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ABSTRACT

Results of the electrical and seismc refraction nethods
used in the search for groundwater sources in Ml unfashi,
Kaduna State, N geria have shown that the water bearing
| ayers are probably sand and clay. A typical geol ogi cal
section of the area consists of top soils, laterite, clay
and sand and quartz with gravel overlying the basenent

conpl ex rocks.

The resistivity values for the water bearing |ayers
detected vary from6 mto 47 mand their seismc
velocities range from1500 mMs to 2,500 m's. Depth to
probabl e water table vary from3.0 mto 12.0 mwhile the
thi ckness of the water bearing layers vary from3.0 mto
29.0 m The Salinities of the water sanpl es range from
0.06 - 0.26 gilitre and are found suitable for both donestic
and agricultural purposes. Four areas of probable ground-
wat er sources have been identified and recommended to the
Kaduna State Water Board for test drillings.



CHAPLZER OlE

INTRODUCTICN

INTRODUCTION

Jater is one of the very special products of
nature whose importance cannot be over~emphasised,
It Is Zound in almost all faccets of human endcavour -
at home, at work and almos® .verywhere, Despite its
undisnutable usefuinesc anc pounteocusness, a clean,
cieap, reliable and efficient method af distributing
it to 2.° noaoks and corners of oux country is yet tq

be founde

llany cases ©f water sihorxtages have bgen
renorted in parts of Niger 2, Towards the middle
of 'ast yecar for example, the scople of Emugu and
the Universitv town of Nsukka both in Anambra State,
exper enced a very acute shertage of water. In
Ogun State, the former Govexnor had to visit the
There -odo wAter Works ir ordar to access the near

cr_ses o tuation that arose when Abeckuta, the State
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capits. Jsas hit by acute sih:ortage of water (Daily
o, January 15, 1979)., <= a front page story
captioned "War over ater" (Daily Times, “anuary 21,
1079), a crosc section of the Jos Community in the
iateau State capital were reportedly at the verge
o going to war with the state water board for
shortages of water that had lasted for over two
nonths, Falls in the water level in the Kainji Dam
of over 12,0 m below the standard level as reported
by the daily Sketch of August 3C, 1978 caused the
interruption of electric power supply in many-parts

of the country,

Jith the recent agricultural and industriai

projects in progress and the teaming population of

‘gerla cities, shortages o” water are bound to
_ . crease in the future, Interestingly enough, some
of these water shortages =r2: woported in the
Couthern parts of Nigeria vhere the area is occu-
Lied by a sizeable number of surface water (see
fig 1,1). The present situaition hence calls for a
tittle overhauling of *tha —ountry's Ministries of

water resources with emphasis on dependable sources
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of water supply such as grownd-water. This effort *
has already been realised in thc northern parts of g :
Higeria where as far back as in the 1928 the Geolo~- ¢
gical Survey of Nigeria (GOW) started embarking on .

groundwater exploration {™:l'ear =t al, 1965).

This search must have also hecn necessitated by
the scanty rainfall (below 77) mm) a year and the
littlie area of the northern parts of Nigeria

covered by surfacce water,

‘Mo author in this paper, uses geophysical
methods as part of the continuing seaxch for grounds-
water in Valumfashi, a town located within the

basement complex area of M-Central Nigeria (fig 2.1).

De2 PREVICUS GROUNDWATER IINVECTIGATION IN MAEUMFASHI
LCWHN .

Some dnvestigations relating to water supply
in fhlumfashi town bhave bev. embarked upon in the j&_
pas.. Jacobson (1%39) wrote a short report on ‘_ﬁﬁ
Tater Supply in Malumfashi and recommended the siting

S

of six deep shafts in the town, Jones (1954) T

wrote a memorardum on the British cotton growing
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asaociation wabter supplice ot IRiunfashi A YOO

”;mmended a well, P,W,D, No 1057 b suri: in the N-W
area of the town, Cratchley {1.960) carried out a;
geophysical investigation at the banks manager's
house, Two resistivity probes were run to esti-
mate the depth to the bascrient rock. His recommenss
dation led to the drilling of five boreholes in 1$65.
Thrée of them were abandoned due to low wator
yvield, 7“wo were screened and completed. One of
these was installed with a plunger-pump and connected
to the hospital and had 2 output of 550 g.p.h at an
operating watcr level of approximately 12,0 m below

land suxface (5zell, 1970),

Rohen Enterprise (1977) also carried out a
geophysizal inyestigation. 4 total of fourty-one
vertical electric soundings were conducted at random
in the town with a view to locating suitable sites
for the drilling of boreholes, 1ts recommendation
led to the drilling of unproductive boreholes, I£
is in a »id to reduce the cost of drilling unprﬁ-
ductive boreholes that the auvthor was assigned the

taslk of using two geophysical methods In the



locations of suitable drlillinn sites for underground

water i ‘alumfashi town,
1.2 LOCATION AND EXTENT CF ARE F S

Ma’umfashi town, the administrative headquar-
ters of the Mal: fashi local governmcnt area of
“aduna state lies roughly on latitude 11° ~ 45N
and longitude 7° - 37' E on the bascment complex
rocks of ll-Central ligeria, Top soils,
laterite, clay and sand, cuartz with gravel sediments
over lie the compliex rocks in this area. It is 2
rapidly expanding township situated about 52 km N - E

of Funtua.

-2’ led work was carried out by the author
or: two .rofiles, one running 1,20 km N - W at 0,10
Im S of (he hospital and the other of length 1,10 km
situated N 35° © of profi - (fig 1.2). The
survey team was made up of the autior, 2 field
wssistant and two locally hired '«bour-rs, 1t was
under o 2o between the months of November and

December, 1978,
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CHAPTER TWO

GEOLOGY

2.1 REGIONAL. GEOLOGY

I'aumfashi Town lics within the roughly circular
area of the basement coup.ici: rocks of N-Central
Iligeriz. which is bounded by sediments of the Sokoto
and Chad basins in the N-~¥W and N~E respectivcly and
by * ¢ sediments of the Niger and Benue Rivers in
the 5 (fig 2.1). The basement complex is under-
lain by gneisscs, migmatites and metasediments of
“recambrian age which have been intruded by a serias
of granitic¢ rocks of late ’ruocambrian to lower
Faleozoic age, (McCurry, 1° '5), It includes meta-
sedinents of high metamor "ic grade such as paragneis,
basic and calcareous =schist, marple and quartzitc,

as well as orthogneic- and ~ossible early granites.

MeCurxy (1976) oid postulate that the whole
basement complex has undergeme at 'cast twc tecto=-
metanorphic cycles followgd by netamorphism, migma-

ticatio. and ~ranftisation, flesc have extensively
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modified the original rocks so that they now generally
e as relict rafts and :zenoliths In migmatites and
graites. The granites fouid belong to two series -
<hie younger and older granitces., The older

granite series includes roci's intruded during the
Fan-African orogenic cycle, They are representad

by small, drregular bodies of quartz and pyroxene
diorite and gabbro. These are uwsually foliated and
vass into gneissose grarite and migmatite (Oyawove,
1961), The younger granite series include granites,
Byenites and rhyolites whici: cover extensive areas

In Jos but there are also shaller napases in hano, E
Laria and some other isolated aasses in Matzena

district of Borro State (Tuss, 1957) fig 2,1.

ihg surficial deposits overlying the base- h_:
maﬁfnéonpiﬁx are believed vo e products of |
cocigtoce e accumulation cvnlos (Wright and McCurry;
1970}, These consist of laterite, alluvial sands,

ilt and clay. A stratigrag:ilc succession of the

I'"igex. . a: vasement complex is shown in (Table 2,1}.

Tl



to Teriiary

Surficial denosits

—— T —

Laterite, allnvial
sand silt and clay,
gravel

Cambrian
Precanber:ar

co Upper

Metasediments

Phyllite, semi-peltic
schist, qQuartzite,
hornfelsed schist,
amphibolite and
calcaceous rocks,

Precan?

riar

Migmatite, gneiss,

fuldsgglthig guartz;tg

Cryvstalline (."igmatite
Complex
Complex {(Sreissic

(Complex

After (lcCurxy, 1972)
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2,2 LOCAL GEOLOGY

I A détail geological map around Malumfashi town
is siwown in fig 2,2, The survey area was centred
around the A,B.U. hospital wvhich lies SW of the
town o a gently rising plane between two tributa—
ries., To the N, E and SE of the hospital occur
granodiiorite of th.e Yantangai age {800-1,000 miliion
years) grading into semi pelitic schist and phyllite
along their tentative boundaries., To the W of the
hoswital, the grancdiorite grade intco migmatite

with surbodinate gneiss,

fﬁﬂ;'A latexrite zone about 150 m in width which
strilzes I was found tc streich from the § of the
hospital, Across the hespitial and to the North of
the hospital (fig 2,2), This laterite zone is
believed to be part of the peaeplain laterite descri-
bed by Du Preez (1956) of possible Pliocene age.
"o thoe 3, the laterite zone ends abruptly into a
granodiorite and higtite grainite outcrop situated
about 300 m S of the Government Girls Secondary

School (fig 1.2). Part of profile one (fig 3.6) was
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talier +o yun through this laterito zone, To +the

If, the laterite zone gradéé‘iﬂto clayey soils at
about I km N of the hospital. A large pit 10 m decp,
located in this zone was found to be composed of

low and high level lateritc, The low level lateri-
te was about 2 m thick, It was yvellow brownish in
colour with a high proportion of impurities while "
the high level laterite was about 5 m thick, red

s

brownish in c¢olour and relatively free of impuritieé;

Suffaéé 1aterife"éones were not found on pro-~
fite two (fig 3.7), instead the underlying rocks
vere canped by clayey soils, Alluvial deposits i
waere found along River Ganga which cuts profile

one and River Zuzzurfa which cuts profile two F

i
Y
ik

(fig 1.2). These deposits were found to vary from
red to pale grey sands and gravels, Several cycles ’
of erosicn and depositiom arc suggested by ancient
infiliad river valleys, te;race sequences, laterite
layers which arg underlain aﬁﬁ overlain by alluvium,
and local discontinuities mariced by layexs of

quarts fragments. Thesc deposits corxespond to the

yvounger aliuvium described vy Wright and ‘icCurry
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2.3 aRoEOLOGY . _%Ef
The distribution and circulatibn oL Qround
water are controlled by geoclogical factors such as
lithology, texture and structure of the rocks and
by hydrclogical and meteorological factors such as
stream flow and rainfall, water can only be present
in rocks if there is space available for storing it
and the spaces normally present in rocks are the
intecrstices ox pores between the composite mineral
grains and voids such as crevites, Jjoints, fissurcs,
fracture -~ planes and solution cavities (Precz and ‘

-

Parbexr, 1965).

Cf the specific geclogical structureég the
wantle o7 the weathered basclent complex provide the
most common feature for the occurrence of ground
water in Malumfashi town {Rohw:n, 1977). Minor ST
cuantities of underground water arc also found in thé
vencear of sedimentary rocks overiying the basement
complex rocks, The presence of groundwater in the
tow: thereforce depends on whether a sufficient

thickness and extent of decouposed material of the

basement complex is present to provide a reserxrvoir,

o
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or whether joints and fractures are present in the
‘resh basement rock, The matimum estimated thick-
ness of .+ weathered nantle is approximately 5.0m
beneath the older laterite bDut occasionally depths
of about 15.,0m have been recorded in some places
Zu lMalumfashi town (Rahaman, 1976). The older

ater

et

te which lies on top of the weathercd base-
ment constitute a substantial recharge areéa for the

weathered mantle (Akpoboric, 1972),

The resistivity and seismic method employed
have not proved very usefr’ 1 the delineation of
the weathered bedrock froi. Zhe fresh bedrock.
Henco the thicknesses of the weathered mantle

vi-eh form useful acquifer ~ones have not been ade-

[

~uately accessed, However in the sediments overlying
¢ dasenent rocks, the saturased clay/sand layer
. oz been found to cougtitute the main source

5. caderground water in the area may include

na.crials of the weathexed basement rock.
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BER _JHIEE

ICITY ISTIVITY SURVEY

3.1 INTROD ION

In principle, each of the four main methods
o geophysical prospecting i.e. the magnetic, the
gravimetric, the seismic and electrical methods
are capabie of furnishing useful information in
connection with ground watexr problems when applied
in areas in which the physica’ conditions satisfy
the necessary requirements, .lowever, the seismic
and clectric resistivity methods are mostly used
because of their high reso ution power in respect
of the particular problems ccountered in prospecting
for water (Kollert, 1969). It is on this basis
that the author has chosen resistivity survey as
one of the geophysical methods br groundwater

exploration in Malumfashi town.,

The basis of this method is that when current
is passed into the ground through electrodes, any

subsurface variation in conductivity alters the
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i

.y
U

current flow within the eaitthgdlegis 1y tﬁxn
affects the distribution of clectric potentials as
measured on the ground surface, The degree to
which the potential at the suxface is affected
depends upon the size, location, shape and con-
ductivity of the material within the ground (Vingeo,
1972), It is therefore possible to obtain informa-
tion about the subsurface distribution of this
material from measurements o electric potential

made at the surface.

The usual ﬁractice is by pAssing an electric
current into the ground through a pair of current
electrodes and measuring the resulting voltage B
difference between a pair of potential electrodes.
Cenerally, the two approaghes for resistivity _
Surveying are profiling and sounding., Electrede o
spacing are held constant with the profiling methodr
and the array of eclectrodes is moved from station ;
to station, Apparent registivity values are calcu-
lated from measurementf made at each station.

These values are plotted on a map and isoresistivit§
contours are constructed wheie possible, The areal

variation in apparent resistivity often can be

related cuantftatively to geological features.,

: co e qév
- . [Len . -
: P R el tpg
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“hen using resistivity sounding methods, the centre
ol the electrode spread is fixed at a station and
the separation of the electrodes is progressively
increased. Under ideal conditions, sounding data
can be interpreted quantitatively to yield depths

to successive resistive layers,
3.2 THEORY

Considering a homogencous and isotropic earth,
the potential about a single point source of current
electrode can be developed from two basic equatiorns

thiss are

- >

{a} Ohm's law E = pu  s-ceme—— e (1)
(b) The divergence conditiony J = O mee (2)
Since E =¥ 3 o o e s et e e 3 )

combining the above equations gives the

Laplace's equation,

il ol

t¥it

where elecgtric field

-

currenrt density

L
(1

= resistivity

o)

gcalar potential

a
1}
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Bonation {4) is polar coexdinate= van be written

as

3 {rﬂau 1 3 [sine m} 1 2y (5)
t —— 50 77T i+ 3 ¥ =g —
3T ar}, r28inod 30 r*8in%yp ay*

Since we are considering a single currcnt
source, there is symmeiry o current in the g andy
directions and their derivatives are zero, Hence

equation (5) reduces to

) r? su _ '

'S

Integrating equation (¢} yields
o ”
U o= e '1':: D L — _-_(7)

where C and D are constants of integration.

If the potential at 1 great distance from the
current electrode is taken as zexo, I in 2quation
{7) must be zero.

Bcuation (7) then becomes U = —% e ()
In view of the assumed symnetry of the ~urrent
flow, current density is uniform throughout the
surface of the small hemispihere as shown in fig 3.1.

Tha total current through this hemisphere is given by



J2.

>

I = [J.ds =| E,ds = = [C,ds (9)
px”

Sv

N S—

P
s
where ds = element of the surface area

1 == current flowing in the ecarth

2ut from equation (8)

b u
b e —% ------- -l - (10)

r

e

Using ecuation (10), (9) and (2) gives the potential
function which is a scalar

U = o—'I' . S S S S W W o S S S W S S S i e e S o ( 1 1 )

mr
(“eller & rrischknecht; 1977)

Aprlying equation (11) to the general electrode
arrangement shown in Fig 3.2, the potential of M

and ! ie given by:

c
i
“="1:;"
e
=
]
-
b

u, = _kp 1 -1
: 21 Al B |

Therefore the potential difference between M and B is

TJI:—Ul_,-_-.ﬁU:I..'J[l -1 =1 + l]

23_! A MB AN NB
Hence the resistivity is given by
p = Ay = 2% : (12)

— 1 —

_1+_£]
1B AN NB

i l

Ty



22

—Current electrode

Ground surtace

~ Sur tace ot hemisphere's’

Fi6-31 Current distribution in a vertical  plane
through a current electrode sy ce

\%/;}Q' r2
MR

FIG-:32 General Electrode  Configuration Used

in Electrical Resistwity Surveys
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p = Bu ., ¥ where  is a geometric factor

‘pplying equaticn (12) to the e aner and Schlumberger

array where electrodes arc arranged on a straight

line on the surface of the oround as in Fig 3.3 and

3. rxespectively gives

Pa - 27 a AU (enner) =——==- (13)
I
Paq = 1‘1 [3,2:_1:!2) AU (Schlumberger) —--=-=(1:)
bt 1 i1}

Gcuation (13) and (14) form the basis of the calcu-
lations in resistivity profiiing and sounding

methods to be applied in the later chaptlers,

3,2 IISTRUMENTATION

Two types of instruments were used in the
survey - the Meger earth Tester and the Geohmeter
Gish .- Dooney model 10,

The Megger is a hand driver generator and
ohmeter contained ir a strong wocaen case with
threo ranges, » - 20, 0 = 200 ana ) = 2000 ohms,
The scal . #hich is logarithii’e in character enables
sm~_ 1l fractions of resistances to be measured.
Direct current generated from the hand generator

passes through the control coil of the ohmeter and
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GENERATOR [

Deflecting coil

N
Ny

Control coil

PR. = Zeo Adjust
CiCp = Current Electrodes
Py, = Potential Electrodes

FIG 35 Portable Resistivity Megger Earth Tester (Schematic )



through the current reverser T, so that a periodi-
cally reversed dixect curren: "I" is delivered to

the current electrodes C, and C, {fig 3.5). Between

1
the Hotential electrodes P,oand P, a potential
difference therefore exists vwhich is periodically
- reversed, This potential diiference is eqgual to
I x R, where R is the resistance of the carth
between Pl and P2. The canguing current is rectified
by the current reverser T, and passes through the
deflecting coil of the ohmmeter. The deflection
of the two coil ohmmeter depends on the ratio of
the currents in the deflecting and control coil i.e,.
(%E). So that the instrument measures directly
the resistance I, The reversing contactors Tl and
o, are made to render the instrument reading inde~
pendent of back e.m,f, and stray soil cuxrents,

. A complete Geohmeter apparatus consists of
a.hQASuring instrument assombly, the battery power

supply, and the assceiated cables, reels and metal

carth clectrodes.

The measuring instrument consists essentially

of three separate circuits systems, the current
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measuring circuit, the potential measuring cirecuit
aud tnie contutator and reversing system. The
current measuring circuit is monitored by means of
a multirange current milliameter., This has a
single scale reading of O ~ 50 milliammeter, The
potential circuit includes the potential on/off
switeh, the selector switich, the reversing switch,
the galvanometer, and the petentiometer circuit,
The potentiometer controls the selection of any
fraction of the total voltage for comparison and
balancing against the potential measured. When
the potential output is exaciiy equal to the input
.potential, the galvanometexr current or deflcection

%ill be zerc and the e,m.?, of the input potential

dials-

3.4 CHOICZ OF PROFILES

irofile one, 1,30 Iz long, runs B-Y {see
fig “.2) and was chosen for a number of reasons, .
Situated at point 330 m */ on this profile is a
borechole, It is obriously invaluable to have .

inrformation abouz the geology of the area from one
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or two.borehole.log.whicﬁhin effect furnishés
contrel for geophysical interpretation., This pro-
£17e¢ also cuts across existing streams and rivers,
Thig was done in order to discover possible old
river channels which have thick alluvial deposits
hand large weathered bedroci: that hold large
volumes of water, Of more importance ig the fact
that this profile lies between the hospital and the
Gé?ernment Girls Secondary School, Location of
suitable sites for the erection of borcholes on this
profiie will hence serve eitligr the hospital or

tho schodi or both.

Profile two, 1,10 km }ong and lying N35°E,

WaS also:éﬁéééﬁliéwruﬂ tbrough existing rivers
and streams for reasons earlier mentioned in
cornnection with profile oae, Of particular interest
“5 the prediction by the liotorole A.R.S. Inc. of

a possible fault (fig 1.2} cutting across Malumfashi

tovm, This company in 1978 covered the entire area
.of Iidgeria with side~looking Airboxrne Radar (SLAR)

for the Federal Ministry of Forestry on a commercial

bagis, Profile two was chosen to cut acress thie
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e _ : _ A
propégéd fault at approxiﬁ&ﬁeiy right angles with
the intention of locating it, Should the fault
infact exist, the fracturc —“one associated with it
should constitute sources of underground water,
Tocation of borehole sites on this profile were
aimed at cerving the staff and students of a primary

- school and the Local Community around tpe area.
3.5 FIZLD PROCEDURE :
3.5,1 gsistivity Profiiing {(Trenchin

The method of horizontal profiling is used

to determine the Qariation ir apparent resistivity

in a horizontal direction within a pre-selected

depth xaﬁge. For this purpose a complete electrode
configuration with the suitable inter-electrode
distance 1s moved as an entity along straight
travexrses and resistivity determinations are made

in stations at regular intervals, The interpretation
of the apparent resistivity curves in terms of

subsurface geology are usually done quantitatively.

3,5.1.1 Ihe Wenner Electrical Profiling

The eclectrode spacings used for the Wenner
array {fig 3.3) on profile one were based on

e - P T N N e T
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information of thé.ﬁreiiminary soﬁhdiﬁg results

done at the borehole site (VI35 1), from in situ 5
water level measurements at the borehole and dug ﬁ%
out pits in the laterite zone, The average thicknesél
of the overburden was found from the sounding results
to be 3.5 m while a depth to the bedrock was found to
be anproximately 16,8 m, The in situ water level at
the borehole was found to be 5.5 m and the depth of
the laterite pit was found 1o be 4.2 m. Hence a
small electrode spacing of 5,0 m and a laréér

spacing of 20.0 m were used to give an indication

oZ how much of the variatio: wvas due to compara-
tively shallow lateral resistivity and deeper - éﬁi

resistivity changes,

The choice of eiecfféde spécihé of 5.5 m on
profile two (fig 1.2} was got on information from
a local well near the primary school., The in situ
water level was found to be about 4,0 m below the
surface, The 30,0 m electrodz spacing was got
from the resvlts of the preliminary sbunding curve
that gave a depth of approiimately 26.5 m to the Cx

basement rock, The optimum value for the choice of
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c.cctrode separation in YJenner array is not critical,
t it is better to have a somewhat larger than

smaller separation (Griffiths, 1969).

'n carrying out the survey, the profiles were
first cleared and wooden pegs driven into the ground
at intervals equal to the chosen electrode sepa-
ration., 7The pegs were numbercd so as to help in
recovering the position of any interesting feature
for further examination. O5Steel elecirodes were
sent into the ground at the pesition of the wooden
pegs and connected to the lierger instrument using
connecting wires., Before taiing any reading, the
calibration of the instrument was often checked
for consistency and adjustments made as necessary.
Occasionally, vater was pourcd on the steel elec-
trodes for be‘ter electrical contact. Where the
instruments gave no readings, the potential electrodes

were often ariven deeper into the earth,

FTor both profiles, the apparent resistivity at
each station was calculated using equation (13)
of section 3,2 and the results plotted at the mid

point of the electrode array on a logarithmic
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) &

scale as shown in (Fig 3.6) and (Fig 3.7). Both

i e

nrofiles were levelled at 30 m interval using a
theodolite and readings tied teo known beacons in

the town., For profile one, beacon 505P was used
while beacons 507P was used for profile two., The
elevation above sea level were plotted as shown in
Mig 3,6 and Fig 3.7 for profiles one and two respec-
tively, | AN ' ' '

The levelling was done to find out the rela-
ticnshin Letween the apparent resistivity values
and the topography and also t¢ ascertain if elow
vation corrections may be necessary in the seismic

El

refraction survey, S s

3.5.2 Lecistivity Soundiug ; ]1:£.'5.7;;:_ i hé
R D .
The method of electrical drillinglor depth
sounding as it is often callied furnishes detailed
information on the vertical succession of the various
conducting zones and their individual thicknesses
and true resistivities, This method is particularly

valuable for investigations of horizontally or

nearly norizontally stratified ground. The technique

o
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is based or the fact that the fraction of electric
current sent into the ground, penetrating below

any particular depth, increases with an increased

separation of current electrodes (Vingoc, 1972).

3,5,2.1 DSchlumberger electric sounding - 5§$

Or the basis of low apparxent resistivity
values obtained from the prefiling results, sounding
points VEB2 was located at point 140 m E, VEG3
was located at point 370 m & on profile one. U351%?
was also located at point 33C m W on profile one
for comparison purposes wiwvii the borehole lithology
and *t¢ ascertain whether gualitative interpreta- 2

tion was feasible,

Cimilarly VESS5, VESG aﬁd VES7 were located
at points 680mS 35%7, 800mS 2:5%W, 8oms 35% rese
pectively on profile two due to the apparently low
resietivity values obtained aﬁ these vicinities,
ViS4 located at point 510mS 35W on profile two
vias chosen for the detection of the pf&ﬁoséd faul®

as previously stated in section 3.4. . .

Using the Geohmeter; a series of apparent

resistivity measurements were made with an expanding
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current electrode separation, As usual the mid
point of the potential electrode configuration
remained fixed at the observation station while the
length of the configuration was gradually increased.
Values for the currcnt and potential separation used
for the survey are shown in Table 2,1

Table 3,1 Values of AR/2 a'.d I1' wvhich were used for

the ficld surve -

—
AB/2 () Mi(m) |l az/2(m) ) mi(m)
(a) (b) ' (a) (b)
1,00 0.40 12,60 3,20
i) .40 15.80 3.20
1,58 0,40 15,80 6,40
2,00 0,40 19,95 6,10
2400 0,80 254,12 6.1 i
2,52 0,80 31,60 £.10 |
2,16 0.80 31,60 12,80
3.98 0.80 39,81 12,80
3691 1.60 50,12 12.80
5,01 1.60 63,10 12,80
6432 1.60 63,10 25,60
Talr 1,60 79,43 25,60
7494 3,20 100,00 25,60
10,00 3,20 125,89 25,60




37,

Tha current eliectrode spacing AB/z was made
" to change from 1.0 - 10C.Jm in most cases with the
notential electrode MY changing correspondingly
fxom O, = 25.,6m so as to maintain the usual
reétriction.on fieldwﬁéaSufements of MN less than
AB/5 (Rijo et al, 1977). The SGchlumberger array
methol of calculating the theoretical apparent
resistivitylon the surface of a layered earth
assumes that the potential electrode separation
‘}ﬂiis g0 small, relative ic the current electrode
: Separafion AB, that the potential difference
divided by MN represents the clgctric field at.tgﬂ
micd point of AB, At points; A3/2 = 2 m, 3.98 m ,
etc., the MI spacing was coubled keeping each of

the AB/Z constant, This was principally done to|

check: for lateral inhomogeneities, Porous pots |
were used for the pétenﬁial electrodes so as to
alirinate polarization ¢ffect., 1In some cases where
fluctuat’on of currents occurred, it was found

| necessary 1o allow the caomnultator drum of the.
geohmeter to run for cover two minutes until the
milliammeter needle became steady before readings

werc taken., - o . .
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. The apparent resistivity values at each
statlon were calculated using equation (14) of
section 3,2 and these values plotted against the
current spacing AB/2 on a bi-logarithmic scale.
The interpretation of thesc soﬁnding curves will

be discussed in the following sections,

3.5;3 Data Reduction

7 Almost all the sounding curves obtained were

- the thrce layer Hetype, However one K - type and
fwo &I - types were also obtained. A preliminary
_interpretation of these sounding curves was donz

by matching them with standard master curves
{Rijkswaterstaat, 1969) fron which approximate
formation thicknesses and registivity parameter-.
were deduced., These paraneters were run throtagb 2
resistivity sounding interpretation computer prog¢—a-
mme {Verhcijen& Asten, 1278) 2n order to obtain

theoretical psurves that fitted the field curveo,

3y variation of the parametexs of the theore-
ticai models and compariscon with field curves, be-~t
fits were obtained, The [ and ¥ types curves were

checiiod for equivalence proklem. Equivalence preb e



arises when different layering configuration may
give rise to identical field curves, In the H -
types of curves, equivalence problems are exhibited
when the ratio p,/p%s iarge and the apparent longi-
tudinal conductance, 32 ¥z h2/ p21“ remains cons-
tant (Verheijen & Asten, 1973),

.:Tb chééklfhe limits of this property, arbi-
trary values of h, and R, wiose quotients were equal
to tho best theoretical computed S, were fed into
the computer programme and results plotted to see
if theoretical curves matched the field curves,
Arbitrary values of h, werc ciosen from sedismic
refraction results {to be discussed fater). This
was done because seismic neasuprCnents can contribute

condiderably towards a decision in electrica;l;
ecwivalent oases [Flathe, 19763, |
Souivalenge preblems Zor the K - type curve
was also checked, This occuxs when the transverse
comdugtance, T, = p, 52 remains constant, For the
Il and T tvpes of curvaes that exhibited equivalence
property, the thicknesses of the conductive iayer was

estimated by taking values that gaVé the best theore-

tical fit with the field ¢rrves.
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3.5.3.1 Interpretation of sounding curves

In the interpretation of the sounding curves,
attempts have been made to correlate the apparent resis-
tivities and thicknesses of the layers with geoelectric
sections. Where the soundings were done at the proximity
of existing boreholes, the borehole lithology formed the
basis of the interpretation but for other sounding points,
geoelectric interpretatiors have been based on the general
geology of the survey area. The approximate ranges for the
electrical resistivities of some rocks and soils as shown
in Table 2.Z.1 have also been used as a guide in the inter-
pretation,

Table 3.2.1 Table of Approximate ranges for the electric-
Resistivity of rocks and soils (Okwueze, 1978

Rock Type Resistivity (Q m)
Clay and Marl 1 - 10¢C
Loan 7 - 70
Top soil 60 - 200
Claycy soils 100 - 500
Sandy soils 700 - 6000
Loose sands 10° - 10°
fiver sand and pravel 100 - 6000
Sandstones 30 - 10"
Basalt 300 - 10°
Crystalline rocks 10* - 00
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For easy reference, the sounding curves have been interpreted

serially from VES 1 to VES 7,

g

This sounding ﬁas”cc.mductéd mar an existing boréhole
(Fig.3.7.1). Results o! the sounding curve shows a 4 -~ layer Kb-type
geoelectric structure — with o top layer whose apparent resistivity
is 39 © m, underlain by a higher apparent resistivity zone of 78 2 m.
The third and fourth layers bave apparent resistivities of 16 £ m and
11,000 @ m respectively, ) o g I_ | ) | | |

Comparison of the ;ppafent resistivity results with the bore-
hole lithology (fig. 3.7.1) shows that the first layer which extends
from the surface down to a depth of 0.95 m is composed of fairly <y
sandy/clayey top soils. The second layer with a thickness of 4.0 m
is possibly made of laterite, while the third layer with a thickness
of 11.5 m is possihly camposcd of wet clay with sand. The fourth layer
which is indicated by a curve rising beyond ABS/2 = 25,12 m with a
chayeeteristic uniform slope of 45 degrees possibly contains quartz wit
gravel. Equivalence problem may have caused the geological boundries
deduced from the resistivity measwrenents not to coincide with those of
the borehole model.

This sonmding was conducﬂad ..ilr;-a small ﬁlle;v which has pre;ziouﬂ" '

T

been used for the cultivation of rice. The curve shows a H - type 3

layer »eoclectricstructure with a top resistive overburden, underlain
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by a conducting layer and a third layer which is fairly
resistive. The overburden has a resistivity of 225 O m
with a thickness of 0.63 m and is made of dry clayey soils.
Underlying this is a conducting zone with a resisti
vity of 46 Q m and thickness of 10.3 m which is possibly
made of wet clay/sand. The third layer with a resistivity
of 656 Q0 m weathered bedrock (Fig 3.7.2).

Because of the equivelence problem noticed in the
modelling, the thickness of the second layer may vary betws
8 m to 13.9 m with the corresponding resistivity value var
between 40 Q@ m to 60.5 2% m. The best estimated thickness
the second layer is found to be 10.3 m.

VES 3

The curve (Fig. 3.7.3) shows a H - type 3 layer car
The uppermost thin layer with 2u apparent resistivity of
509 O m is made of dry clayey soils, its thickness is 0.25
The second layer which is prcbably composed of wet clay wi.
sand has an apparent resistivity of 21.5 Q@ m and thickness
5.30 m. The third layer with = resistivity of 3i0C o m an
with an infinite thickness is possibly the crystalline bec
rock/weathered bedrock.

The fairly wide range of the measured values of the
apparent resistivitjeés at AB/2 = 2.0, 3.98, 7.94 m may

indicate the presencs of lateral inhomogeneity of the over
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burdén. Due to equiva1enEe problem, the thickness of the
second layer may vary between 4.3 m to 6.54 m with its
resistivity varying between 192.5 O m to 26.0 0 m respecti-
vely. The thickness of the second layer is best astimated
as 5.3 m.

| VES 4.

Thics sounding was conducted on profile two (Fig. 1-2).
The curve obtained here was of the E-H gecelectric structur~
(Fig 3.7.4). 1t was observed that the top soils at this
sounding point was not so hard as to warrant the use of
much force in driving the electrodes into the earth.

The first layer with a resistivity of 39 @ m and
thickness 1,10 m is composed of fairly soft clayey soils.
The second layer with a resistivity of 78 § m and thickner
of 7.5 m is possibly made up of laterite. This is supporte
by the fact that located at about 150 m W of this sounding
point is 2 large dug out pif about 6 to 8 m deep. This pit
waélmade up entirely of laterite which is used by the villn
in making laterite blockes for building purposes.

The third layer with a resistivity of 5.5 @€ m and thice’
of 6.10 m is possibly made up of wet clay. Beneath the thi
layer is probably the bed rock with a resistivity of 10,00¢

and infinite thickness.



VES 5

The vosistivity curve obtained at this sounding Doint
indicates 2 3 layer case (Fig.3.7.5). The appermos’ .ayor
with an apparent resistivity of 36 Q m is made up of rairiy
soft clayey soils., The sccond layer which is probobiy madce
up of wet clay has an appar~nt resistivity of 13 @ m and
thickness 7.2 m, The third layer with a resistivity of
Qe 2 m and infinite thickness is possibly composed of
weathcrod bed rock. The resistivity of this layer is
obviously too low to be termed that of the boarock. £s in-
dicated earlied the weath vod bed rock of the bosement
complex foyms userul acouifer zcnes and thus could % 8550-
ciated with low apparent yesisyivities.

wWithin the limits of equivalence, the thickness o the
second layer may vary between 4 m to 12.5 m with o bLeste

cstimate of 7 m, The resistiyvity value of the second layer

varies between 5,6 0m to 17.9 04 m.

V=5 6

A o = layered resistivity K - type =u;vc chown in
(Fig. 3.7.0) was obtained frgm the measurcments at this
gbundjng point. The first layer with an apparent rosisti.
vity of 450 m and thickness of 0.10 m is made ub of dry
<layey soils. The second layer with an apparcnt resistiz’ty
of 2990 m and thickness of 4.2 m is possibly madc wvp of

laterite
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or sandy clays. The third layer with an infinite thick~
ness and apparent resistivity of 6 2 m could be composed
of wet clay.

A comparison of the depth estimate, 4.2 m obtained
at this sounding point with othes at VES 4 and VES 5 on the
same vrofile (profile 2) which gave depths of 14.70 and
7.C i respectively to the probable bedrock, coupled with
the seismic refraction result which gave a depth of
1oproxXximately 28.0 m reveals that the current did not
penetrate into the bedrock 21 this sounding point. Attempts
to reach the bedrock by increasing the electrode spacing
AB/2 for values more than 125,89 m was not successful as
the potential difference became toe low to be measured
accurately with the resitivity equipment. The equivnlence
range of the second layer vary between 3.6 m to 6.5 m and th:
resistivity value range between 187 O m to 338 ¢ m respe;-
tively. The best value for the thickness of the second
layer is found to be 4.2 m.

Because of the fairly low resistivity of the first
layer, a phenonenor known is '"'skin effect" (Vingoe, 1972),
in which there is a rapid decrease of current density w;th
depth and consequently a decrease in depth of investigatiOD.
may have occurred at this sounding point. The possibility

of the existenc¢e of low and high resistive layers found at

b .
I
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depths of 6.5 m and 0.10 m respectively which obscure the
probing of deeper lays, a phenomenon known as "masking®
(Krulc and Mladenovic, 1868) is also suspected beneath this

sounding point. VES 7

A 3 - layered E-lype curve (fig. 3.7.7) was obtained
at this sounding point. The first layer has an apparent
registivity of 260 @ m and thickness 0.57 m reflecting the
variable compsition and moisture content of the top dry
clayey soils. The second layer with an apparent resistivity
of 1.0 & m and thickness varying hetween 11.8 to 19.4 m
due to equivalence problems, may correspond to a conductive
clay horizon. The third layer with a resistivity of 90 @ m
and infinite thickness is probably the weathered bedrock.
The resistivity of the second layer varies between 135.2 0 m
to 23.7 A m.

Table 3.3: Resistivity depth Sounding Results

Sounding; Resistivities of Thickness of Equivalence

Points Layers (Q m) Layers Range of
(m) h, (m)
P1 f Fb Fb éﬁ hl hz h3

VES 1 39 78 1a 110GO ! 0,95 4 11.51 -
VES 2 225 47 6586 - 0.63 {10.3 B - 13.5
VES 3 500 21.315100 - 0.25 5.3 - 4.3- 6.54
VES 4 39 78 5.5 10000 [1.10 .5 6.1 -
VES 5 36 10 100 - 0.45 7.0 - 4- 12.5
VES & 45 (290 € - 0.10 .2 - J.6- 6.5
VYES 7 2860 19 90 - 0.57 1 15.1 - [11.75-19.4 |
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3.9 THE SALINITY OF WATER SAMPLES

S
P

Saline waters contain mainly moderate to highhéﬁodnts
of sodium and chloride. It also contain small quantities
of bicarbonates and sulphates of caleium and magnesium with
little amounts of potassium and traces of nitrates. The
determination of the salinity 2T water is a deciding factor
in assessing the usefulness of underground water elther for
industrial, agricultural or consumption purposes.

To this end, some water samples were collected from
the borehole, local wells and some rivers in the town for
analysis. The conductance of sach of the water samplgs wag
measured using a Criifin conductance bridge as follows. The
cell containing the two electrodes on opposite sides of the
glass wall was connected to the bridge and immersed into the
solutinn in a beaker, whose conductance was to be mezsured.
The switch range selector was switched to a particular
range say 1.0 -y ohm™t . The bridge was balanced when the
meter reading was minimum. The scale reading on the
conductivity meter and the temperature of the sample was
noted and multiplied by the cell constant of 1.58 and the
temperature correction factor teo give the electrical conduc-
tivity of the wnter sample._ The cell constant was obtained
by measuring the conductance of a standard 0.050 N potassiu

chloride solution at 25°C., Tais solution was obtained by

-
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dissolving 3.728 gm of dry potassium chloride in one litre
of water. The effective salinities of the water samples
were obtained by using the relationship between conductivity
and soluble salts for waters as given by Devis and Freitas
(1970). The values obtained are shown in Table 2.8.1

Table 3.4: Salinity of Some water samples in Malumfashi town

=

Source of Sample Number Average electro Salinity in gramj
of lytic Conductivity litre. (Estimatc¢

Samples | in Micromhos at 25°C |from Devis and
Freitas, 1970).

Norehole at VES1 2 144 .09
gy Bl | s
R 1 8
School.

North of Boapt. 2 308 023
g;ger on Profile 2 432 0.26
giger on Profile 9 158 0.10

In his work on groundwater exploration in Kankara,
Okwueze (1978) gave salinity ranges for useable water as

follows :-



Human Consumntion iess than 1.71 gms/litre

Irrirgation water .
Cattle V¥ater - " » 5.7 0

Sheep Water - i L . "

The salinity of all the samples of water measured
range between 0.06 to 0.2€ which is much lower than
1.71 gn/litre quoted by Okwueze (1973)., Thus is can be
infered that the !Malumfashi town water resources may be

useable for both domestic and agricultural ourposes.
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CHAPTER FOUR

SEISMIC REFRACTION SURVEY

4.1 INTRODUCTION

The physical basis of the seismic refraction method is
the fact that the velocity of sound waves differ in differeonc
gzologle formations. This method makes use of the fact that
when an elastic wave travelling in the ground strikes a
discontinuity where there is a2 marked and abrupt change
in mechanical properties, the wave is refracted. If the
underlying layer is more compact and has higher seismic
velocity the wave is refracted away from the normal, 1f the
layer has a lower velcecity the wave is refracted towards
the normal., If the wave strikes the interface at a critical
angle, it is refracted along the interfoce. In the seismic
refraction method elastic vibrations in the ground are
produced by an artificial snergy source and the resulting
refracted waves which arrive on the ground surface can be
dntected by genphones or seismometers,

In the search for ground water when seismic refraction
methods are used, the abrupt increase in compressional wave
velocity as 2 medivm becomes fully saturated, have been use’
as tie basls for the successful determination of water tablas
and thicknesses of acquifer zones. (Davis and Dewiest, 19¢..°.

Groundwater supplies are often detected in the surficial



deposits that lie above the bedrock. Dry and partly satur«ic
sediments have low seismic velocities, which, with water
saturation, change from about 400 - 900 m/s above ground-
water level, to about 1200 - 1200 m/s below the groundwater
level. This contrast in seismic velocities is large enough
to allow satisfactory determination of ground water table.
Seismic refraction method has been found useful in
groundwater exploration because, unlike the potentiasl methods
such as gravity and magnetics, unique solutions to equatiouns
for the depths of buried layers are often got and alsoc the
velocity of the seismic waves withia the overburden and rock
layers is found to be controlled by important earth parametc:r

such as elasticity and donsity (Hawkins, 1969),

4.2 THEORY

The theory of seismic refraction method is well docur.r:
in (Dobrin, 1976; Grant ana West, 1965; Parasnis, 1972;
Telford et al, 1976). The following formulae equations 15 o
20 and diagrams (fig 4.1(2) & (fig. 1.1(b)) however illustrai.
some foundamental properties of the method and the relation i
botween parameters used in seismic refraction interpretation
As much as possible, the Society of Exploration Geophysicis

(SEG) recommended nomenclatures are used.
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1.2.1 Determination of true velocities of layers.

" In a three layer case, (Pig. 4.1(a)) the true
velocities of the second and third layers car be found from
their apparent velocities by the use of the relationship

given by Telford (1276) as follows -

1 1 2 cog « Py .
- + E L — Y . e (155
You  Vag v, vV .
1 . i .
"‘""'"_"‘T + —_— = LSO08 O A 2 .
3u. V3d “Vg LY 3; cee (16)

where V?, VB = true velocities of the 2nd and 3rd layers
respectively. |
Vzu, V?u = apparent velcecities of the 2Znd and 3rd

layers raspectively shooting up dip.

Va4 Vqq = apparent velocities of the 2nd and 3rd

layers respectively shooting dowr Aip.

a = the

-
T

anzie of dip of the layers,.
Equations (15) and (16) hold when the dip is assume:

shallow and AD py 85 (Firr, 1.1{a})) so that Cos « vl

4.2.2. Determination of depths to the first refractaor and

.= thicknesses of the second layers at the shot poirvt

3

positions.

If the depth to the first refractor at the shot poin”
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positions is required, th:. following equations

By Vi2:Te1uy2
ancd

Byga  ® Via Tead/2 ciiiieiiiennn (18)

can be used (Asten and Verheijen, 1973)

where h1 = thickness of the lst layer 2t shot point S

u
= " v L] " " 1] 1 ‘qa
Byg ’ '
Tclu' time intercept ©f the 1st refractor at 2
= 1 " n L L " " "
Te1d

Vlz = Velocity of the wave travelling from 1st to
2nd layer.
It is also possible to detirmine the thicknesses of the
second layer at the shot ncint positions (Fig., 4.1(a) and

4.1(b)) 1f the following ~guations are employed :-

Baw T Vaa%eawsd - my Wia) sn s snamus (19)
hog = Vog(Terzdsz hldjvlg) ......... (22)
where h, = thickness of the second laver at shot noint

<

= n W L " " i "

Tcdu - time intcercept of the 2nd refractinr ot

Tc2d = ! . o ’ | )

v = Velocity of waves travelling from 1st to 3rd
layer.

V23 = Velocity of waves travelling from 1st to 3rd

layer.



The velocity terms, Vl}, qu and Vza glven in squations

(17) - (20) are called the depth conversion factors. As
stated by Hawkins (1&41), the depth comversion factor for
a refractor of velocity Vn which is cverlain by a layer of

: . 2 2%
velocity Vm is defined as Vm an(vn - Vm)

4.3 Instrumentation

The ABEM Tric Seismic refraction syvstem tyﬁe 5382
was used for the seismic refraction survey. It is basically
ﬁade up of the following comronents - the seismometers and
seismometer cables, the amplifier system, the recording

system, the power supply and the shot box (Fig. 4. %)

(a) The Seismometers and Cables

The seismometers are of the electrodynamic tyne o
with a natural frequency % 10 c¢/s and 375 naas coil
resistance. They are sensitive to vertical velocity.

The unit has a Plastic case with spike and 50 cm connectin,

leads with clip and red/black insulateors,

(b) The Amplifier Systom

The entire ampltifier system includes 12 solid
state amplifiers, one for each channel. The gain controls
are placed in rows, 1 ~ 6 and f - 12, to one side of the

recorder. Automatic noise sipyression (ANS) is provided to
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spced up field work by eliminating the need for individual
channel manual setting and specially to make it possible

to survey in areas with high and irregular ground noise.

(e) The Recording System

This consists of lamps, galvanometers, seismogram
feed system and timing system. The recorder is designed
for use with direct print ocut paper. The dry-white paper
is 152 mm wide. The storage cassette takes 30m standard
base paper. When this recorcding paper is used, the
seismograms develop themselves within § - 20 seconds
without any chemical processing.

(d) The Power Supply

The power supnly consists of a separate battery trar
clipped to the base of the recorder containing 24 rechargeatl
1.25V nickel-Cadmium cells. Fully charged batteries will
give between 800 - 1000 seismograms of about 20 cm length
before recharging is necessary.

(e) The Shot Box

The Shot box is of the capacitor type with a silicon
controlled rectifier. A replaceable 57.5 V dry battery
provides power t» recharge the Capacitor. When the capacit~-
is fully charged, there is a 67.5 V 2 4 impulse available to

fire commercial detonators. The separate shot box ensures



full safety when explosives are belng used.

4.4 Field Procedure ' i%%

A total of seven seismib'feffacfiﬁh traverses were
carried out. Four on profile cone and three on profile
two, (Fig. 1.2). The traverses were chosen such that one
of the shot points on e~ch traverse coincided with the point
usced for the electrical resistivity sounding. This was done
principally to have two genphysical information about the
sub-~surface structure which apart from forming a comparative
basis for the two methods used, is essential for an effectiv

geologienl interpretation. SRR e

i

A o
Traverse two on profile one was chosen tn overlap

traverse one and to extend intc the harxd laterite #onc
(fig. 3.€). This was done mainly to have more information
about the soundiung point situated near the borehcle and als:
the laterite zone which was not investigated during the
resistivity survey due to the difficulties of sending zlec.
trodes into the earth. There are several standard Iielqd
layout for dififerent types of field conditions, but (fir.
shows a satisfactory set up arocund which the Tric system i
designed (Trio Mauuwal, 197:). R
The poiat B which ccrresponded to a sounding point

was first located and a wooden peg marked and sent into the
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éround. The point A lying 35 m from B was next lhcatod,
Points C, D, E were similary located and pegged at
distances of 95 m, 155 m, and 180 m respectively from %4,
Shot points about 2.0 m deep were dug using a hand

driller at points A B C D and E. From a point 5 m away

from B, geophone, positions 1, 2 ;;.... 12 were marked

at 10 m intervals along the profile (fig 4.3). The geophoncs
were then buried completely t< reduce noise from wind and
air waves along the surface. The recorder/amplifier was
kept at the centre of the procfile and offset from the
seismometer cables. This essentially kept it well clear

of the shot nuints. A ©.60 kg gelatin dynamite with 30%
strength was planted at A and E while a 0.30 kg was planted
at B, C and D. The shot cables were connected to the shot
box making sure that they £i2 not cross the seismemeter cabl
The geophones were conncdéted to the recording egquipmaent by -
long cable, (fig 4.3). The amplifier gains, filters and
recording film were set and the shot fired when there was
relative calm and less wind, The record wag allowed to
develope and then ¢xamined for distivct shot break and the
first arrival times. Whenever a poor geismogram was obtain:
due to nnise effects etc, the shot was repeated.

The long shots A and E nave been designsd to ensure

T S e n
; 3 FAl
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that all the 12 first arrival at the seismometers have

passed through the bed rock. The end shots B, D and the
centre short C have been chcsen to ensure that the spreads
were reversed and to enitle the calculation of true velocitie:s
of layers from their apparent velocities. Another important
feature of any reverse saooting is that the overall time frow
one end of the profile to the other (often called "raceiprocal
time"} is measured twice, so that a check on the internal

consistency of the results is thus possible (GriffZiths, 196¢).

4.5 Datua Reduction

The first arrival times for the seven travers<s were
picked from the seismic records and their time-~distance curvec
constructed., In the constructisu of the time-distance curv:s,
the best and most obviius strright lines representing a
particunlar refrasrtor were first drawn. The condition of
reciprocity was then used to adjust the remaining straight
lines throuph the data points of lower quality.

The apparent velocities nf the seismic waves were
determined from the slopes of the time-distanie ¢urves and
their true velocities determined from these apparent velqe-
cities for the reversa shots using equation (15) and (16)
of section 4.2, After calculating the depth conversion

factor and reading off the intercept times from the time-
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distance curves, the thicknesses 0f toe first and second
layers 2t the end and centre shot positions were calculated
using equaticns (17) - (20) of section 4.2.

The off set distance and the actual location of the
section of the pground prooed by the seismic spread was
calculatad using the metnod discussed by Mooney (1977).

In this method, the end pcints of the cﬁlculated depths below
the shct points s and &' (fig 4.1 (b)) were joined with a
dash line, The middle nine-tenths of this line was drawn
thickly to show the location of the dipping discontinuity
along which the seismic wave has travelled for depths which
were found small compared with the profile length. For depths
which were fairly large compared tc the profile length, the
middle of the line joining s and s' was multiplied by a hal:
and the discontinuity 2icns which the wave has travelled
drawn. The interpretation of the time-distance curves in

terms of subsurface geology is discussed in the next section,

4.5 INTERPRETATION

A major obstacle in assigning a representative velocity
to a surficial deposit is *is heferogeneuua composivti n
(Burke, 1970). A gooa attempt has been made in this inter-
pretation to obtain reasonable geologieal structures by using

(a) standard tables of approximates® ranges of velocities of
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Powaves for rocks and scils (table 4.1) and (b) the general
geolngy of the ares, in areas whare borehole 1loas are not

availahle.l-

Table 4.1 iepresentative Velocity Values (Mocney, 1977)

Material - ©7 s ~ Velccity (m/s)

Air N R Y

Weathered surizce material . - 3056 - 810

Gravel or Sand (dry) ::-'. - 468 -~ 515 §
Sand {(wet) » L © 610 - 1830 ’
Clay (sety  « M ) o g5 . amso

¥ater = C S © 1430 - 1680
Sandstone ,-”"}% .;:'ﬁ%” .:'f' . 183¢ - 3870

Sranite RS ] atso - 5800
Metamorphic rockswil .11” .. 3050 - 7020

The seismic spreads and thair interpretation have been
numbered serially from 51 o 37 to correspond with the

electrical resistivity soun<ing points.

Cow -

Spread Sl
Two overlapping spreads were taken (fig 41.81) for
reasons previously stated ir section 4.4, The two spreads

will be treated as a single spread in this interpretation.
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.The time~distance curve shows a three~layer case (fig 4 S1).
Comparison with the borehole model (fig 2.7.1) shows that
the teop layer, with a velocity of 930 m/s. and thickness
lyving between 16.5 and 20 m is possibly made up of a
varying composition of sandy/claycy/laterite soils.

A second layexr with a velocity of 2,160 m/s and thick-
ness warying from 16.3 to 25.0 m is probably composed of
quartz with gravel. Underlying the second layer with a
seismic velocity of 6,640 m/s is probably the bedrock, The
change in velocity of the first layer from 890 m/s at the
450 m ¥ point tc 1,360 m/s at the 215 m w point shows thc
variation of overburden material along the spread, This is
expected because lying between point 325 in W and 215 m W
is a zone of hard laterite surface which should have a highor
seismic velocity due to its greater compactiness when comparxed
to the top sandy/clayey scils/laterite between points 415G m W
" and 315 m W, Greater depths were not sampled at the laterite
zone because of the difficultics of drilling deep shot-holes,
The overlapping spread at the laterite zone has however given
a useful information that the thickness of this jaterite zone
is probably about 19.0 m. Thc thick line at the interface of
the laycrs (fig <4-51) shows the location of the ground probe:d

by the seismic spread,
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Spread S2
The time-distance curve (fig 4.82) essentiilly shows

a three layer case. The first 'aver has a velocity of
800 m/s with an averapge thickness of 6.2 m, the second
layer with a veloecity of 2,530 m/s has an average thickness
of 11.6 m. The first layer is possibly made up of clayey
soils; and the second layer is possibly composed of saturats
clay with sand. The third layer with a velocity of 4,760
is possibly the weathered bedrock. This is because of the
low velocity obtained when compared to the velocity of
6,640 m/s of the bedrock got at spread S1. A velocity,
2,530 m/s got for the second layer is possibly tos high for
this layer to be highly saturated. This clay and sand layer
may possibly be rmore cemented and partially saturated,
Ambiquities were noticed in the travel time curve
between points 143 m E and 165 m E; 225 m E and 225 m E.
Such a change in apparent velocity or slope may be caused
either by a change in the dip and/or the velocity in the s~ .2
refractor (Hawkins, 1961; Mooney, 1977). It is not possibi~v
associated with the problem of velocity inversion, if that

was the case, no refracted arrivals could have been recordc
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by the geophdne situated at these peints.

Soread S3

The resulté hére shoﬁ 2 three-layer mcdel.(fig. 1.83)
with a first layer varying in thickness between 1.4 m to
2.8 m and having a velocity of 630 m/s corresponding to
possibly top clayey solls. The second layer bhas a velocity
of 1,520 m/s and thickness varying from 5.4 m to 13.5 m.
This layer is probably composed of saturated clay with sand.
The last layer with a velocity of 5,000 m/s is prcbatly the
weathered bedrock. This velocity compares favourably with
the velocity of 4,760 m/s of the weathered bedrock got at
spread S2. The section of the ground showing were the
seilsmic waves may have travelled through is shown in the

form ¢f a thick Line (fie 4 - 83),

e
0_’
o

Y R

spread 54 . .

A three-layer qubspgﬂace structure (fig 4.84) was also
obtained for this spread. A4 surface layer with a velocity
of 1,140 m/s overlies a horizontal intermediate layer with .
a2 higher velocity of 2,030 m/s. Beneath this lies a substaﬁiinl
thickness of material with still a higher velocity ¢f 3,000 m/o.

An interpretation based on the general geology of the
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aren shows that the first layer with an aiverage thicxucss
of 4.0 m is made up of clayey/laterite soils. The second
layer with a thickness varying from 10.6 i to 14.4 m may
be composed of saturated clay. The low velocity of the
third layer when compared to 4,390 m/s obtained at spread
3 indicate that this layer may be hiphly weathered bedrock.

Spread 85/S6

This spread was arranged such that the end shots coin-
cided with the two resistivity sounding points VES 5 and
VEE 8 (fig 4.85). The three-layer curve shows a first
lay-r with a velocity of 1,330 m/s and average thickness oIl
7.4 m, This layer is possibly composed of clayey/ laterit.
soils. The second layer with a velocity of 2,260 mfs and
thickness varying from 11.5 to 22.0 m is possibly saturated
clay. The third layer with a2 velocity of 3,400 m/s is
prokbably the weathered bedrock. The scction of tha ground
probed by the seismic waves is shown in thick lines
(fiz 1 - 85)

Spread S7

The time~distance curve shows a three-layer subsurfac:
structure (fig 3.87). A surface¢ layer with a velocity of
1,230 m/s overlies an interrediate layer with a higher

velocity of 2,470 m/s. Bereath this lies a substantial
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SEISMIC REFRACTION RESULT AT VESS AND VES6
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thickness of material with still a higher velocity of

4,540 m/s.

The first layer with a thickness varying from 11.7

to 12.8 m is possibly made up ¢f dry clayey soils.

The

second layer is probably wet clay with a thickness varying

between 11.8 to 20.9 m. The velocity of the third layer

is an indication of probably the presence of the weathered

bedrock material.

Table «.2 Seismic Refract

ion Results

Depth

Station _ Thicknesses Eﬁpth to

Location velocities of layerq of layers robable | berirocs
ater
(m/8) (m) ) ta?;g (m)
vy V2 Va hy hz

S1 930 2160 6640 16.5 25 16.5 41.5
S2 800 2530 4760 6.7 8.1 6.7 14.8
53 £30 1520 5000 2.8 5.5 2,8 6.2
S4 1+4.0 | 2030 3000 3.7 {12:.5 3.7 16.2
S5 1230 260 3400 8.6 111.5 3.8 20.1
86 1330 | 2260 3400 5.5 {22.0 6.5 28.5
I S7 1230 | 2470 4510 12.8 |11.8 12,8 24.6

4
——

4,7 LIMITATIONS OF TBE RESISTIVITY AND REFRACTION SEISVMIC SUIVL ™™

The sources of orrors encountered in the resistivity survey

might have been due to operational difficulties in the field.
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The operational errors could have been introduced eithor
as a result of rapid decline of energizing current due tc
polarization and electrolytic nhenomena near the current
electrodes or as a result of erratic and unnredictable
variation of ground potential in the potential measuring
circuit. The Geohmeter instrument used must have been
subjected to this effect because at large electrode
spacing during the Schlumberser sounding where maximum
voltagres of 225 Volts were used, the sensitive needle of
the potential measuring circuit could not be easilyvy zerced.
This resulted in the approximate values of the calculated
apprarent resistivities of some layers. The average mcasure

ment error has been estimated to be aprroximately 15 per

cent. This is found to lie closely to the 12% error determi :

by Bimba (1978) who used the same instrument for electrical
resistivity survey. Equivalence problems are well known in
resistivity interpretation. This made the detcrmination oi
unique estimates of the water bearing layers difficult,
Other limitation in obtaining accurate geological interpre-
tation is the fact that due to the ranges of electrieal
parameters attributablé to different rock mnterialsg and
soils, there is lack of definite relationship between these

parameters and specific types of surficial deposits and rocs



materials (Burke, 1970).

Errors in the seismic refraction survey may be due to
tha:incorrect picking of the inception of the energv at the
Hepﬁh6ﬁes. The possibility of this error occuring increases

as stated by Northwood (1970) with increasing off set distances.
A fairiy large offset distance used in the survey may have |
enhanced the changes of occurrence of these errors. Further
errors may have resultad from the inability of the refraction
method to Jdetect velocity inversion, layering within a blindzoue
above a refractor or velocities in directions other than
parallel to the refracting surface. Such errors may have
affected the calculated depths. Using the seismic measurements
at VES 1 where there is a borehcle as an example, it is esti
mated that all calculated depths in the seismic refraction
survey may not be in error of more than 17 percent. This
estimate may not be too accurate due to the presence of

dipping layers found in the seismic survey,

ot
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CHAPTER F1VE

CORRELATION OF RESULTS, CONCLUSIONS AND

RECOMMENDATIONS

5.1 COPRELLTION OF RESULTS

In this section, the results of the seismic and resistivit,
survey at each measurement point have been considered togeth-r
with a view to accessing how the two methods complement each
other in ground water exploration. Attempt is also made to
resolve any discrepancy in the results of the two methods by
the use of borehole information where available.

A comparison of the resistivity results with the boreho!
model at VEB8 1 (fir 5.1) shows th~t the thickness, 0.95 m of

the first layer agrees closely with the first layer thickness
of 0.91 m obtained from the borehole results. Both results
were obtained at location 330 m ¥ (fig 4-S1). The seismic
results however gives a computed depth of 16.5 m and hence .o
thickness of the first layer located at about 335 m W on the
ground surface (fig 4-S1). The point 335 m W and 330 m ¥
on the ground surface are close to each other so that the depth
estimate for the first layer at point 335 m W can be assumed

applicable at point 330 m W for the effective comparison witn

the borehole and resistivity models obtained at location 330 = .

The 16.5 m thickness of the first layer obtained from the
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seismic rgsults is found to correspond fairly to the depth
of the interface between the wet clay with sand and quartz
with gravel layer as shown from the resistivity results and

a depth of approximately 13.0 m to the same interface as
obtained from the borehcle éadels. The seismic dépth estimate
obtained for the first layer gives an indication that the

first three layers obtained from the resistivity measurement:
préhably may have been picked up as 2 single layer fIrom seismicz
measurements. The ébove explarnation rather than discrediting
the seismic results, lay credence tc the fact that elther the
seismic method may lack the resolution to delineate thin top
layer structures or the geophone spacings close to the shot
point were not clnséﬁenough to veceive the first arrivals needed
to régolve thin top layers.

The resistivity results indicate that the basement rack
~may not have been encounntered during the electrical sounding.
This is supnorted by the fact that, the depth sounding results,

VES 38, e¢-nducted by Rohen {(1277) at the vicinity of the bor:-
hole gave a similar KH ~ 4 layer curve but with a depth of
approximately 23.0 m to the bedrock. It is possible that theo
resistivity contrast between the quartz with gravel layer an-.

thce bedrock as shown from the borehole model (fig 5.1) is not

large enoupgh for these two layers to be resolved as separate
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layers from the resistivity measurements,
The thickness of the gquartz with gravel later obtained

at the location of the borehole, 330 m W, is found to be

17.7 m from the seismic results, the thickness of the same
layer was found to be 25.0 m at the location of about 345 m

W on the ground surface. This point is however not too far
from 1oc§t16nr330 m W. The thickness of the quartz with
gravel layer obtained from the seismiec results at location

345 m W can hence be inferred as giving a useful approximaticn
to the thickness of the same layer at location 330 m W. The
' differ%pce in the thickness of the quartz with gravel layer
obtained from the seismic and borehole model may be due to

the presence of dipping layers found in the seismic measuremaent.

The measured rest water level during the survey period

in the boreholc, VES 1, was approximately at a depth of 5.5 m
from the surface (fig 3.7.1). From the resistivity results, |
this ié found to lie in the region of the wet clay with sand
layer. The water table may hence be found at a depph of about

5 m below the surface, while the acquifer layer may Qgry batween
the depths of S m to 16.5 m. A seismic velocity of 2,160 m/s
is comparable to that of the saturated clay sediment obtained
at VES 4 and VES 5. It is therefore likely that the quartz with.

gravel layer may contain a little amount of water. This could
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mean that the thickness of the acquifer layer may probably
be greater in extent than the limits predicted above.

_At VES 2 located at 140 m E, the resistivity measurement:
records a top thin layer of 0.63 m thick (fig 5 2(a)). This
does not compare favourably with the same layer thickness o’

6.7 m located at about 142 m E (fig 4.82) obtained from the
seismic measurements. The difference in the thickness of th=»
first layer may be due to reasons previously stated in

connection with VES 1.

The thickness of the wet clay with sand layer was found
to be 10.3 m from the resistivity measurements. This agree

fairly with a thickness of 8.1 m of the saturated clay with

sand layer obtained at location 148 m E from the seismic
measurements, Locations 140 n T and 148 m E are close. Thti.
makes the comparison of the thicknesses of the second laver
obtained from the resistivity and seismic measurcements fcaisihk’

The difference in the thickness of the second layer may be .(uz
to the resistivity measurements recording mainly horizontal

layers while dipping layers are obtained from seismic measurc-
ments.

A fairly low seismic velogity of 4.760 m/s and a low
resistivity of 656 3 m of the third layer suggests that this

layer is not possibly the fresh bedrock but the weathecred



(b)

..l..l*t

e 1

o 2
SEew

]
Wwdag

'

Prte
s g TN
dpia



B8,

bedrock. A possible water table may lie 2t ~ .U m below the
surface with the water bearing layer varving between the depin.
cf 7.0 m to 15.0 m.

The seismic and resitivity results obtained at VES 5 o &
show a three layer structure (fir 5.2(b)). The thickness of
the wet clay with sand layer is found to be 5.3 m from resistivi-
measurements located at point 370 m E. This agrees closely wit -
a thickness of 5.4 m of the saturated clay with sand layer
found at the location of about 385 m E (fig 4-83) on the gro -
surface from seismic measurements. The closeness in thicknes:
of the value of the second layer okbtained from the seismic ~ni
resistivity measurements indicate that thicknesses of the lav -
at location 385 m E may be applicable at location 370 m .

Within the limits of equivalence, a depth of 6.4 m to th.
bedrock was obtained from the resistivity measurements. Thi-
compares favourably with a depth of 8.2 m to the bedrock 2=
found from the seismic measurements at location 370 m E.
The fairly high resistivity value of 5,100 2 m and the low
seismic velocity of 5,000 m/s shows that the third laver is
probably the bedrock which may be very slightly weathered.

The probable depth to the water table may be found at about
3 m below the surface which from the resistivity measurenments

falls withiz the low resistive wet clay with sand layer.
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At VES 4, the emphasis has bheer on the location of the
fault predicted by earlieY yorpers,Motorola (1978) rather
than finding the water bearing layer. A4s mentioned earlier,
Tracture zones constitute useful structures for the occurence
of underground water under basement conditions. Using the
Venner array, any lateral inhomogeneity caused by the presence
of a fault is manifested as a sharp change in the slope »f the
apparent resistivity curve. The change in slope in apparent
resistivity curve at VES 1 as shown in fig 3.7 is however nct
very propounced as to infer the presence of a fault in this area..
s mmall decreage in the values of the apparent resistivity as
observed at this point, may be due to the coccurence of fairly
subsufface conductive materials.

In view of the very limited available information on the
direction of the fault line, the resistivity profile was
taken at an unknown angle to the proposed fault. Such an
arbitrary orientation of a profile to the fault linc has an
effect on the location of the fault because as stated by
Griffiths (1975) there is normally 2 change in the resistivity
curve as the orientation of the profile line to the fault line
ieereases from 90°,

With the seismic methods, the presence of a fault should be
represented by a distincet bresk in the time distance éﬁ;ve;.-s
There is no evidence of such a break in (fig 4.04). Thus from

e

L}
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the resistivity and seismic results one could deduce that
there is probably no fault in this area. The resulis are
shown in {(fig 5.3(a)).

N 4 comparison of the seismic and resistivity results at
VES 5 (fis 5.3(b)) shows that the seismic measurements has
apaln recordod a much larger first layer thickness. The

8.6 m thickness of the first layer found from the seismic
massarements at locationlsss m {(fig 4-85) appears to coincide
with the depth of the interface between the wet clay and
possible weathered bedrock cobtained from the resistivity
measurements at location 630 m., The first two layers obtained
from the resistivity measurement may have been picked up as a
single layér in the seismic measurements. Again thicknessess
obtained at location 685 from seismic measurements have been
assuned to be applicable at locaticn 68C m. From the resis-

LA

tivity fesults; the probable depth to the weathered bedrock ir
- § e

found to be 13.0 m but the depth to the bedrock as deducad
from the seismic measurements at location 680 is 20.1 m, The
difference ir the depth estimate tc the bedrock at this point
may be due to the problems of equivalence inherent in resis-

tivity interpretation and the occurrence of dipping layers

fuound in the seismic interpretation.

i

The water table probably lies at a.depth cf 8.6 m belo@

Ly



| 92.
o

the surface ﬁith the thickness of the water bearing iayer
varying between 8.6 m and 20.1 m.

The seisﬁic and resistivity results at VES 4 (fipg 5.4(~))
show that within the limits of equivalence in the resistivity
results, the combined thickness of the first and second layer
falls closely to a first layer thickness of 6.0 m. as
recorded from the seismic results. It'sobvicus that the first
two layers recorded from the resistivity survey at point 300 o
(fig 4-85) must have been combined into a single layer in the
selsmic measurements made at the same pnint. 48 mentioned
aarlier, the depth to the bedrock could not be deduced from tue
resitivity measurements, A combination of the seismic and
resistivity results indicate that the water table may probably
be found at ¢.5 m below the surface with the acquifer thickness
varying between the depths of 6.5 m to 28,5 m. The rasistivity
results have apart from offering a comparative scale for the
seismic results, also suggest that in the area of survey there
are uo highly sabsurface conductors down to 2 depth of at least
¢.5 m from the surface.

At VES 7 both the resistivity and seismic results show a
three lanyer model (fig 5.4(b)). The thickness, 12,8 m of the
first layeoxr deduced from the seismi¢ measurements at location

30 m (fig +-86) do not comparg favourably with the 0.€ m of the
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same layer obtained from registivity measurements at the

same location. The thickness, i2.8 m of the first layer
obtained from seismic measurements is found to fall within

the limits of the 15.1 m thick wet clay layer obtained frorm
resistivity measurements. The thickness of the wet clay layecr
from resistivity measurements compares favourably with the
thickness of 11.8 m for the same layer obtained from seismic
measurcments both thicknesses being obtained at the same lo-
cation, 80 m. The slight differences in the thickness of this
layer may be due to seiswmic measurements showing essentially
dipping layers as compared to resistivity results where
horizontal layers are obtained.

The low resistivity value 2f 90 2 m and 2 low seismic
velocity of 4,540 m/s shows tiat the third layer is probably
the weathered bedrock. This layer is probably thick enough
to eontain substantial amount -1 underground water. It would
appesr that as a result of these measurements, the water tanle
may be found at a depsh 12.8 m with the water bearing layer
varying between 12.8 m and 28.7 m in thickness.

With no boreholie information at each of the measurement

points, it is pertinent to stress that the above deductions

(VES 1 to VES 7) with the exception of that of VES 1 can only

be regarded as tentative.
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5.2 CONCLUSIONS

The followins conclusions can be drawn from the resul(-

obtained in this work :-

(1,

(2)

(3)

(4)

(5)

(6)

“he resistivity method has proved useful in the
delineation of top thin layer structures in the
¥alumfashi area,

The seismic method has been found to be a useful
tool in detecting where the saturation limit, and
hence the water table, is most pronounced.

The resistivity values for the water hearing layer:s
vary from 6 T m to 47 2 m and their seismic veloc!
ties range from 1500 m/s to 2500 m/s.

DJdeptns to probable water table vary from 3.0 m to
12.5 m while the thicknesses of thne water bearing
layers vary from 3.0 m to 2¥.0 m,

The areas around the location of VES 7, VES 1,

VES 5 and VES 6 may hold jood prospect for under-
ground water in view of their fairly thick probable
acquifer layers.

The salinity of the water samples in the survey or
are suitable for bot! domestic ind apricultur .l

purposes.
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5.3 RECCHMENDATIONS

Depcirs to the bedrock are generally greater on rrofile
two (table 4.2) than corresponding depths on profile one.

The area beneath profile two is therefore censidered *o have
more prospects for underyround water supply since the acquifer
zones are effectively the sedimente above the bedrock, particu-

larly favourable areas are the loeations VES 7, VIE § =rd

VES 6. However on profile one, the existing borehole, located

near VES 1 should be develoned and put into use in view of

the results of this survey which indicate fairly thick water
bearing layer underlain by 2 quartz with gravel layer above

the bedrock which may contain large quantity of water at this

location. This borehole might supplement the water supply
requirements of the hospital.

The resistivity profilings used for the survey is insuffi-
cient in delineating the cross-sectional extent of the acquifer
zone. A grid covérage arounc the area where the straight line
profile ghowea a considerable decrease in apparent resistiviiv
values mi~sht have revealed an even more promising zone 2rounai
the are- Tw. more profiles are recommended for further surv. -
one in the northern vart of the town about 3 km N of the
hospital ~nd parall-l1 t> profile one, and the other about 1 k-

of the hospital and parallel to profile two., This will off-_ti.
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complete the grid around the town anpd possibly locate other
areas of suitable sround water sources,

Overiapping seismic spreads are recommended to cover
the whole of the section of the profile between point VES 4

and VES 7 and more resistivitv profiles between point VES 2
and VES 7 at & smuller electrode spacine of about 2 m to

ascertain the presence of the fault suspected around this
area. It is strongly suggested that for further work
electrical sounding points should be made to coincide with
the centre shots used for the seismic refraction survey for
effective geological interpretation for obvious reasons,
This is because as pointed out by Mooney (1977), the seismic
computed depth does not necessarily apply beneath the shot
points but beneath the centre of the profile.

Finally, test drillings for groundwater supply are
recommended in order of priority at the location of VES 7,

VES 1, VES 5 and VES 6.



98.

REFERENCES

Ajakaiye, D,E., 1970, A pgravity survey over the Nigerian
younger granite province; Geology of Nigeria,
edited by C.A. Kopgbe, Elizabethan Publishing

Company, Nigeria, p., 208

Ast'n, M.W, and Verheijen P.J.T., 1978, Resistivity Model
programme: RHO - A version 2, Unpublished Computer
program, Department of Physics, Ahmadu Bello
University, Zaria,

Akpoborie, I.A., 1972, Hydrogeological Control of the
structures along Samaru creek: Unpublished B.Sc.
thesis Geology department; Ahmadu Bello University,
Zaria,.

Baimba, A.A,, 1978, Resistivity and refraction seismic
methods for groundwater exploraticn at Zango,
Kaduna State: Unpublished M.Sc. thesis Physics
Department, Ahmadu Bello University, Zaria,

Burke, <.B.S., 1870, A review of some problems of seisnic
prospecting for groundwater in surficial deposits:
Mining and Groundwater Geophysics, Morley (ed.)
Geolopical Survey of Canada, Economic Geology

Report, No. 26, p. 569 - 577.



99,

Cratchley , C.E., 1860, Memorandum on water supply at the
Bank Manager's house, Malumfashi: Geological
Survey of Nigeria Report, No., 1227 »n. 1 - 9,
Davis, S5.N, and Dewiest, R., 1966, hydrogeology:
New York, J. Willy and Sons, Inc.
Dewis, J. and Freitas, F., 1970, Physical and Chemical
methods of soils and water analysis: Rome, Food
and Agriculture Organization.
Dobrin, M.B,, 1966, Introduction to geophysical prospecting:
New York, McGraw-~-Hill Book Company, Inc.
Flathe, H., 1970, Interpretation of geoelectrical resistivity
measurements for solving hydrogeological problems:
Mining and Groundwater Geophysics, Morley (ed.), Geol.
Surv, Canada, Economical Geology Report, No. 26,
p. 544 - 555.
Grant, F.S8. and West, G.F., 1965, Interpretation theory in
applied Geophysics: New York, McGraw-Hill Book
Company, Inc.
Geophysical Co., 1976, Operation manual for the geophmeter -
Gish - Rooney type - model 10, Virginia.
Griffiths. D.H,;, and King, R.F., 1975, Applied reophysics
for engineers and geclogists: London, Pergamon Press.
Hallof, P.G., 1962, The use of resistivity results to outline

Sedimentary Rock types in Ireland: Mining Geophysics
SEG (ed.), Vol. 1 p, 18 - 27.






