme for proper
surface structural layoul such as bridges, dams, high-rise

buildings elc.

In view of the deficiencies and limitations of previous
works,tLhis project is aimed at (i) determining the geoelectric
parameters (layer resistivities and thicknesses) of the
subsurface layers and their hydrogeologic implications, (ii)
mapping the bedrock relief and hence the subsurface structural
disposilion, (iii) assessing the probable groundwater potential
and hence determine the aquifer profile, (iv) examining the

utilization of the electrical anisotropy coefficient and the
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weathered layer resisbLivity as indices for lithological

differentiation with particular reference Lo areas where the

basement rocks are concealed. The final results of the study

could be used
(1) Lo formulate a clear conceptual hydrogeological and
geophysical model for the area,

(2) to obtain subterranean structural map of the area.

In addition Lo the above objectives, efforts will be made to

examine Lhe electrical anisotropy coefficient and the weathered
layer resistivity as indices for lithological differentiation

with particular reference Lo areas where the basement rocks are

concealed.



19
CHAPTER TWO

2. GEOPHYSICAL INVESTIGATION

2.1 Introduction

The geophysical investigation was carried out by the
author employing the DC resistivity method in January/February,

1992 using the DC Terrameter 300.

The choice of the Villages and locations for VES
measurements was done by the author in collaboration with the
Kaduna State Water Board based on the present and earlier
geophysical and hydrogeological works and with the present
objectives in mind. The Schlumberger array was employed (for
reasons sltated later in section 3.2) in all the VES stations
with the distance between Lhe current electrodes continuously
being increased until the desired maximum separation (AB/2 =
156) was altained. From some geophysical survey carried out
within some areas of the northern part of old Kaduna State
Strojexport (1980) has shown that the overburden in the
basement area is not so thick as Lo warrant wider current
eleclrode spacing. The separation of the potential electrodes
MN was also increased in order Lo maintain a measurable

potential bul it did nol exceed one-fifth of AB/2 as suggested

by Dobrin & Savil (1988).

2.2 Principle and Theory of Geoeleclric Scunding

As resistivity is a fundamental electrical property of
rock materials closely related to their 1lithology, the

determination of the subsurface distribution of resistivity
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from measurements on Lhe surface can yield useful information
on the structure or composition of buried formations. A common
method is the geoelectric sounding. Four - electrode arrays are
generally used at the surface; one pair for introducing current
into Lhe earth, the other pair for measuring the potential
associated with the current. The vertical electrical sounding
(VES) or the geoeleclLrical sounding is based on the principle
that a fraclion of electric current injected into the ground,
penetrating below a given depth increases with the separation
of the current electrodes. Thus as the current electrodes
geparalion is increased, the depth of penetration will
increase. Therefore any anomalous body lying between the ground
surface and the last depth of penetration will have great
influence on the electrical potential field at depth.

This method is based on Ohm’'s Law given by

V= IR cosscesssovuseosssssssessnsvosscsnsee(l)
where: 1 = Current (amps)

v Impressed Voltage (Volts)

R Electrical Resistance (in Ohms, (Q))

The resistance R of a conductor with a length (1) and a

cross-sectional area A is given by
R = pl{Aol.l...ll.lil..lvllll....!!ll..oln...l(z)

where p is the resistivity of the unit under consideration
Combining equations (1) and (2) and for unit length and

unit cross-sectional area,



If R is expressed in Obm (2) p will be expressed in 2-m a
commonly used unit in VES measurements.
The problem in VES measurement is to determine the

specific resistivity of the subsoil by measurements at the

surface.

Most resistivity techniques define a response function
called apparent resistivity p, which can be deduced or estimated
from surface measurements. These apparent resistivities are

usually functions of a variable that is related to the depth of

penelration.

Consider a semi ~ infinite so0lid with uniform resistivity
p. Assuming that a current I is introduced into this material
through electrodes at positions A and B on its surface, and
thal the potential gradient associated with this current is
measured across two other electrodes at positions M and N on

Lhe same surface (fig. 2.1),

the polential at electrode M will be

VH = (Ip/Zn)*(l/rl - l/ra)oaollIlllloocc'.o.-c-oovo(s}

where ry = distance from potential electrode M to current

electrode A and ry = distance from electrode M to current

electrode B.

Similarly the potential at electrode N is given by



22

Power
{a)
Cy ) ®_'Pz C2 V| Surface
rrYTTTr T T T T T TIr T T T Ty
3 (3
(b)
A M

}=b—
a0 e n-——-!

FIG.2.1:ELECTRODE CONFIGURATION
(a) General electrode configuration
in resistivity survey
(b) Wenner array

(¢) Schlumberger arrary
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Vy =01p/2)%(1/ry = 1/p)ennnnnns ..................l(4)
where ry is the distance from N to A and ry the distance from N
to B.

Potentinl difference AV across electrodes M and N

is Yy - W,

Subtracting equation (4) from equation (3) and soclving for
p one obtlLaing

P, = (2R5V/I)*(1/(1/rl - 1/ry - 1/ry + 1/0))eeseeess(5)

The result is independent of +the position of the
electrodes and is not alffected when the current and potential

electrodes are interchanged.

The apparent resistivity is equal to the true resistivi@y
only when the subsurface is isotropic. In practice this is
difficult te obtain, however the subsurface is assumed to be
divided into thin strata with each atrﬁtum regarded as
completely homogeneous and isotropic. This is a convenient way
to represent & response ol the actual distribution of lateral
resistivities in the subsurface on the basis of surface
measurements. I Lhe electrodes are laid out along a prﬁfile
and their separations are increased in a systematic manner, the
change in the apparent registivity will be a function of
electrode spacing [as defined in Equation (5)]. Also it has
been shown by Dobrin and Savit, (1988) that depth of
penetration of current increases with electrode spacing. .
Therefore it is possible to determine the variation of

reaistivity with increasing depth within the 1limite of
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instrumental resolution which depends to a greater degree on

the subsurface resistivity/layering and data quality.

In actual practice a number of different conventional
surface confligurations are used for the current and potential
elecLrodes placement. In many arrangements, both sets of
elecLrodes are laid out along a line . The current electrodes
are generally placed on the outside of the potential
electrodes. The most widely used configurations are Wenner

arrangement, Schlumberger arrangement and Dipole Methods.

Two general approaches are used for making resistivity
measurements in Lhe field. With the first, the electrode
spacing are fixed, and the array of electrodes is moved
laterally along a profile with constant separation, the
apparenl resistivity being plotted at the midpoints. This is
called continuous profiling or electric trenching. Any body
having anomalous conductivity and which is shallower than and
extlends beyond the depth of maximum effective penetration
should show up as an anomaly on tLhe resulting map. In the
second Lype of measurement tLhe center of the elecLrode spread
remains fixed, but Lhe separation of electrodes is
progressively increased. This is called Vertical Electrical
Sounding (VES). ConLinuous profiling with a fixed configuration
is more cost effective for detection of anomalies along a
Lraverse bul is inadequale for exploration objectives requiring
depth control which can only be achieved through expanding the

geometry of Lhe eleclLrode configuration.
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As mentioned earlier the vertLical electrical sounding
measurements can be executed using different approaches, among
which are the Wenner Arrangement and the Schlumberger

Arrangement. In Wenner configuration, the electrodes are

uniformly spaced in a line.
From equation (5)
rn =rn =1and np = = 2a.
Thus, Lhe apparent resisbLivilty is given by
P, = PRAVSI L anin & K dbibians & ok mba & &% s w s hnmst i)
where a = distance between the electrodes

I Current passed through the ground.

V = PoLential difference Measured.

Despite the straight forward geometry, this configuration
is often quite inconvenient for field work, and has some
disadvantages from a theoretical point of view as well (Telford
et al., 1976). For depth soundings, the electrodes are expanded
about a fixed cenler, increasing the spacing ’a’ in steps.

In the Schlumberger Configuration, the current electrodes
are spaced much further apart than the potential electrodes.
The array is often used symmetrically, i.e.

p, & [REVBLYELAVELY o5 v awvosnn s komaempnn somsnnalT)
half the separalion of Lhe current eleclLrodes

where L

1
AV = Potential difference measured.
In depth probing, the potential electrodes remain fixed

half the distance of the potential electrodes

while the current electrode spacing is expanded symmetrically
about Lhe center of the spread. Sometimes it may be necessary
to increase 'l’ when measuring large 'L’ values in order to

maintain a measurable potential, but usually not exceeding one

- fifth of L.
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CHAPTER THREE

3. INSTRUMENTATION AND FIELD PROCEDURE

3.1.1 Terrameler SAS 300

The TERRAMETER SAS SYSTEM consisls of a basic unit called
Lhe Terrameler SAS 300 which can be supplemented as desired
wilth Lhe SAS 2000 Booster. SAS stands for Signal Averaging
System - a method whereby consecutive readings are taken
aultomatically and the results are averaged continuously. The
continuously updated running average is presented automatically
on Lhe display. This continues until Lhe operator is satisfied
with the stability of the result. SAS results are more reliable
than tLhose obtained using single-shot systems. The SAS 300

(basic wunit) can be used for Self Potential surveys and

resisLiviLty surveys.

The SAS 2000 Booster (optional) supplements the SAS 300 in
gituations where the voltage and/or current must be increased.
The booster is normally slaved to the SAS 300, but it can also
be operated separately in special applications such as charge-

polLential studies and dipole-dipole surveys.

The Terrameter SAS 300 can operate in two modes:
(1) In Lhe resislLivity surveying mode, it comprises a battery
powered, deep-penetration resistivity meter with an output
sufficient for a currenkt electrode separalion of 2000 metres
under good surveying conditions. Discriminatory circuitry and

programming separaltes DC voltages, self potLentials and noise
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from the incoming signal. AV/I is calculated automatically and
displayed in digital form in kilohms, ohms or milliohms. The
overail range thus extends from 0.5 milliohms to 1999 kilohms.
The range can be extended down to 0.02 milliohms by means of
the SAS 2000 BooslLer.

(2) In the vollLage measuring mode, the SAS 300 comprises a
self potential instrument that measures natural DC potentials.

The result is displayed in V or mV. The overall range extends

from 0,01 mV to 500 V.,

The Terrameler SAS 300 contains three main units, all

housed in a single casing: the transmitter, the receiver and

the microprocessor. The eleclrically isolated transmitter sends
oult. well-defined and regulated signal currents. The receiver
discriminates noise and measures voltages correlated with

transmitted signal current (resistivity surveying mode) and

also measures uncorrelated DC potlentials with the same

discrimination and noise rejection (VoltLage measuring mode).

The microprocessor monitors and conlrols operations and

calculaLtes results.

In geophysical surveys, tLhe SAS 300 permits natural or
induced signals Lo be measured at extremely low levels, with

excellent penetration and low power consumption. Moreover, it

can be used in a wide variely of applications where effective

gignal /noise discriminalion is needed,
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3.1.2 Transmitter Besignation

The transmitted current is commutated in a time pattern
suyitable for resistivity surveying. The transmitted signal is
measured by Lhe receiver at discrete time intervals when the

eddy currents, the IP and Lhe cable transients have decayed to

low levels.

Standard faclory currenﬁ—output programming (in
combinalion with the receiving principle) provides =skin
impedance effects equivalent to approximately 0.4 Hz for 3.6
seconds of current flow. The operator can, however, select two
other time scales equivalent to 0,2 and 0.1 hz. These should
only be used under extreme conditions since the correrponding
time cycle (7.2 and 14.4 seconds of current flow) increase

power consumplion. For normal use, the standard factory

programming is equivalent to DC surveying.

The current amplitude is set by the aperator to suit the
actual survey conditions. It can be set to 0.2, 0.5, 1, 2, 5,
10 and 20 mA at 150 V maximum current eleckraode potential. The

range can be extended to 500 mA or to 500 V by using the

optional SAS 2000 Booster.

3.1.3 leceiver Designation

Penetration and accuracy limite are imposed mainly by

noise caused by telluric currents, power transmission lines and

electrochemical variations at the potential electrodes. A

unique integrator combined with an ingenious measurement
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strategy permita Lhe Terrameter S5AS 300 receiver to extract the
signal from man-made and natural noise, even when using low,
gafe signal vollage levels. This measurement strategy includes
signal stacking, logical and analeg filtering, rejection of
induced polarization (1P) effects and rejection oFf transient

phase ol the signal current.

3.1.4 DC Potential Measurement

Four receiver ranges for DC potential can be éelected
manuazlly: *1L V, #10 V, 2100 V and %500 V. The linear circuits
allow Lhe voltage to be reéd and displayed to 3 or 4
significant decimal places. An automatic shift of scale from
volts to millivoltys in lower ranges alléws surveys to be
carried out with s significant resolution of *0.05 mV at an
electrode impedance of 100 kilobms. Power line noise is
effectively suppressed, At low railway frequencies (15-20 Hz},

noise suppression is 70 dB while suppression in the 50 - &0 H=z

range is B5 dB (operation's manual for SAS 300).

The aforesaid noise supﬁression figurés are for single
gignal reading. However, when the Terrametler SAS 300 is used in
the signal averaging mode, the microprocessor takes repeated
readings and calculated the running average (up to &4
readings). Statistically distributed noise voltages are thus

reduced by a factor of square root N, where N is the number of

readings.



3.1.5 Resistance Measurement

Tn the resistance measuring mode, thé Terrameter SAS 300
measures signal vallages creakted by the Lransmilter signal
current. while rejecting bath DC voltages and noise. AV/I is
automatically calculated and displayed digitally in kilohms,
chms or milliohms. Four ranges can be selected manually: 1 ohm,
100 ohmg, 10 kilohms and 1 megohm. The result is displayed to
3 or 4 decimal places. When the transmitter is operating at 20
mA, the Terrameter SAS 300 has a significant resolution of 0.5
milliohms (operalion’s manual for SAS 300) for a single
reading. Meticulous care was always observed in the arrangement
of cables and electrodes used in the field so as to disallow
current. leakhage and creep which can subslLantially reduce the

attainable accuracy ang sensitivity and thus the depth

penetration.

3.1,6 Measuremeni Operations

The microprocessor controls and mﬁﬁitors al) measurements
to ensure optimal accuracy and sensitivity and to make certain
Lthat Lthe instrument is used correcltly. When Lhe operator
preases the MEASURE button, the microprocessor runs a thorough
check on circuits and switch positions. It also checks the
battery condition and the useability of selected parameters.
The complete check-up procedure takes only one second and, if
necessary, warnings and information comprising beeper signals
and error codes tell the cperator to change parameters or to

check circuits. When satisfied, the microprocessor
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antomalically starts the measurement cyclie, and after all
readings have been taken it puts Lhe instrument into the

standby mode wilh Lhe final result displayed.

3.2 VField Procedure
3.2.1 Choice of EleclLrode Configuration

In choosing Lhe type of electrode configuration to be used
for Lhis survey, il is noted in Lhe first place that in both
the Wenner and Schlumberger configurations the depth
penelLration of Lhe currenl is predominantly controlled by the
distLance between Lhe current electrodes: with equal values of
the current electrode spacing, Lhe depth penelralions reached
in Lhe two electrode configurations are thus nearly equal.
However Lhe potential difference between the potential
eleclLrodes in these conditions is considerably larger in Wenner
confliguration Lhan in Schlumberger, because the distance
between GLhe potential electrodes is larger in the Wenner
confliguration. This tends to make tLhe reading accuracy of the
voltage belLbter in Wenner configuration than it is in the
Schlumberger configuration for comparable depth penetration.
There is, however, anolLher consideraltion which is Lo the
advantage of Lhe Schlumberger configuration and which, in my
opinion, oulweighs Lhe disadvantage of the smaller measuring
accuracy. One of Lhe assumptions on which the inLerpretation of
regislivily sounding measuremenls is based is Lhal each of the
subsurface layers is electrically homogeneous, This differs in

reality in that in many areas, inhomogeneity of relatively
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Schlumberger array saves Lime and manpower, i.e.,ilt is more

cosl elffeclive Lhan olLher configuralions.

3.2.2 Dala Colleclion

The sounding localions (Appendix 1) were chosen by the
author in collaboralion wiLh Kaduna State Water Board based on
the present borehole drilling programme of DFRRI and earlier
geophysical and hydrogeological works and the presentl
objecltives. There are a total of 118 VES stalions including 14
soundings close Lo exisbLing boreholes with known lithologies
wilhin the differenl geologically identified formations within
the survey area. The inilial intention was to have VES on a 2

km X 2 km grid station but due to lack of access roads, built

up areas and the large size of the survey area, only Lop
priorily areas with a fair degree of even spread have been

considered. The locations and elevalLions of Lhe VES stations

were extrapolated from topographic maps of Zaria, Igabi, Maska

and Kaduna.

The maximum length attained for Lhe current electlrode
gpacing is 312 m while Lhat for Lhe potential electrode is 25.6
The values of half Lhe currenl electrode separation and the

distance between the potential eleclrodes are given in Appendix

.
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CHAPTER FOUR

4. INTERPRETATION TECHNIQUE AND DATA PROCESSING
4.1 General

Much of our knowledge of the Earth’s interior is based on
Lthe interpretation of measuremenls made at the surface, rather
than direct sampling of the material in tLhe interior. In the
pasl few years there have been great advances in Lhe
mathematical aspects of this problem, and Lhe Lechnique has
come Lo be called geophysical inverse melhods. To apply these
ideas, Lhere must be a valid mathematical model of the physics
of Lhe system under study, so that one would be able to
calculate Lhe values of observations made on an exactly known
sbtructure: tLhe calculation of Lhe behaviour of a speciflied
syslem i8 Lhe solution of the "forward” or "direct” problem.
Frequently it is the forward problem that presents a difficult
challenge (o fthe theoretical geophysicist. filustrations
include the mechanism of earthquake rupture or the generation
of the earth’s magnelic field; in problems like these, inverse
Lheory is normally quile inappropriate. When Lhe forward
problem has been completely solved, Lhere are of course unknown
paramelers in Lhe mathemalical model represenbting physical
properties of the earth such as Lame' parameters, density or
electrical conductivity. The goal of inverse theory is to
determine Lhe parameters from observations or, in the face of
the inevitable limitaLions of acltual measuremenl, Lo find out
as much as possible aboul Lhem. The quality that distinguishes

inverse tLheory from the parameter estimation problem of
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sltalisblics is Lhal Lhe unknown are funclions, nol merely a
handful of real numbers. This means that the soiution contains
in principle an infinite number of variables, and therefore
wiLlh real data the problem is as underdelermined as iL can be.
Naturally, Lthere are geophysical problems contlaining a
relatively small number of free parameters. Sometimes, however,
unknown strucltures are conceived in terms of small numbers of
homogeneous layers for reason of computal.ional simplicity
rather Lhan on any convincing geophysical or geological
grounds. Such simplificablion may lead Lo false confidence in

the solulion because the true amount of freedom has not been

allowed in Lhe paramelers.

The inverse Lheory falls inle two distinct parts. One part
deals wilh tLhe ideal case in which Lhe data are supposed Lo be

known exaclly and as densely as desired, and is of course

mainly the domain of the applied mathematics. The other part
Ltreals Lthe praclLical problem tLhat are created by incomplete and

imprecise dala. IL mighL be thoughl thal an exacl solution to

an inverse problem with perfect data would prove extremely

useful for Lhe pracltical case. Actually, Lhis often turns out

Lo be unbrue because geophysical inverse problems are almost

always unstable in a sense to be defined more precisely later;
when Lhis is 80, the solution obtained by Lhe analytic
Lechnique is very sensilive Lo the way in which the data sel is

completed and Lo tLhe errors in it,.
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of the first and last branches ol the sounding curve to their
respective asymplotes. The number of lavers is equal to fha
number of digiltised poinls, and Lthe layer boundaries are spaced
uniformly on a logarilthmic depth scale. For field sounding
curves, this method provides the geophysicist with a
theorelical curve Lhat fits the observed curve as closely as
possible and produces a corresponding, well-behaved layering
model ([(wilth no exiremely thin layers of unusually high or
unusually low resistivities). The geophysicist may accept,
gimplify, complicate, or wmodify the resulting solution to
gatiafy known geologic information wusing other equivalent

layering models {Zohdy, 1874).

4.3 QOulline of Zohdy Method

The iterative procedure used in Lhe interpretation of all
the Schlumberger VES curves in which a lavering model is
oblLained directly I'rom a digitised sounding curve follows from
Zohdy, (1989). The outline of the method is given below.

The study of Schlumberger theoretical sounding curves for
horivontally stratified, laterally homogeneous, and isofropic
media shows Lhal regardless of the number of layers or
resistivily dislLribulion wilh depth, Lhe following properties
are ohserved:

(1) Compui.ed apparenl resistivities are always positive
{2) "The Torm of n sounding curve follows the form of the true
resistivity-depth curve. As the true registivities increase (or

decrease) wilth greater depth, the apparent resistivities



39

(i) The electrode spacings do not adequaltely approximate the
depiths Lo various iayers. Therefore, the assumed depths must be
shifled Lo Lhe left in order Lo bring the assumed layering more
or less in phase wilh Lhe resisbLivilLy-depth curve.

(ii) The apparenl resistivities do not adequately approximate
the Lrue resistivities; and, Lherefore, Lhe assumed
resislLivities musl be adjusted Lo approximate the amplitude of
the Lrue resistivities.

{iii) Property (5) can be used for the required resistivily

adjuslmenls,

Delermining Lhe appropriate amount to horizontally shift
Lthe depths and verlLically adjust the resistivities without
prior knowledge of Lhe Lrue resistivity depbLh distribution, is

Lhe essence of tLhe new iterative method.

4.4 1nitial Dala Preparalion

Unlike a theoretical curve, a field Schlumberger sounding
curve is composed of several overlapping segments. The
segmented Schlumberger field curve is processed and reduced to
a conlinuous curve prior to its inlerpretaltion in Lerms of a
horizontally stralified model (Koefoed, 1979; Kunetz, 1966;

Mundry, 1980; Zohdy et alt., 1973).

The processed Schlumberger sounding curve is digitised at
a logarithmic interval equal to (or equal to a multiple of) the
gampl ing interval of the filter to be used in calculating the

Lheoretical sounding curve. The purpose of digitising the
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gounding curve is to speed up the computations of the
succession of Lheoretical sounding curves umed in the iterative
process. A sampling interval of gix points per logarithmic
cycle (D'Neill, 1975) is considered commensurate with the
electrode spacing interval used in Lhe field and is considered
oplimal! for defining the form of a scunding curve.

When a processed field Schlumberger sounding curve. is
digitised, it is ready for interpretation by the iterative
method. In the following sections, the processed and digiti=ed

Schlumberger [field curve is referred (o as the "observed”

curve .

4.5 Ilterative Procedure

The iteralive procedure reliea on the [opllowing initial
assumpl.ions:

{i) The number of layers in the model equals the number
of digilised points on the observed curve. This assumption
remains unchanged throughout the iterative process.

(ii) The depths of the model layers are equal to the
digitised electrode spacings which are equally spaced tul’#

logarithmic deptLh scale.

(iii)The tLrue resistivities of +the model equal the

apparent resistivities.

With the aforementioned assumptions in mind, a theoretical

sounding curve was calculated for a multilayer model by

convolution and Lhe percentage root-mean-square deviation ($)

”’

was computed from the equation ' ")



41

. — -_—
;: (Poy = Peg)?
- ol 3

JLth "observed" apparent resisbtivity

where ”q

B.;

N = number of digiltised apparent resistivity points

Jth calculated apparent resistivity, and

(with j = I,N).

The depths are Lhen multiplied by a constant factor
(fraction) to decrease all the layer depths and successively
reduced until ¢ is mipnimum bearing in mind the geology and
borehole lithology/resislivily sounding relation of the area.
Having calculated a Lheoretical sounding curve using shifted
depths and apparent resistivities, the amplitudes of those
resistivities are adjusted iteratively to obtain a better fit
between observed and calculated sounding curves. The ratio of
observed Lo calculaled apparent resisbivily is multiplied by
the corresponding layer resislivily to adjust it to a higher or
lower value. A new sounding curve is then calculated using Lhe
ad justed layer resistivities. These steps are repeated until a

prescribed minimum ¢ (less Lhan 2 percenl) is obtained.

The advantage of tLhe n-layers model over the otLher

layering models is that il can provide additional information

aboul tLhe subsurface variations within any suggested

geoeleclric layer
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and_ The Subsurface Layver Distribution

Strongly differing layer resigtivity distributions in the
subgsurface may yield apparent resistivity curves that are not
slrictly equal bubt differ so slightly that they cannot be
separately distinguished as different formations with the
accuracy ol the resislivity measurements/insirument. Thia
ambiguity lies entirely in Lhe relation between the resgsistivity
transform aqd the parameters of the subsurface layer.

distribul.ion.

These ambiguities are generally referred to as
Yequivalence” and or "suppression”. The term "equivalence” is
used either in cases where g, ; > p; < pjy {i.e. the go called
"bowl-Lype" resislivily seguences), or where P € P > Py
(i.e. "bell-type" resistivity sequences). In the bowl-type case
two resistivity sLratifications c¢an be equivalent, i.e.,
distinguishable on the apparent resistivity curves, if they
have Lhe same value for the quotient tﬁ/pi. For bell-type cases
this aituation arises for Lwo regsistivity stratifications which
have (the same value for the product t¥p;. The term
"suppression" is used eilher where p; | < p; < pyyy (i.e.,
"agcending-type" resistivity sequences) or where Py > P > Py
(i.e., "descending—-lLype" resistivity sequences). In both the
ascending and descending Lypes tLhe effect of the phenomena i=s
such that it may be impossible to detect the existence of the

intermediate layer al all from the apparent resistivity curve.
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These limitations were resolved by sounding at some
borehole localions where the resistivities and thicknesses
obtained were verified wilth the corresponding stratification in

Lhe borehole lilthology log within the area of survey.

4.7 OPTIONS AND CHARACTERISTICS APPLIED

Different. options and characteristics were used to
generale equivalent models and to impose constraints so that
Lhe eventual model chosen actually represents the resistivity
and layering sequence for each of Lhe sounding locations apart
from the borehole lithology used for resistivity/foermation

idenlLification. The oplLions are discussed below.

1) Fixed ShiflL Factor: Each sounding curve has its unique depth
shifl factor Lhat yields a minimum rool-mean-square percentage.
The value of Lhis shift faclor depends on (a) the curve Lype,
f.ei,; nip Py<py ) s Klpy<pyopy ), KH(py <py>py<py )y Alp;<py<py ),
Kll(pl<pz>pl<p‘). etc {(Zohdy et al., 1974). (b) The completeness
of the left and right branches of the field curve; and (c) the
amounl, of noise present, Il was {found, however, tLhal because of
equivalence, determining Lhe opLimum shift factor is nolL
critical for the final fitting of the curve. Thus a fixed shift
factor was selected within the range between 0.3 and 0.6
{(approximately) as sugdgested by Zohdy (1989} and used for
almost all Lhe Schlumberger curves; and the observed curve
always matched when the resistivity amplitude adjustment was

applied.
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The use of a [fixed shift factor eliminates a few
iterations that would have been necessary to find the optimum
shiflL factor for each curve type. However, the number of
ilteralLions saved in using a fixed shift factor results in a
larger number of amplitude adjustment iterations. Furthermore,
if the selected fixed shifl factor is too small (layering is
ghifted toe far to Lhe left), overshoots and undershoots
develap al. shallow depths, and the depth to the last layer is
defined by an abruplL change in resistivity. Conversely, if the
seleclted lixed =hifl factor is too large (layering is shifted
too far to the right), then overshoots and undershoots develop
al. large deplh, and the depth Lo the shallow layers are defined

by abrupt changes in resistivity.

2) Layer Compression: Layer compression becomes necessary where
severe K-Lype curves are encountered. A severe K-type curve is
a curve Lhal rises steeply at an angle of nearly 45, continues
to rise for nearly two logarithmic cyecles, forms ﬁ somewhat
sharp maximum, and then falls to low resistivily values.
Interpreling observed curves of the severe K-type resulis ih
situalionas in which the curves cannot be fitted within 2
perceni. probably because the distribution of layer depths
vbiained from digilised electrode spacings, extends over a much
larger deplh profile than does the true (or any egquivalent)
layer—-depth profile. Hence the layer depths are compressed sgo

that the resistivily adjustment procedure may succeed Lo yield

a good (itL.
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Layer compression ig achieved by increasing the number of
layers per decade, i.e., greater than six. The total number of
layers is still Lhe same as the number of digitised points and
the thicknesses of all layers beneaih Lhe first layer still
increage al. a uniform logarithmic rate, but now the dépth

inLerval is less Lhan Lhe electrode spacing interval from which

it was originally derived.

3) Layer Expansion: This is a direct converse of layer

compression, it resulis from decreasing the value of the number

of layers per decade.

4) Fixed_ Lasl layer Resjistivity: The resisti?it? of the last
layer was fixed for all sounding curves within the gsame
geologically identified formations thal. show a rising right
branch and interpreled in Lerms of a c¢consLant resistivity value
for geveleclric basement and hence geoelectric cross-sections’
are produced with a common basement resistivity; the last

layer's resislivity does not change during the iterations

pracess.

56} Interpretation of Incomplete Curves: Most field sounding

curves are incomplete, i.e. a sounding curve in which the left

and {or} right asymptotes Lo the resistivity of the first and

(or}) last layer, respeclively, are not measured. A [field

sounding curve whose last right branch rises at an angle 45 for

at least three or four points (sampled at the rate of six
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point.s per decade) is considered Lo have a complete right—ﬁﬁhd
branch {Zohdy, 1989). Provided the curve is not distorted, the
resiaslivity value of the first point will fit because the depth
te the bollLom of the [irgst layer is always less Lhan the first

eleclrode spacing, and similarly for the last layer,

4.7 Adjustment_of the Apparenl Resistivity Curves in

Schljumberger Measurements

In Schlumberger Configuration it is necessary to increase
the distance between the potential measuring electrodes as the
dirlLance between the currenl electrodes increases, Without this
slep the polential difference would become too small to allow
a reliable measurement. When the distance between the potential
electrodes is changed, measurements at both the peasuring
electrode spacings were made at two values of current eliectrode
spacing. The apparent resistivity graph oblLained then consisiLs
of a Few segments that corregpond with the different values of
the measuring eleclLrode spacing. These segments fail to tie in
with each oLher wiLhin the accepted error limit for some of the
soundings {e.g. Cigure 4.1). The reasons lor these are, Firstly
the measurements are made with a symmetrical electrode
configuration in which the ratio of the measuring eleclrode
spacing to the current electrode spacing has a finite value,
i.e. "eccenbricity" of Lhe electrode configuration {(Keefoed,
1979}, Changing the distance between Lhe measuring electrodes
entails a change in the eccentricily of the configuration which

depends on Lhe apparent resistivity of a given layer
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slralification. The second reason for lack of tie-in between
the segments of an appareni resistivity curve is the occurrence
of near—-surface inhomogeneities in the ground. These
inhomogeneities affect tLhe current distribution pattern, and
the relative change in the current density which they cause

depends on the position of the measuring points with respect to

the inhomogeneity.

Distortions could also be caused by errors in
measuremenls, current leakages, man-made structures (fences
with grounded metal poles, metallic pipe lines, railings, etc).
These distortions affect the resulting model even if the
theoretical sounding curve fits the observed sounding wiph_an

acceplable rms percentage. This results in an unacceptable

anomalous layer{s) within the model.

To eliminate Lhe Lie—in problem and anomalous layer(s) the
apparent resistivity wvalues 1in a segment were initially
.multiplied by the same factor, i.e., by a parallel shift of the
whole segmenl on logarithmic scales as suggested by
Koefoed, (1979) and lalLer, manual smoothing was applied before
entering Lhe data into the computer program. Zohdy, (1989)
guggested that manual smoolthing is much faster and more

efficienl than assigning fitting tolerance to each point.

4.8 Influence of Slope of Boundary Plane

The effecl of the dip of tLhe boundary plane may be

neglected for dip angles less than 10 or leas than 15°.
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Considering that in practice Lhe ratio of the relevant value of
the half-distance between the current electrodes over the depth
of Lhe boundary is rarely greater than 5, this effect was
considered not teo be very important in this work, heﬁce

correction Tor Lhe slope of houndary plan was not effected.
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CHAPTER FIVE

5. RESULTS
5.1 General Statement

The data analysias was performed using Zohdy's method,
which allows the performance of automatic interpretation of the
Schlumberger sounding curves to obtain the equivalent n-laver
model f{rom tLhe apparenl resistivity curve of each soundihg
(fig. 5.1a). The resulling true resistivity layer models from
the application of Lhis method is illustrated in fig. 5.1b.
Moreover the egquivalenltl true resistivity models of each
gsounding were used Lo produce a comprehensive subsurface
regiglivity contour section for mnalysis along some profiles
(figas. 5.2a-d). The conLour sections were achieved by plotting
the resistivity value of each n hypothetical layers of each
sounding at a point in the mid-thickness of this layer beneath
the sounding localions, and hence the resistivity values were

contoured in Lhe verlical plane of tLhese seclions.

The interpretations of the VES data were carried out using
the subsurface resistivity seclLions instead of the individual
sounding {(Lthese were done only at borehole locations
corresponding to VES stalions at those locations). Such
interpretation can deal wilh Lhe comprehensive picture of the
subsurface configuralion of the geoelectric layers since the
total number of sounding {118) is conaidered to be quite dense
for Lhe area. Accordingly, a discussion of each soundiﬁg

secltion is provided and the correlation between them was made
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Lo sblress the additional information provided by the

resislivily conlour seclion in fig. 5.3a-j.

b.2 Eleclrical Resistivily Sounding
The field VES curves for the 118 locations were generally
of 4 layer type Lhough Lhere are 2, 3 and 5-layer curves. These

are of different shapes and characteristics depending on Lhe

formation layering.

Signs of minor distortion of some of Lhe curves can be
observed by sudden jumps (fig. 5.4) in values which may be
caused by Lhe effeclts of near surface heterogeneities which are
also apparenl on Lhe iso-resistivity contour maps. Many sources
of errors can conlribule Lo disLortion of Lhe field curves in
such a way Lhal, quile ofLen, quantitative analysis of tLhem
cannot be made or, al best, made with large uncertainty. These
include errors in measurements or calculation, current leakage
and effeclt of Lopography. Errors in measuremenls were minimised
during Lhe field work by often repealing Lhem for increased
accuracy. Consequently, iL is believed that main source of
distortion in Lhe present work could be attributed to
occurrence of surface or sub-surface inhomogeneities with
marked resisltivity contrasts. In all the sounding, smoothening
was carried oul. prior to running the program designed by Zohdy
(1989) as earlier mentioned so as Lo overcome distortion
effects. A reasonable conbtrol of these sources of error was
alse the correlalion with borehole records where the sounding

were done close Lo borehole locations,
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6.3 Deriving The Gevelectric Sections

Resiglivily values of earth materials derived in this wori
{Table 5.1) were arrived at using geologic controls such as
lithologies observed in wells, boreholes (drill cores) and the
knowledge of various types of formations found within the
studied area and approximale ranges of electrical resistivity
of rocks and solids from Keller and Frischknecht (1966). For
example, Lhe tLopsoil is mostly laterite and loam (borehﬁle
informations). 'The laterites, include the younger and older
laterites (Tokaski, 1972) and contain some reddish to grey
brown sands, silts and c¢lay (Bala, personal communication).
This laterised deposit form the topscoil in most of the survey
area. In the stream channels of the Rivers Kubanni, Galma, and
Saye and Lheir tributaries alluvial deposits predominate. The

alluvium consists of fine grey-brown sands, clay, red sand and

gravels (McCurry, 1970).

In addition to the above information, geoclogic well-logsa
obtained from Kaduna SLate Water Board show that the topsoil is
lateritic consisting of clayey silty and brownish material with
an average Lhickness of 9 m over Lhe entire survey area. The
gsecond layer is about 15 m thick and consists of fine sand and
partly silty greyish material wherever they occur. These two
layers generally overlie Lhe weathered basement rocks which
consislts of fine to medium grained sand. Bellow the weathered

basemenl are the fracltured basement (wherever it occurs) snd

the fresh basement.
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TABLE §5,1: RESISTIVITY VALUES FOR VARIOUS ROCKS AND SEDIMENTS
Rock Type ResislLivity Range (ohm-m)
Dry Sandy Soil Greater than 250
Dry Soil ) Greater than 300
o Dry Clay Greater than 150
Clay Saturated WiLh Water 25 - 70
Loam 5 - 2b
Laterite (fresh) Greater than 500
Laterite (wel) Less than 100
Sand and Gravel with Fresh 80 - 300
Water
Basemenl Rock (fresh) Grealer Lhan 1,000
Basement Rock (with fracture 500 - 1,000
not connected)
Basemenl. Rock (fractured wilh 200 - 500
fresh waler)
WealLhered Basement Rock o - 80
(Clayey)
Weathered Basemenl Rock 80 - 200
(Gravely)

In view of the large area covered in tLhis survey and Lhe
large number of VES measuremenls tLaken, Lhe geology map of Lhis
area i8 used in comparing Lhe VES of same geologic formalion
with representative sounding near at least Lhree boreholes
(with known lithologies) wiLthin the formation for proper
correlal.ion and inlLerpretaLion of the resistivily sounding in

terms of geologic cross-seclions and resislLivity/rock-type

(formation) relation.
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It should be noted that the discrimination between the
different geoeleclric layers is relatively easier for the n -
layer wodels since small registivity contrasts are easmily
dislinguishable. This is more pronounced at shallow depths.
However it is not possible through the borehole lithology log
Lo dislLinguish Lhese small contrasts due to possibly the
increasing compactness with depth, saturation, coarseness, or
c¢lay conkents of individual formation. But despite this setback
attemp!. has been made by Lhe carefﬁl examinalion of the curves
behaviour at the different depths taking into consideration
thal. the resistivity values of each of the n-layer meodel is
plotted at the mid-depth beneath the corresponding sounding
location, hence the layer boundaries can bé traced from the

poinls of maxima and minima and points of inflection of the

curves.

At mentioned earlier the boreholes are classified
according to Lhe formationas in which they were drilled viz—

me lasediments, porphyritic Granite and Granite Gneiss.

a) ZA22 JAJT Borehole.

The geoelectric section was correlated with the geologic
seclion using Lhe resistivity-depth plot of the VES near the
borehole and the borehole liLhology log. Result of the sounding
curve shows generally a four layer HA-type geoelectric
gstructure.The first layer has a resistivity range of between

165-568 ohm-m. The relatively high resistivity value for this
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layer could be attribuled to loose topsoil. The first layer is
underlain by a lower resistivity zone of 41-92 ohm-m. The third
layer has a resistivity of 169 ohm-m and the last geoelectric

layer has a resistivity of above 4186 ohm-m.

Comparison of the resistivity results with the borehole
lithology {(lfig. 5.5a) shows that the second and third layers
which extends down to a depth of 61.60 m is composed-tnf
saluraled medium to coarse sand and weathered material with
high clay contenit. The last geoelectric layer at a depth of
H51.65 m probably consisls of fractured Basements in which the
Fractures are fairly connected in view of the relatively high

resistivity,. The borehole did not penetrate down to this

depth,

{b) ZA 91 Karaukarau

Result of the sounding curve shows generally a four layer
EH-Lype gecelectric with a good degree of agreemenlk belween Lhe
borehole lithology log boundaries and the gecelectric
boundaries (rig. 5.5b). The first geocelectric layer has a
regiulivity range of 263-314 ohm-m underlain by a lower
resislive zone of between 146 - 223 ohs-m. These two
geoeleclric layers can be grouped togelLher to correspond to the
Yiral layer within the borehole, comparison of the thicknesses
show a good agreement, 12 m for borehole and 11.13 m for
geoelectric section., The Third geocelectric layer has. a
resigstiviLty range of between 94 and 142 ohm-m and has a

Lhickness of about 24 m, which corresponds Lo¢ a sequence of



15m

73
L
ZA 22 JADI
Borehole
Topsoil, silly,
clayey brownis_h
Sand medium 1o coarse

koalinile quartz and

z'!ll

Sand tine, silty, high
mia omaunt greyish

27m

Cuttings ol Wealh<red
gnaiss rochs

Sond, ting to coarse,
siifly micas

{ weathered gnelss
maierial)

Interp { n-m,
76m268- 2511
3.52m|-254 568

41-92 2

sm

169 |3

51.:65m

416 4

F1G.5.5a:1A J| BOREHOLE LITHOLOGY AND INTERPRETATION

&



74

IA 91 Karankaran

Interp (n-m)

N— L "
+63m 263-314 t
Lateritic topsoil 146- 195
slayey n Toam 333 | 2
193
12m 1-13m
120
16:3m
Silt, partly clayey o4
dark greyish 5
24m 23.98m
Sand, medium {o
coarse, quarizose, 142
dark brownish
35.19m
I6m
204 &
Fractured Basement
rocks {gneiss) 8im
13
Bl Ml

FIG,55b; KARANKARAN BOREHOLE LITHOLOGY AND INTERPRETATION



75

silt and medium Lo coarse sand within the borehole. The last

geoeleclric layer has a resistivity of above 204 ohm-m

corresponding Lo fractured Basement within the borehole. In

view of Lhe low resisbivity of this layer tLheir is the

likelihood Lhal waler could stLill be got within this fractured

zZone .

(c) Tsibiri ZA 99
The geoeleclric seclbion around Tsibiri borehole is

primarily composed of a tLhree layer H-Lype curve (fig. 5.5c¢).

The lirst layer has a fairly high resistivily ranging from 221-
6562 ohm-m wiLth a Lhickness of 6.82 m. This layer corresponds

to lateritic topsoil within the borehole log which extends to

a depth of 9 m. The second layer has resistivily ranging from

82-233 ohm-m Lhis corresponds to a sequence of fine sand Lo

medium quartzose, kaolinite and fractured gneiss. The third

geoeleclric layer is alL a depth of 46 wm which could be

interpreled as fraclured gneiss wilh resisLivitLty of above 671

ohm-m, an indicalion of less saturalion within this layer.

(d) Zundu ZA 94

Comparison belween Lhe geoeleclric section and the

borehole log for Zundu (fig. 5.5d) looks quilte complicated,

even Lhe borehole lithology indicates a f(ractured basement

between 12 m and 51 m depLh. The geoelectric sectLion indicales

a four layer KH-tLype curve, the first layer resistivity ranges

from 81-139 ohm-m wilth a tLhickness of about 3 m. The second
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layer has a thickness of 10 m with a resistivity ranging fron
289 to 535 ohm-m. The Lhird layer is a low resistive zone and
has a Lhickness of about 30 m with resistivity range from 81*
111 ohm—-m. 'This is possibly due to high saturation within the
wealhered zone. The last gevelectric layer is at a depth of 46
m, wilh a resistivily of 403 ohm-m, and a comparison with the

bovehole within Lhis deplh indicates Lhe layer Lo be fractured

bazsemenl..

5.4.2 Porphyritic Granite

(a}) Jema Kubanni

The geoelectric sounding around this borehole indicates
generally a five resistivity layer HAH-type curve (fig. 5.5e).
The first layer like in all other first layers is a thin (1.5
m) laleritic top, clayey soil and silty with a resistivity
range of 116 Lo 139 ohm-m. The second layer has a lower
reaislivity range of 46 to 94 ohm-m extending to a depth of 21
m and a comparison of this with the borehole indicates =a
sequence of fLtopsoil to fine sand, clayey and silty with a
thickness of 18 m. The tLhird geoelectric layer has =a
resiativity of 176 ochm~m with a thicknesas of 10 m corresponding
to sand and fine to wmedium quartz and feldspars of the
borehole., The fourth gecelectric layer has a relatively high
registivity of 380 ohm-m with a thickness of 15 m, there is no
equivalent. layer indicaled on borehole log, bul comparison of
the depth 1o this layer with the borehcle shows that the

formation is possibly a transition from the weathered/fractured
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basement to the fresh basement. The last gecelectric layer is
encounlered at a depth of 46 m with a resistivity of above 3940

chm-m corresponding Lo fresh Basement Rock.

(b} TFarakwai ZA 29

Result of Lhe sounding curve shows generally a 4-layer KH-
type geoeleclric struclure (lig. 5.5f). The resistivity value
for the first layer is not high ranging from 190 to 282 ohm—n.
This could be attributed to the underflowage and drainage of
waler drawn from nearby stream. The layer is underlain by a
residlive zone of between 168B-667 ohm-m. The third laver has a
resigtivity range of 44 to %0 ohm-m. The fourth layer has a
resiativity of above 107 ohm—m. Comparison 6f the resistivity
results with the borehole litholegy shows that the thin rirst
and'second geoelectric layers which extends from the surface to
g depth of 11 m are composed of lateritic soil with clay. The
third layer with a thickness of 24 m is made up of fine to
medium sand highly weathered and porous, while the fourth layer
is a continuation of weathered zone in the highly fractured

basemenl rocks. The fresh Basement rock is nolt indicated in the

gevelectric section.

(c} ZA 121 ABA

The sounding conducted c¢lose Lo this borehole shows
generally a 1 layer HA type geoelectric structure (fig. 5.5g).
The resistivity value for the first layer ranges [lrom 109-209

ohm-m; this Lhin first layer is common to all the sounding



o

ZA 29 Farakw el

Interp. {nem ]
BZ

L Boighole .
—1
' Lo ey 667
Laleritic sail, . 3.52m =
rad clayey . . 517m 17 .
amf-- ] 168 - 195
. i Na3m
sand fine 1o madium
silly greyish
weclh ereo zont
B &6 - 90
Jim}— e
15:.19m —
Cuttings o Bosemenl .
rocks, traciured zon o g7
5].55m_,___....—-—-——-"'
207
5Tm -
Fresh Basemenl
rochks
ggml—— —_—
LITHOLDGY AND IN‘IEHPHE‘IAI‘IOH

rio. 551 .FAR ANWE| BOREHOLE




A 121 ABA

Borghole Interp{ -m
. ) -Jsm-— = :
-fymn
Lateritie clay,
plastic red
- 62 - 99
sond , medium to 1633 ————
coarse quarlz 7
Kaolinile greyish
107 =138
29m '
Sand lcnoru with liin; ,
rave uariz greyls
am v A ey
sand, medium to coarse, Em
quarlz,naolinilc,grqi;h- . :
brownish : N A
&2m — - 7271 3
S m
' 739 4
i ' " '
i FIG.5%g:ABA BORE HOLE LITHOLOGY AND INTERPRETATION




83
because of the small spacing values used within the initial
sequence of Lhe sounding. This layer is underlain by a lower
resislivily range of between 62 to 138 ohm-m. The third layer
has & resistivity of 272 ohm-m followed by basement with a
resistivity of above 739 ohm-m.

Comparison with borehole indicates the first layer to be
laterilLic clay extending to a depth of 2.4 m. The second layer
with a thickness ol about 19 m is made up of medium fto coar&e
sand wilh gravel, while the third layer is an indication of
aome weathered malerial bui in a relabively more compact form,
The lasl gecoeleclric layer al a depth of 51 m,is possibly the

basement. The borehole, which 13 only 42 m deep, does not

extend to the basement.

(d) Zabi Zaria ZA 106

Four major layers of KH-type geoelectric structure are
indicated al this location (fig . §.5h). The first layer with
a resgistivity range of 118 =175 ohm-m is the lateritic loose

topsoil with high c¢lay content. The second layer extends from

1.1im Lo 7.58 m deplh; it is composed of laterite and sand with

resigtivity range ol 246-329 ohm-m. The third layer has a

thickhness of about 44 wm with resistivity ranging from 154 to
191 ahm-m. This layer is composed of highly saturated weathered

materialas. The last geoelectric layer is at a depth of 51 m

with a registivity of 448 ohm-m, this fairly corresponds to

fractured Basement rock in the borehole log at a depth of 45 m.
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{e) Panhauya ZA 95

The sounding curve shows generally a three layer A-type
geoeleclric structure (fig. 5.5i). The first layer has low
resislivity of belween 58 to 209 ohm-m with a thickness of 21
m. The second layer has a resislLivilLy range of between 351 and
421 ohm-m and Lhe Lhird layer has a resistivity of greater than
750 ohm-m. Comparison of Lhis secltion with the borehole log
indicaLles Lhat Lhe first layer is composed of medium to coarné
sand wilh clay and quartz. The second layer with a thickness of
2b m corresponds Lo cubtlings of Basemenltl rocks while the

geoeleclric basemenl. is al. a depth of 46 m.

() Dumbi 7ZA 23

Results of Lhe sounding curve shows generally a five layer
geoeleclric structure (fig. 5.5j). The resistivity value for
the first layer ranges from 111-167 ohm-m, The resistivitLy of
Lhe second layer ranges from 92 to 154 ohm-m and that of the
third layer is between 201 Lo 256 ohm-m. The fourth layer has
a resisbLivilLy range of 332-444 ohm-m while the last gecelectric
basemenl has a resisliviLy of greater than 592 ohm-m.
Comparison of Lhis seclion wilh Lhe borehole log shows that Lhe
first layer is composed of laleritic loose soil with a
thickness of 3.5 m, underlain by medium to coarse sand with a
Lthickness of about 6 m. The third layer has a thickness of
aboul. 12 m corresponding to cultings of weathered Basement

rocks. The fourth layer with a thickness of 28 m corresponds to
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culbings of fractured Basemenl rocks. This is followed by the

high resisltive geoeleclLric basement. at. a depth of 51.6 m.

5.4.3 Granile Gneiss

(a) Sakadadi ZA 108

The boreholie log and (Lhe geoeleclLric sounding indicate
generally 5 layer structure (fig. 5.5k). The first layer with
a resistiviLty range of 55 to 200 ohm-m and a Lthickness of about
5 m corresponds to laterite and red clay; this is underlain by
a low resistivity layer (91-126 m) of medium tfto coarse sand
wiLth quartz, feldspar and Kaolinite. The thickness is about 15
m. The third layer has a thickness of 10 m and it corresponds
Lo a mixture of medium Lo coarse sand with partly fine gravel
and has a resistivity of 212 ohm-m. The fourth layer with a
resisliviLy of 410 ohm-m corresponds Lo cubbings of Basement
rock and has a thickness of 15 m. The geoeleclLric basement is
at. a depth of 46 m wilh a resistivity of above 8565 ochm-m. There
is some disparilty belween Lhis deplh and Lhal to fresh basement
(57 m) of tLhe borehole and this could be attributed to the
transition belween fractured basement and fresh basement which

might have nol been easily identified by the drillers.

(b) Bomo Gari ZA 110

Resull, of Lhe scunding curve shows generally a five layer
geoeleclric structure (fig. 5.51). The resistivily range of the
firsl layer is between 55 and 204 ohwm-m, Lhis is underlain by

a resislivity range of 134-146 ohm-m. The third layer has
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resislivity between 100 and 126 ohm~m. Actually the second and
third layer could be classified together in view of their
regsistivity values, but to show the correlation with the
corresponding situation in the borehole log. The fourth lIayer
hag a resistivity of 332 ohm—m and the geoeleclric basement has
a resislivily of about. 1110 obhm-m. Comparison of {he
resgisbtivily results with the borehale lithology shows that the
top layer is composed of lateritic topsoil, silty and brownish
to reddish with a Lhickness of § m. The second layer is
composed of brownish soil with a large concentration of mica;
the thickness is aboul. 6§ m. This is underlain by weathered and
heavily fractured basemenl extending to a depth of 35 m. The
fourth layer is a continuation of weathered and fractured
basemenl and has a thickness of about 16 m, this layer i=s

underlain by the geoelectric basement at a depth of 51 m.

(c) Rahama Ik29

The result of Lhis soeunding indicates a 3 layer A—type-
gepelectric structure (lig. 5.5m). The first or top layer has
a low resistivily, CLhis could be attributed to the underflowage
and drainage of water drawn f{rom the nearby stream. The
regiglivity ranges from 30 Lo 87 ohm-m and is composed of
clayey lateritic topsoil with some amount of fine silty sand
andd exlends to a depth of 39 m. The second layer has _a
resistivity of 96 ohm-m with a thickness of 18 m it is composed
of cuttings of heavily fractured basement rock and possibly

with high clay contenlt. The geoelectric basement is at a depth
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slightly grealer Lhan 57 m with a resislLivilLy of 435 ochm—-m. The
borehole does nol extend beyond this level, but the resistivity
value shows Lhat Lhe base of the borehole is within the range

of fracLured hasement. .

{d) Mahuta 1K33

The geoeleclric sounding curve indicates 3 major layers, H-Lype
geoelectric sbLructure (fig. 5.5n). The first layer has
resisbLivities ranging from 125-1566 ohm-m. The second layer has
resislLivily in Lhe range of 71 to 191 ohwm-m, and Lhe
geoeleclric basemenl has a resislLivily greater Lhan 415 ohm-m.
Comparison of the resistivity results with the borehole
lithology shows thal. Lhe first layer, which extends from the
surface to a depth of 3.5 m, is composed of topscoil, coarse
sized reddish laterite. The second layer, wilh a thickness of
32 m, is made up of weabLhered basemenl materials, while the
last layer al a depLth of 51 m is probably fractured basement,

this layer is not penetralted by the borehole.
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5.5 Summary of VES Inlerprelalion

The beginning of each geo-elecltric section was found to he
influenced by the dry soil or laterite or fadama loam. The
Lhicknesses of the layers also vary from location Lo location
depending on Lhe processes Lhat have Laken place and Lhe tLype
of parenlL rock. The top layers give resistivity values
somelimes rising up to a few hundreds ohm-meters or as low as

less Lhan 100 ohm-m lor lFadama loams.

In general a Lypical succession of the curve is made of
four layer pallern which are

(1) Superficial layer of dry seoil, laterite, eolianite
ele. This layer has resistivily of 200 Lo above 500 ohm-m
and varies in thickness from 1 m to 20 m.

(2) Wealhered Crystalline rock which is usually made up of
varied malerial due Lo Lhe weathering of Lhe parent rock.
They could contain mixed sands with varying degree of
coarseness wilh clays. The thickness varies from 1 m to 60
m. But on the average Lhe thickness is around 45 m and Lhe
regisbivily is beltween 50 Lo 200 ohm-m. In cases where the
sbLruclures are favourable this layer could serve as an
aquifer.

{3) The fractured rock usually has high resistivity of 200
ohm-m Lo 500 ohm-m. Where the [fraclures/joints are

connected and open, this layer can serve as a good

aquifer.
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(4) Solid bedrock: Lhe resistivity here is very high;
greater than 1000 obhm-m and sometimes running up to

several thousands ohm-meters.

5.6 The Subsurface Resgigtivity Contour Section

The interpretalion of the subsurface resistivity contour
rections (fig. §.3a-j}) is carried out by careful examination of
the contour hehavicur at the dilferent depths taking into
consideration tLhat the resistivity value of each of the n-
hypothel ical layers is plotted at the mid-thickness beneath the
corresponding sounding location. Therefore, the layer
boundaries can be traced from the contour gradienls while the
clogsed anomalies represent the widith of the interpreted
geoelectric layer. Using these criteria and the verification of
lithologies from VES carried out close to boreholes, it was
possible Lo construck the equivalent asaubsurface gecologic

gections (fig. H.2a~d) from Lhe contour sections.

The geologic interpretation reveals thal the contour
sect.ions can successfully be used to draw much information
about. Lhe subsurface litheology. In the shallower levelu, the
discrimination belween the surface dry sandy/sandy soil/dry
laterile and the moist sand was betler and in addition the
sections allow more precise delineation of the lithological
sequence in the whole area. In the deeper levels, the aquifer

zone is quite obvious by Lhe extensive low resisbLivity values

with tLhe contours widely upaced. Moreover, the discriminalion

between the sandy/wealhered basement aquifer and the fractured -
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eryslalline rocks was obvious Lhrough the gradual increase in
the resisgtivity values with increasing depth. The most
interesting feature in the contour section is the occurrence of
formalion with high resgistivity at depth which becomes more
pronounced at. relatively shallow depths around Zaria (figs.
5.3%, [ & g). This correlates very well with the resultis of
Olowu (1967) and Ajayi and Hassan (1989} who did some work

wilhin the Kubanni slLream valley and A.B.U. main campus; both

within the pregent survey area.

Tt. is clear (rom the interpretation that Lthe groundwater
table level lies at between 1 and 20 m depth wilh an average
deplLh of around 9 m which is quite comparable with the water
table level deduced for boreholes within the area. The
relatively low resistivity values in the saturated geolaogic
layer are attributed to the preponderance of water bearimg
overburden materials with probably clay minerals, despite the

fact thal the survey was carried out during the peak of the dry

season.

5.7 Maps Produced From Interpreted Data

In order to look at ceriain aspects of the area surveyed,
some specialised wmaps were produced from the interpreted

resislivily data for all the VES stations established. Such

maps include Lhe resisbivity map of the surface layer, the

depth 1o basemeni. map, Lhe resistivity map of the weathered

basement, the coefficienl of anisotropy map and so on. The
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production of such maps and deductions made from them are

discussed in detlail below.

b.7.1 Resistivily Map of Lhe Surface Layer

This map was produced by contouring the resistiviLy values
obtained for Lhe surface layer at all the VES points. The
resulling map, using a contour interval of 100 ohm-m is shown
in fig. 5.3a. The figure shows tLhal the resistivity values of
Lthe Lopmost layer range f{rom 30 ohm-m at the north esstern
corner avound VES 46 (Kaura), VES 47 (Taban Sani) and VES 63
(Rahama) to above 2000 ohm-m at. VES 15 (Kanawa junction)and VES
58 (Awai). The surface layer at the north eastern corner was
interpreted Lo be made up of clay, silt and sand (Lopsoil)

while Lhal of VES station 15 and 58 was seen Lo be made up of

fresh lalerile.

There are Lthree major anomalous zones observed on this map
{The resistivily map of Lhe Lop layer). These anomalies are in
Lthe form of closure of conlour lines around some VES sbLations.
One of such anomalous areas is seen alt. Lhe central part of the
map, Lhal is around VES 20 (Kakangi), 26 (Tsibiri), 25 (Biye),
28 (Angwan Tata) and 87 (Kwaba). This area is associaled with
low resistivily values which range beltween 35 and 200 ohm-m.
The relatively low resistivily values al Lhis point might be
due Lo Lhe facl Lhal Lhe topsoil at this area is more clayey

and silly and Lhere are preponderance of Fadamas al. Lhis zone.
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Another anomalous area seen on Lhe map is found around VES
58 (Awai)., The resistivily range is very high (above 2000 ohm-
m). This is interpreled Lo be loose sand/sandy materials which

corresponds Lo local geology map.

The third anomajious area is seen around VES 15 (Kanawa
Junclion) and it trends approximately in the N-S direction. The
resislivity values wilhin this area is seen to be bhetween 500
toe 2000 ohm-m. This high resislivily range could be due Lo the
very dry laleriliec topseoil, it should be recalled that the
survey was carried oul during the peak of Lhe dry season. Field
evidence shows Lhal tLhe Lopsoil is dry loose laterite and

probably c¢ontains some appreciable amount of ore minerals,

Lthereby making them highly resistive.

h. 7.2 Iso—-Resislivity ConLour Maps

Figures 5.3b ~j are the iso-resislivily contour maps for
deplths corresponding to 5, 10, 15, 20, 26, 30, 40, 60 and 100
m respectively. These represent horizontal slicing of the area

at. these depths. They also suggest conductivity changes at

aboul. Lhese deplhs.

The iso-resislivily contour map for deplLh of 5 m indicates
a genernlly low resisbLivily zone broadening out through this
horizon except Lowards the west edge of Lhe map. A comparison
of this horizon with Lhait at Lhe surface indicates a shift of
Lhe resistive structure from Lhe southwest to the west. The

resislivity ranges from less Lhan 100 ohm-m Lo above 1,300 ohm-
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m. The contour maps for 10 m and 15 m depths (figs. 5.3¢ and
5.3d respectively) follow almost similar pattern with that of
figure 6.3b i.e. the map alL 5 m depth, although the
resiaslivities are slightly higher at 15 m depth. At 20 m depﬁh
almosi. all the entire survey area showa generally low
resislivily values of belween 109 and 300 ohm-m, this could be
as a result of the fact Lhal the whole area is probably
composed of saturated weathered materials al this horizon. The
maps &b depths of 25 m, 30 m and 40 m {figs. 5.3d, 5.3e and
£.35) show similar patterns with the central portion becoﬁing
more resistive, an  indication of the possibility of the
bagement being encountered at these depths, The resistivity
range varies from less Lthan 100 to above 2;500 ohm-m al Lhis
ceniral part. At depths of 60 m and 100 m the resistivity
becomes increasingly higher with almost all the area exhibiting
values of ahboul. 500 ohm-m and above. This is probably due to

Lhe presgence of fresh laterite/unconnected fractured

basement/fresh basement..

5.7.3 Depth to Water Table Contour

This map (fig. 5.6) was produced using depth to water
table deduced f(rom various VES8 points during the data
interpretation. The purpose of Lhe map is Lo observe the trend
of the water table in the survey area. The figure suggests that
the waler table in the survey area is deepesl around the

western part where the depth is about 20 m at around VES 16

{Tumburuku}. On the other hand, it was found to be shallowesat
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in the central part where it was less than 2 m deep. The
average depth to the water table in the survey area, as
determined from Lhis work is about 9 m. As the measurements
were Laken in Lthe months of January/February, the water level
wag mosl likely Lo be al its minimum level during the period.
As such only discharge of water from Lhe aguifer occurred as
there wag no rainfall. Therefore, it is expected that the water
level would be al. some considerable depth. During the rainy
gseason, the underground waler is expected to be more rechgrged
than discharged resulting in Lhe rise of water table. The map
also suggests thai the deptlh to water level is structurally
conlrolled with the zone of deepest water table trending in the
northwest direction., The structural trend 6f waler table is
mosl, probably due Lo Lhe fact that Lhe weathered basement which
is believed Lo be the main component of the aguifer is seen in

the present work Lo be downwarped in the whole area surveyed.

5.7.4 Depth to Basement Map (Overburden thickness})

The deplh Lo basement map was prepared from the
interpreted depth to basement at each deplh sounding point. The

deplh Lo the basement beneath each of the VES stations was

plotied at the corresponding location on the base map and then

contoured at an interval of 5 meters. This was done to enable

a general view of the basement profile under the area as well

as Lhe varialian in o¢verburdemn thickness in Lhe area Lo be

known. Fig. 5.7 shows the resulting depih to bagsement contour

of the area. The result of the contouring shows that the hard
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roék is.not of smooth and continuauénsurface. they exhibit
undulating configuration, The depths to basement range
gencrally from 28 m at the central part around Zaria township

to above 90 m at. the western part of the map.

The interpreted VES data suggest that Lhe overburden, in
mogl., parts is made up of 2-4 different layers, composed of

clays, sitlls and sand{topsoil), wealhered basement, f{resh
laterite and weathered laterite. The present survey seems to
agree wilh the possibility of shallow basemeni in the form of

township as suggested by Messrs Preussag (1985). However the

- presenl. work has eslablished a good picture of the basement

structure around Zaria and farlher extends the basement

configuration to oither previously unsurveyed areas.

5.7.4 Coefficient of Anisolropy Map

The overburden c¢oelficient of Anisotropy (1) was
calculated for each VES station using the layer resistivities
(pi) and thicknesses {hi] obtained from the VES interpretation

resulls. The relevant equations as defined by Keller and

Frischknecht {1966) and Zohdy et al, (1974) are of the form:-

h
E (hy po) E";—j

t
Pl (} hp?

where p, is the transverse resistivity

p; is the longitudinal resistivity
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i Lhe summabLion limits vary from 1 to n-1, where the nth

layer represenls Lhe infinitely resislive bedrock.

The lambda values for the VES stations were plotted and

contoured. The resulting overburden coefficient of anisoblropy

map (fig. 5.8) shows lambda values varying from 1.004 to 1.101.
These values fall within Lhe range obtained for areas underlain

by metamorphic/igneous rocks in the southwestern Nigeria

(Olorunfemi and Olorunniwo, 1985; Olorunfemi et al., 1990).

A comparison of the anisotropy map with the existing

geology map, wilLlh emphasis on Lhe areas where Lhe basement

rocks do not outcrop shows that the area is underlain by rocks

wilh lambda values Lhal are generally less than 1.1. The Lhree

rock Lypes (metasedimentls, granites and gneiss) show

significanl overlap in lambda values Lhat does not enable their

differentiation. The relative low values of lambda can be

explained in terms of ilLs very low degree of, or non foliation.

5.7.5 Isopach Map of Aquifer Layer
The map (fig. 5.9) was produced from the thickness of Lhe

wealhered { low resistivily) layer oblLained during

inLerprelLation. The wealhered layer thicknesses for all the VES

stations were contoured alt an interval of 5 m. This map was

produced Lo see how Lhe thickness of tLhe weathered layer,

congaidered Lo be Lhe major component of the aquifer in Lhe area

varied from place to place within the area and also Lo see how
varial.ion affects the groundwater surface (waler table) in Lhe

arean. The weabthered basement thickness map shows that the
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thickness varies from 15 m to 70 m with an average value of 30

m. A general examination of the map reveals that the shallow

bagements are moslly in Lthe center, northeast and south east of
the map. The low Lhickness values correlates with areas of
shallow bhasement which could serve as watershed especially in
the weslLern, extreme northeast and eastern parts of the survey
area.

It suggests Lhal uareas of "outcrop”" could serve as

fechdiﬁe points for the aquifer. However in other situation, it

could serve as groundwater dams. The areas with large aquifer

thickness correlates generally with areas with basement
depressions. 'I'his seems to suggest that the geometry of the
basement. underlying the wealthered basement most likely serve as:
a form of structural control on the flow of rivers within thig
area. Previous work has not been carried out at the western and

northern part of this survey, but around the east and

southeastern corner where Ajayi and Hassan (1990) and Adanu,
(1987} carried oul. some resistivity works, which =seem to

confirm an average thickness of about 35 m for the aquifer

thickness.

5.7.6 Subsurface Structural Trends

Applying a similar criterion as in section 5.1, It was

possible to construcl the equivalent subsurface geological

sections (ligs. 5.10a~j) from the conlour sections along

profiles. These represent vertical slicing of the subsurface

down Lo a deplLh of 100 m. This was done to enable a general

view of Lhe geometry of Lhe formalions (layers) as well as the
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varialion in Lheir thicknesses to be taken, hence Lhe general
structural trends can be known (it should be noted that there
is some vertical exageration in Lhe structural trend maps due
Lo Lhe relalive shallowness of tLhe basement compared to the
LoLal area of survey). In an area of Lhis size with its complex
geology, detailed and evenly spread information (data) will be
required Lo make any meaningful inLerpretation and projections.
But in Lhis area, the boreholes are concenLrated in certain
seclLions due Lo Lhe facl Lhat Lhe main purpose for the drilling
is Lo meel the domestic water requirement of Lhe rural people.
There are Lherefore wide "windows" (gaps) which have to be

interpolated through the use of information acquired from the

VES measuremenls,

The result of Lhe conlouring of the deplh Lo Lhe 100 m
depth shows thal Lhe formatLions (layers) are not of smooth and
conbtinuous surface. They exhibit an undulating configuration,
wiLth Lhe bedrock getting deeper in areas of possibly fractures
and faulls. These fractures aid deep weathering as they serve
as channels through which water infiltrates deep into the
bedrock. The eoverburden is mostly made up of clays, silts and

sands (topsoil ), weathered basement and laterite.

These structural Lrend maps are preliminary maps, it could
be considered as a first approach, because of the lack of
sufficient. data in Lhe area. However with Geophysical
information from 118 locations including 141 borehole

informaltions in some of Lhese localions, it is believed Lhat



110
the maps'give a general impression on how the various formation
configurations are disposed towards each cther. The maps also
show Lhe general trend of the subsurface structures which
ghould be looked out for when prospecting for groundwater and

other informalions, such as structural foundation studies.
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CHAPTER S1X

6. GROUNDWATER PROSPECT AND MANAGEMENT

AlLhough il has generally been assumed thal groundwater is
ever abundant and readily exploitable, experience has shown
Lthat special care and skill is needed for its exploration and
exploitaLtion, Even though a renewable resource, special effort
ig needed Lo determine Lhe location(s) of development and the
exlent of Lhe developmenlL in order nol. to exceed Lhe critical
limit that will result in over-exploitalion and its grievous
repercussions. There is Lherefore the need for the emergence of

efficient and better methods for its exploration especially in

Lthese days of scarce resources.

6.1 Prospecls and Exploration

The complex nature of Lhe structures of the Basement

aquifers, as shown in this study, has pointed out the need for

more intensive and exbLensive work for Lhe determination of the

full potentials of the Basemenl Complex which according to

Oyawoye (1964) covers about 50% of Nigeria.

When prospecling for groundwater, there is the need for
both regional and lecal assessmenlL. The intensity of tLhe
invesLigation will depend on the nalure of the geological

survey results most especially of the overlying overburden

which has been shown Lo conslitubte Lhe most promising structure

hydrogeoiogically (Olowu, 1967). The sbLructural trends and

features need Lo be studied as these have been observed to have
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strong influence on some of the high yielding boreholes in

Zaria area,

In the past, borehole drilling was carried out relying on
chance, luck and Lhe experiences of drillers (wild catting).
This has always resulted in very low success rate. The adoption
of geophysical techniques in the prospecting for groundwater
improved Lhe success rate Lo about 72% wilh a similar increment

in the yields rising up Lo 1.5 litres/second for borehole ZA10§

(panladi, 1985).

Geological mapping should normally be undertaken in tLhe
course of groundwater prospection followed by geophysical
investigation. The Vertical Electrical Sounding (VES) is one of
Lhe most useful and fast methods applicable in the search for
struclures for groundwater occurrence. Its usefulness has been
demonstrated in Lhe Zaria area by its facilitating the mapping
of Lhe thickness of the overburden viz-a-viz the underlying
basemenl configuration and the determination of areas for
borehole location. The geophysical investigation has shown that
Lthe main promising structure is the basement overburden,
furLther extensive detailed geophysical and hydrogeological

information would be required on the actual fracture situation

as it affects Lhe groundwater in this area.

Prospecting in a new area for groundwater demands that
there should be information with which the geophysical
interpretation could be compared, however where there are no

other informations full reliance can be placed on the
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geophysical method of inveatigation. The most effective
procedure is to carry out Lhe study and drilling
gimul taneously. The VES measurements should normally be carried
oul. al Lhese borings in order to correlate the geoelectric
gection with the subsurflface geology formation as indicaled by
the borehole lithology. Then the region of the validity of the
logs of these borings can be exlended by carrcyling ‘out

geophysical measurements as it is done in this survey.

In Zaria area, due Lo insufficient or lack of geophysical
investigation, most of the boreholes drilled were found Lo be
unproductive all the year round. Either they did not either
fully penatrate the thickness of the overburden and the
fracture zones or Lhal the thickness of the aquifer in the
locations of the boreholes are very small. Danladi (1981)
reported the case of increase in yield of the borehole ZAl105
when Lhe depth was increased. This has positively demonslrated

the usefulness of the geoelectrical measurements in the

development of the Basement aquifers.

The application of Zohdy method in the determination of
layer Lhicknesses and resislivities proved very useful in the
determinalion of boundaries between iLhe different layers when
resislivity results were compared with borehole lithology logs,
it demonstrates its usefulness in groundwater prosgpecting

especially in an area of unpredictable structure like the

Basemenl geclogy.
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The exercise of groundwater development is boLh tLime and
resource demanding. When the boreholes have heen drilled,
developmenl and yield testing should naturally follow in order
that other data and parameters could be obtained or determined
for Lhe aquifers. This will allow tLhe study ol the whole
aquifer both locally and regionaily Chrough the study of

transmissivilLies and hydraulic conduclivities.

6.2 Groundwater Management

The polentials of the Basement Complex for groundwater
supply is poor when compared with areas of sedimentary geology
or when viewed in terms of supply of water for large urban
settlements. Butl it is quite adequate for rural settiements and

small holder irrigation agriculture. (MRT, 1979).

Groundwaler in exploitable quantities adequate to supply
villages and towns have been found in this study Lo be
contained in (a) river alluvium which is irregularly
distributed and is often with variable proportion of fine
materials, (b) the weathered zone of Lhe Basemenlt Complex. This
later source is the most extensive by virtue of the large
occurrence of the overburden in the area. However, Lhe

fractured zone normally forms a poor aquifer (if fractures are

nol. well connected) and yields are generally low or moderate

(Danladi, 1981).
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(a) River Alluvium

The polential of this source of groundwater has not been
conclusively eslablished by virtue of its occurrences in the
emaller streams and in the reaches of the large rivers. The
meander sechtions of the rivers probably contain the largest
volumes of alluvium, Lhough the proportition of fine material in
the deposits may be large and Lhe permeability could be low.
The alluvium aquifers have been found to be assured of recharge
during Lhe rainy season when there is surface flow in the
sLreams but extractions during the dry periods when tLhere is
cofisiderable reduction in surface Tflow may rarely be sustained
by the base flow, Therefore, these aquifers may not sBerve as
source of all year round large supply. Areaﬁ of probable river
alluvium aquifers in the survey area are arocund the Galma
river, river Kubanni, river Shika, River Kangimi and Rafin
Yashi {lood plain. The specific capacity of boreholes locat.ed

within some of these river valleys ranges from 1.2 to 14,3

m.zfd/m with an average of 4.5 nafd/m {Danladi 1981).

Groundwater development within the river alluvium should
be geared lLowards Lhe determination of the alluvial extent and
thickness. The defining of the extent, thickness and lithplogy
of the saturated alluvium to the level demanded by the quantity
of Lhe waler required will demand the use of pgeo-electrical
method of prospecting, to define the lower boundary of the-
deposilt and indicale the proportion of the clean sand. From Lhe

range cof resistivity and thickness values cobtained, such well

field development could be planned.
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The yield oblLained in the boreholes in these aquifer types
and Lheir specific capacilty and LransmissivilLy show that these
are polenLially Lhe most favourable areas Lo develop,
especially during Lhe perioed of dry season when some of the

sLreams dry up.

(b) WeaLhered and Fractured Zone of the Basement Complex

The weathered and fractured zones of the Basement provides
Lhe mosl widespread source of groundwater in Lhe area. This
covers almost 90% of Lhe area, leaving tLhose areas where the

fresh rock outcrops on the surface as hills, inselbergs and

whale-backs.

The wealhered zone ranges in thickness Lo a maximum of
about, 60 m. In general the =zone is thickest beneath old
drainage channels of subdued topography or fault zones where

preferent.ial weathering takes place as a result of infiltration

of waler.

The differenl types of parent rocks viz gneisses, granites
and melasediments have differing aquifer potentials due to
their different resistance Lo weathering and subsequent erosion
and their lithological constitubtion. Their yield may vary
depending on extent of the decomposition which could improve or
limil. Lhe produclivibty. Highly wealhered gneisses produce
material containing a large proportion of Kaolinite or Clay

(Danladi, 1981) and this is associated with low permeability.



127
The weathered'zone of the Basement forms a complex of
digscontinuous aquifers with the low resistivity zone existing
mos{ly in unconfined conditions (figs. 5.3a-j). Where laterites
or clay bed occur overlying the aquifers, Lhe condition could
be confined or scmi-confined. The water table is shallow,

rarely exceeding 10 m below ground surface.

When properly sited using the geo—-electrical methods and
properly developed, the aquifers could supply large populations

provided they are not single large setllements or towns.

Explaoitable groundwaler is contained in discontinuous

aquilfers and a regional approach to groundwater exploitation
and development may not be applicable here. Each waler supply
development must be regarded as an individual problem so far as

localing boreholes is concerned.
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CHAPTER SEVEN

T. CONCLUSION AND RECOMMENDATIONS
7.1 General Statement

This thesis describes the geoelectric survey in the
northern part of Kaduna State. The survey involved a total of
14 Schlumberger VerbLical Electrical Soundings (VES) around
boreholes and 104 VES locations within different geological
formaltions and oLher fairly spaced locations within the survey

area. The current elecltrode spacing was varied from 1 to 156 m.

The VES inLerpretation resulis are presented as
geoeleclric seclions (figures 5.3b - j) and maps of the
surface resistivity, aquifer thickness (isopach), depth to
waler Lable, basement depth ({(bedrock relief), coefficient of

anisolropy, (figures 5.3a, 5.6, 5.7, 5.8, 5.9) and subsurface

structural Lrends (ligures 5.10a - j).

7.2 Limitations

There were quilLe a number of problems encountered in the

field and limitations in Lhe course of this survey.
(1) The topographic maps used as CLhe base maps for this

survey are old maps. They were published in 1963 and have not

yel been updated as of the time of this work, as such, some of
the villages located on tLhe map are either presently non-
existenl. or have changed Lheir names. This made the locations
af some of tLhe stations difficult.

(2) Existing boreholes/wells were drilled on "wildcat"

basis i.e. eilher at Lhe market square or within Lhe Village
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Head’s house, without regards to the hydrogeological conditions
of these locations, hence in an attempt to conducl a VES at
borehole locations for comparison purposes some eleclrode
lJocations fell on or very close to tarred roads and built-up
places, Lhere is therefore the need to slightly alter the
electrode positions Lo more convenient locations.

(3) The egquipmenl. requires thal no measurements be carried
oul. in Lhe vicinity of high voltage sources such as hiéh
Lension cables, Lransformers etc. The abundance of these types
of high voltage electrical materials all over the survey area
most especially within Z2aria township prevented data collection
al. 19 of the earlier earmarked localions.

(4) Gullying and erosion made data chllection at some
stations a herculean task. This was 80 because the -&ata
collection al such points {locations) involved climbing or
descending heights of about 3 ~ 6 m and wading through pools of
waler Lo gel to points to stake the electrodes,

() Some of iLhe boundaries of the borehole lithology do
not correspond Lo geophysically interpreted layers. The reason
could possibly have been due to lack of enough data to use as
a guide during interpretation, since many of the work dome in
Lhe survey area are not published in reputable journals, they
could only be found in open files at government establishment
ags the cage may be. Another reason could be that the recording
of the depths by tLhe drillers was faully due to Lhe use of the

rotary {Danladi, 1985) method of drilling.
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(6) In Lhe application of Zohdy’s method the assumplion is
thal tLhe incremental value during each sounding should be very
small for homogeneily and isofLropic conditions to hold for Lhe
differenl layers, this assumption is violaled as Lhe
incremental value becomes large at higher decades, this
Lherefore imposes some limitalions in Lthe use of Zohdy’s melLhod

for very large current electrode spacings.

7.3 Conclusion

In apite of all Lhe limitatLions enumerated above, several

conclusions are arrived al.

The beginning of each geo-eleclLric section was found to be
influenced by the dry soil or laterite or fadama loam. The
Lthicknesses of Lhe layers also vary from location Lo location
depending on the processes Lhal have Laken place and Lhe Lype
of parenl rock. The Lop layers give resisbtivily values as large
as a Lhousand ohm-meters for lalerites and loose sands or as
low as 100 ohm-m or less for fadama loams and clays.

In general a Lypical succession of the geoelectric section

is made up of four layer pattern which are:

{1) Superficial (or top) layer made up of dry soil,
laterite, eolianite ete. The resistivity of this layer
could be as high as 1000 ohm-m and varies in thickness

from | m to 20 m.
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(2) Weathered Crystalline rock is usually made up of
varied material due Lo the weathering of the parent rock.
They could contain mixed sands with varying degree of
coarseness wikh clays. The thickness varies from 1 m te 60
m, but on the average the thickness is around 45 m while
tthe resistivily is between 560 +to 200 ohm-m. Under

favourable structural setting this layer could serve as an

aquifer.

(3) The fractured rock usually has high resistivity which
is greater than 500 ohm-m. Where the fractures/joints are

connected and open, this layer could serve as a good

aquifer.

(1) Solid bedrock: the resistivity here is very high; i o
is usually greater than 1000 ohm-m and sometimes running

up to tens of thousands of ohm-metbers.

The bedrock relief map (fig. 5.7) delineates a series of
bedrock ridges (most especially around Zaria) and depressions
wilhin Lhe survey area. The isopach map of the overburden (fig.
5.9} shows a relatively high Lhickness above 55 m within the
'depfeasions and relatively low values of less than 15 m on the
ridges. The bedrock depressions being groundwater collecting

cenlres are priority areas for groundwater development.

The use of Lhe geocelectric method (VES) to determine the

depth to the fresh bedrock has revealed a complex configuration
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of the subsurface giructure., The usefulness of +the VES
Lechnique in the establishment of the boundaries between fresh
rocks and Lhe overburden, and helween the various layers within:
the overburden has been demonstrated. 'The geophysical
investigation has confirmed the limited lateral extent of the
basemen!. aquifers, The agquifers have been found to be
heterogeneous in their occurrences in relation to their host
rocks anmd they are of variable thickness. For ocxample the
results of this survey have shown that the aquifers are located
within arcaz which are lithologically made up of weathered
gneisg, wealhered granite, river alluvia and sands in various
degrees of coarseness. The VES curves have revealed thatl the
overburden is mostly ol the 4-layer types., The resistivity of

the ayuifers range froem less CLhan 100 ohm-m to about 500 ohm-m.

The complexities in the mode of occurrence and nalure of
the aquilfers somet.imes made the layer boundaries demarcation
difficull.. The use of the contour gradients brought out clearly
the boundaries and facilitated the easy determination of the

aquifer layers.

The groundwater occurs mostly in unconfined caonditions,
1.e. under waler-table conditions, which were found Lo bé
dynamic in nature. Few locations occur under confined or semi-
confined conditions. The fluctuations in the water table levels
maike the determination of Lhe saturated zone rather difficult,
ag (hese vary with {time of Lhe year. It could be lower or

higher depending whether it is rainy or dry season,
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It has nol been possible Lo delLermine Lhe hydraulic
conduclivity and transmissibility of the boreholes due to non-
availability of relevant data. However from the results of Lhe
VES the aquifers are of substantial thickness and many of them
are located in areas where there are fewer streams and deep
gullies, which means Lhat Lhe aguifer leakage in the area i=s
minimal and highly confined. It follows therefore that

boreholes sited in such areas with guaranteed recharge are very

likely Lo have good yield.

An altempt has also been made towards lithological
differenLialion between the gneiss, granile and Lhe
melasediments using the parameters involving coefficient of
eleclLrical anisotropy (lambda) and the weathered layer
reaistivity. A comparison of the anisotropy map (fig. 5.8) with
the exisling geology map in areas where the basement rocks do
not oulcrop show that Lthe area is underlain by rocks with
coefficient of anisoLropy values thal are generally less tLhan
1.1, The three rock types (metasediments, granites and gneiss)
show signiflicant overlap in coefficient of anisotropy values,
This overlap does not. enable tLheir differentiation. The
relative low values of coefficient. of anisobropy can be

explained in Lerms of Lheir very low degree of, or non

foliation.

The structural trend maps show the general trend of tLhe

subsurface structures which should be looked out for when

prospeclLing for groundwater and other informations, such as
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structural foundalion studies. Hitherto, Zaria area has been
considered Lo be a basement terrain, this implies that the
thickness of overburden could be very small Lo make tLhe
consLruction of mighty structures like bridges, high rise
buildings elc, almosl impossible or expensive. However Lhis
study has shown Lhal Lhe depth to basement cold be as large as
90 m and Lhe deplh i1s fairly well distributed throughout the
survey area. Bearing other consbLraints such as Lhe strength of
material in bLhe subsurface, high rise buildings, bridges and
oLher structures such as dams and underground rail system can
be constructed in Zaria area without involving too heavy
financial oullay which drilling through the rock will entail if

the survey area were to be assumed Lo essentially of shallow

basement Lerrain.

7.4 Recommendalions

As in all methods of geophysics, CLhe geocelectric method
used here cannot single handedly give a complele and unique
informalt.ion aboul Lhe paramelers of inLerest wiLthin the survey

area. For Lhe full developmenlL of the groundwater resources and

geolechnical knowledge in Lhe survey area, there is need for
further extensive geological and geophysical investigation
using both photogeological intLerprelation, geoelectric (VES and
profiling) and seismic refraction technigues. The use of these
mebLhods of investigalion will permit the full exploitation of

Lhe aquifers and upambiguously delineate the different rock

layers and sbtrucbures,
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On a final nole the fTollowing specific suggestions are
recommended.

(1) 1t is recommended Lhal borehole location and design
should Lake cognisance of Lhe structures and thicknesses of
various formalions wilhin Lhe Zaria area and that the boreholes
should be drilled deeper inLo Lhe lraclLured zones of the rock.
Thia will enable Lhe full exploilLalion of the groundwater
resources within the area.

(3] There is strong need Tfor proper and continuous
observation of Lhe waler levels. This will enhance tLhe general
study of the aquifer and Lhe direction of flow of groundwaler
in the area. It will also allow checks on critical situations,
such as over-exploilalion of Lhe aquifers.

(4) During drilling exercises, ilL is necessary to have
piezomelric wells for proper determination of aquifer
paramelers like hydraulic conductivitLy, Lransmisasibility
coelficient, coeflficient of storage elc. The borehole test
should be designed such CLhat maximum and accuralte data are
obtained; for example, stalLic water level, discharge rale,
drawdown and rate of recovery.

(5) Boreholes should also be properly logged botlh
geophysically and geologically. This will permit tLhe checking
and comparing with the interpretation of Lhe VES investigation.

(6) Care should be exercised when exploiting boreholes to
avoid contamination from surrounding pollutants which could be

drawn in from long distance recharge due Lo excessive pumping.
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{7) Studies on the delermination of elasticity modulus
should be carried out within the different (ormationz most
especially wikthin Lhe flood plains in Zaria aresa in order Lo
know Lhe amount of stress Lhe subsurface material can withatand

from surface structural constructions such as dams, bridges and

so on, il pul in place.
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APPENDIX 1

VERTICAL ELECTRICAL SOUNDING LOCATIONS

LOCATION LONGITUDE LATITUDE STATION NO.(VES)
ABU DRAMA VIL. 7.657620 11.143100 1
GADAGU EAST 7.320500 11.250000 2
GADAGU WEST 7.318500 11.250000 3
KAYA PRIM. SCH. 7.280000 11.230000 4
KAYA HEALTH C. 7.280800 11.230000 5
FATIKA GDSS 7.307000 11.153800 6
FAT1KA MARKET 7.300000 11.165000 7
FATIKA SOUTH 7.304000 11.154000 8
DOGON DAWA WEST 7.140000 11.030000 9
DOGON DAWA EAST 7.147000 11.030000 10
KIDANDAN SOUTH 7.330000 11.030600 11
KIDANDAN NORTH 7.330000 11.030000 12
RUIKA EAST 7.170800 10.970000 13
RUIKA WEST 7.170000 10.970000 14
KANAWA JUNCTION 7.250000 11.010000 15
TUMBURUKU 7.280000 11.080000 16
GALADIMAWA 7.330000 11.050000 17
T'YATAWA 7.180000 11.050000 18
KARAU KARAU 7.506340 11.097400 19
KAKANGI 7.470000 11.150000 20
GIWA GSS 7.470000 11.250000 21
YAKAWADA 7.380000 11.270000 22
ZUNDU 7.550000 11.080000 23
BIJIMI 7.569300 11.147600 24



LOCATION
BIYE

TSIBIRI

GUGA

ANGWAN TATA
TUDUN SARK1
PANHAUYA
BOMO

KWAKARA MANU
HUNKUYI
BAZANGA

DAN MAIAWAYI
BASSAWA BARKS.
ZABI ZARIA
GWANDA
LIKORO
MAKARFI

DAN GUZURI
ANGWAN DAUDA
KUDAN GDSS
GAURY GOJI
KAURA

TABAN SANI
GARU

UNGWAN MARKU
PALLADAN

KOGI

LONGI'TUDE
7.58870
7.530000
7.539860
7.500000
7.656710
7.611420
7.630440
7.830000
7.652630
7.612320
7.5877000
7.673920
7.737780
7.725100
7.799830
7.883170
7.834250
7.774470
7.7400560
7.630000
7.824740
7.779900
7.711060
7.69475H0
7.714680
7.742760
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LATITUDE
11.164000
11.180000
11.238200
10.870000
11.128200
11.109600
11.201500
11.150000
11.273600
11.306200
11.317500
11.188400
11.153100
11.229200
11.,205600
11.375000
11.370500
11.352400
11.315200
10.980000
11.315200
11.276300
11.260900
11.297100
11.123200

11.093300

STATION NO.
25
26
27
28
29
30
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

650

(VES)



LOCATION
KAKEY 1

FARIN KASA
BAGALDI

DAMBO

YAKASAI

WANKA

AWAI

RICIFA

MATGANA

SABON GARI DAJI
NASARAWA
RAHAMA

GIMI STATION
UNGWAN DANGASHI
GIMBA

MAGADA
KWASALLO

UNG. KANAKARGO
MADOBI EAST
MADOBI WEST
GABARI

KUFENA EAST
KUFENA WEST
TUDUN TUKUR
KUBANNI NORTH

KUBANNIT SOUTH

LONGITUDE

7.769970
7.813420
7.849650
7.782620
7.854630
7.903100
7.9056810
7.958350
7.939330
7.851460
7.908530
7.919400
7.919400
7.800000
7.961070
7.984620
7.990060
7.978280
7.596920
7.595970
7.420000
7.614130
7.617130
7.681620
7.6556800

7.655800
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LATITUDE

11.113200
11.133600
11.109600
11.077900
11.052500
11.001800
11,070700
11.168500
11.025400
11.213300
11.251400
11.304400
11.342400
11.220000
11.070700
11.137700
11.191600
11.266300
11,262700
11.262700
10.830000
11.007200
11.007200
11.099600
11.136800
11.136400

STATION NO.(VES)
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
78
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LOCATION LONGITUDE LATITUDE STATION NO. (VES)
JAJ1 BRKS 7.550000 10.880000 79
FARAKWAL EAST 7.650000 10.880000 80
FARAKWAT WEST 7.649050 10.880000 81
UNG. KANAWA (E) 7.633160 11.050700 82
UNG. MAKERA 7.633240 11.050700 83
UNG. SANI 7.576090 11.019000 85
KWABA 7.533520 11.0156400 86
KWABA NORTH 7.536520 11.094000 87
UNGWAN KAFKI 7.587870 11.058000 88
ABA EAST 7.762310 11.024500 89
ABA WEST 7.762240 11.024500 90
UNG. ZAKARA 7.708340 11.007200 91
PAN MADINA WEST 7.657580 11.018100 92
PAN MADINA EAST 7.657620 11.018100 93
UNG. SARKI KOGI 7.727820 11.024500 94
ZARIA CITY EAST 7.708340 11.055300 95
ZARIA CITY WEST 7.708290 11.0565300 96
UNGWAN SARIKI 7.751820 11.039900 97
UNGWAN SARUBUTU 7.795300 11.035800 98
MARWA 7.842400 11.001800 99
KINGIBA NORTH 7.971940 11.001810 100
KINGIBA SOUTH 7.971940 11.001790 101
SAKADADI NORTH 7.725100 11.188400 102
SAKADADI SOUTH 7.725100 11.188330 103
DANJA HEALTH C. 7.563410 11.378600 104

DANJA MRKT. 7.563410 11,378600 106
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LOCATION LONGITUDE LATITUDE STATION NO. (VES)
DABAI1 7.636780 11.366900 106

DAN MAT GAUTA 7.682070 11.344200 107
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APPENDIX 11
VALUES OF AB/2 AND MN USED FOR THE FIELD SURVEY

AB/2 (M) MN (M) AB/2 (M) MN (M)
i.00 -40 25,12 6.40
1.26 - 10 31.60 6.40
1.56 40 31.60 12.80
2.00 .40 39.60 12.80
2.00 .80 50.00 12.60
2.51 - 80 63.10 12.80
3.16 .80 63.10 25.60
3.98 1.60 79.40 25.60
5.01 1.60 100.00 25,60
6.31 1.60 126.00 25.60
7.94 1.60 1566.00 25.60
7.94 3.20
10.00 3.20
12.6 3.20
15.80 3.20
15.80 6.40
19.95 6.4




