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ABSTRACT

Tenperature maps were produced based on the data

coll ected on:

(a) Water tenperatures from 63 boreholes tapping water

from the artesian aquifers of the Chad Fornmati on,
(b) Mean annual ground surface tenperature for the state.

Tenperatures of ground surface and water in the borehole.
were plotted on X-axis against depths to the md screen
positions in boreholes on Y-axis of a graph. Based on
this, the map of the geothermal gradient was produced.

The map shows NW _ SE el ongated geothermal anomalies
possi bly correspond to troughs in the basin or correspond
to fracture zones through which intrusions took place or
represent concentrations of radioactive materials in the
sedinents or in the basement below, while the cool

anomal i es correspond to the ridges in the basin.

Usi ng the graphical extrapolation nmethod, the tenper-
ature maps at 100m above nean sea |level, at sea |evel
-100m bel ow nmean sea level and at -200m bel ow nean

sea |level were produced.

The geothermal gradient in the basin ranges between
2.00 and 6,00 °C/100c and there is a general trend that

the gradients are higher towards the | ake.

Areas with higher gradients reflect higher water

tenperatures and this affects the PH and Eh of water.
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The warm artesian waters have low pH values and this
coupled with the high tenperatures, increase the disso-
ciation rates of sone elenents (eg. Fe™ end Na* ) and
salts. The higher iron concentrations in the waters
fromthe Chad formation aquifers could therefore be

related to the high tenperatures.
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Chapter 1

INTRODUCTION

1.1 Ob tiv of the Pro t

The objective of the project is to investigate the
temperature gradient in the Chad Formation of Borno State
based on the data of numercus borehcles drilled in the
area. The possibility cf exploiting the heat reservoir
for tha generation of electricity and to see if minerals
could be extracted from the steam and the super heated
water at great depths was also considered. The investi-
gation is also aimed at finding more information about
the geology of the Chad Basin sediments, especially the
nature of the aquifer sediments, levels at which the
aquifers are found and their areal extent. It also

examines the effect of temperature on the water quality.

1.2 Location, Extent and Accessibility

The study area is located in the extreme North Eastern

part of Nigeria, bordering Chad, Cameroun and Niger Republics.
It covers more than half the total area of Borno State and is

°N and 13°10"N

approximately situated within the latitudes 11
and longitudes 10°E and 14030"8, covering an area of about

85,400km? (Figs. 1 and 3).

The area is easily accessible with a good network of

highways and secondary roads.

1.3 Previous Work

A lot of investigations have been carried out by aroups

of workers such as Barber, 1965, Barber and Jones, 1968,
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Carter et al., 1963, du Preez, 1965, and others for the
Geological Survey of Nigeria. The purpose of their investi-
gation was to determine the geonlogy of the area and to
evaluate the extent of the artesian aguifers and the
possibilities to exploit them as the snurce nf water for

this semi-arid region.

Later investigations carried out by consultants in the
nineteen seventies for the Borno State Government, Federal
Department of Water Resources, Chad Basin and Rural Develop-
ment Authority and Lake Chad Basin Commission were all aimed
at evaluation and exploitation of the water resources in the

Chad Formation.

Up to date there has never been any significant
research aimed at investigating the temperature gradient
in the aquifers of the Chad Formatlon, though Miller,
et al (1968) carried out a research work and came to a
conclusion that water temperature of 31°C is obtained

at a depth of 36m below the surface for the Chad Formation.

1.4 Methods of Investigation

Mean annual surface temperatures for the area under
investigation were gathered at different meteornlogical
stations in the State manned by Borno Accelerated Develop-
ment Area Programme (BOADAP), Borno State Water Board, Lake
Chad Research Institute and Maiduguri International Airport.
A surface temperature map was produced based on the data
collected, (see Fig. 13). Temperature at any point on the
map serves as a reference surface temperature used in the
extrapolation »f temperatures at different depths, which in

turn were used to produce temperature maps for the respective



depths. The mean annual surface temperature represents the
mean dally temperatures for twelve months in the year summed

up over twelve.

Temperature data for aguifers from which boreholes tap
water were read at the surface durinc the pumping tests.
Readings were taken after many hours of pumping. It is done
in this way to enable the water temperatures at the surface
to stabilize, because it 1nses heat t» the surroundings
during ascent in the borehole. From the initial stages of
pumping, more heat is lost, but as the surroundings get
warmed up, the rate of heat loss decreases until it
approaches a static level, i.e. when the readings are taken.
The temperature reac will therefore be only slightly less

than the water temperature in the aquifer.

On the basis of the mean annual temperature on the
ground surface and the approximate water temperature in the
aquifer measured at the surface, temperatures at various

depths were extrapolated using a graphical method as follows:

Depth of borehole is plotted on the Y-axls against
temperature nﬁ the X-axis. Mean annual surface temperature
reading for that location is plotted on the graph and that
coincides with the elevation of the borehole with reference
tec the sea level at that point. Another point for the water
temperature is plotted on the graph, and this point coincides
with the mid screen positicn at the bottom of the borehole.
Elevation of the mid screen position is also referred to the
sea level. The two points are joined with a straight line

and the line is extended to depth. Temperature for any



desired depth can be read from the agraph. (see fig. 2).
Note that the graph will not centinue as straight line
when the basement 1s reached because the temperature

gradient in the basement is less.

For illustration purposes, the following data are

considered:

A borehole located at Kukareta, 350m. above mean sea
level, taps water in the middle aquifer at 400m depth. The
water temperature during pumping test was 40°C and the mean

annual surface temperature for Kukareta is 30°%C.

From the graph (fig. 2). the extrapclated temperatures

for the following depths are:

+ 300 mamsl - 31.4°C
+ 200 mamsl - 33.9°C
+ 100 mamsl - 36.3°%

sea level - 38.9°C
- 100 mbmsl - 41.2%
- 200 mbmsl - 43.7°%
- 300 mbmsl - a6, 2°C

As indicated in the appendix, water temperature readings
are representative of the aguifers of the Chad Formation of
Borno State. Apart from the temperature data, lithological
lecgs, drilling and casing depths data plus location =
coordinates for all the boreholes were collected for the

purpose of the investigation.

1.9 Relief and Drainage

The area is generally a flat lying sedimentary terrain
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with some undulations produced by ancient sand-dunes and
abandoned stream courses. The land surface aenerally dips
towards lake Chad, with the lowest elevaticn of about 280m
above mean sea level on the lake shores. Towards the
periphery of the basin, the elevation of many areas

reaches 450m above mean sea level.

Over all drainage of the arcea is simple Main rivers
like the Yadzaram, Kumadugu gana and Kumadugu Ycbe flow
into Chad following the general dip direction of the
terrain. These rivers have thelr catchment areas in the

high surrounding basement regions.

The undulating nature of the terrain controls the
drainage pattern of minor rivers and streams. Water from
the streams and rivers normally ends up recharging the

aquifers in their vicinity.

1.6 Climate, Vegetation and Land Use

The area has a semi desert climate with rainfall

ranging from 600mm in the southern part to about 300 mm in
the northern part during wetter years. Maiduauri recorded

a rainfall of 457 mm in 1985 and 517.5 mm in 1986.

The vegetation is a sahel savannah type, with low
grasses and thorny bushes. On the shores of Lake Chad,

Savannah wood land exists.

The area is suitable for short period varieties of
crops like millet, guinea corn and groundnuts. The black
clay seoils (Firgi) covering the eastern part of the region

near Lake Chad are very fertile and suitable for wheat .



cultivation. The activities of the Chad Basin and Rural

Development Authority are concentrated in this area.



Chapter 2.
GEQLOGY AND HYDROGEOQOLOGY
e | Cainozoic Chad Basin

Most parts of Chad Basin are occupied by QQUHternary

sands and alluvium called the Chac Formation which overlle
older sediments in msny ~raas, (Farber, 1965)., It is an
inland drainage dzpressicn borde 24 v both basement and
Lower Paleozoic sediments. Duriig the Quaternary period,

the areal extent of Lake Chad was greater than it is now

and it spilled over intno the Benue River.

The present Lake Chad lies at about 280m above sea
level with Chari as the main river drainina into it from
Chad republic. The rivers that drain into the Lake Chad
from the Nigerian portion of the basin include: Kumaduau

Yobe, Kumadugugana and Yadzaram.

Geophysical evidence (Cratchley 1960) revealed that
the deepest part of the sedimentary basin extends North -
East from the Benue Trough, beneath Lake Chad and on towards
the north eastern boundary of the Basin. Beneath Maiduguri

it is 2,500m deep and about 4,000m around Gajiram.

Litheolngical information exists only for the top 1,044m
of the sedimentary seccuence of the basin beneath Maiduguri.
Recent drillings for ©il near Gajigana, about 60 km north of
Maiduguri has revealed more of *he sequences. Continuity of

the Cretaceous sediments beneath * the Chad Formation has bee
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proved and depth of 3,640m has been drilled through without

reaching the basement (see Fig. 4),

Of all the thickness cf sediments in the Chad Basin,
the upper 1,000m of the total consists of Chad Formation
c¢lays and sands of Quaternary age. The rest is made up of

the Cretacenus sediments.

The Quaternary Chad Formation rests unconformably on
the older-beds. 1t buries a varied topoaraphy and consists
of fluviatile and lacustrine clays and sands; with lenses of
diatomites up to a few meters thick, (Wright, 1985), Bones
of mammals have been recovered, but few other fossils are
found, apart from diatoms, which indicate a Lower Pleistocene
age. Tattam (1943) discovered a jaw of a hipopotamus in a dug
well at 60m depth and based on this he assigned a Quaternary
age to the Chad Formation. In the deeper parts of the basin,
where the Chad Formation may reach 1,000m, the stratigraphic

succession probably extends down inte the Pliocene.

Detailed information of the Nicerian sector of the Chad
Basin is provided by the numerous bonrehcles drilled in Borno

state to evaluate and expleit the artesian water (see Fia.5).

In 1950 work was started on the drillina nf the Maiduauri
Deep Test Hole (222 MA) which was to have been pushed teo a
depth of 1220m to investigate the possibility of finding
deep water - bearing levels in the Chad Formation sediments,
but Barber and Jones (1960) reccrded that the hole was

abandoned at 1044m., A complete lithological description of
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the formations encountered by the hole is not available.
All that is known is that thick sandy beds were penetrated
between 426.7 and 579.1m, and that very thick Cretaceious
sediments - mainly black marine shales = nccur between
623.9 and 1044m. However, there are complete lithnlngical
descriptions for the boreholes recently drilled under

Maiduguri reaching 643m, (see appendix).

These shocw that litheclogies seen in the surface outcrop
extend to depths of hundreds of meters with clays as the
dominant litholegy. There are thick sands and sandstone
lenses, which are the aquifers and bands of diatomites also
occur at deeper levels. Numerous boreholes drilled in the
formation exploit water from three levels of aquifers designated
by Barber (1965), as the Upper, Middle and Lower aquifers,

(see Fig. 8).

There is a great lateral variation, with the sands
occuring as lenses of variable thickness among the clays,
which are bluish or grey and contain small amounts of
calcareous materials (Wright, 1985). Shaly layers occur
at deeper levels. The sediments accumulated in a fluviatile
and lacustrine environment, the sandy lenses probably laid
down as alluvial fan depecsits along lake maroins in times
of flood. The clays represent deposition under less
turbulent conditions, either away from the lake shores
or at times of low river flow. The deposition of the 1
diatomite alsc occured under quiet conditicens, when little
detrital material entered the lake and the fragile diatom

skeletons could accumulate.




Apart from the lateral variation in thickness of the
sands of the aquifers, they display arain size variation,
ranging from silty sands to gravel. The aquifers become
dominantly gravelly towards the periphery ~f the basin as
revealed by boreholes in Banki, Gulumba, Dar-El-Jamal in
Bama Local Government Area. The qgravelly nature ~f the
sands could alsc be seen in boreholes in Damboa and Nouru

Local Government Areas.

Some of the sands of the Chad Formatien are aeolian sands
deposited as sand dunes. They are thick enocugh tc serve as
aquifers in the extreme North of Borno state, in Kukawa, Geidam
and Nguru local Gevernment Areas. Typically, they are fine
grained and well sorted. Such aguifers hardly exceed 70m
depth. Sanding is a common problem of boreholes in these

areas and all wells are therefore gravel packed.

From the above discussions, it can be seen that the
later history of the Chad Basin was a vast plain with many
rivers draining into one or more lakes, probably well vegetated
and well stocked with animals. Towards the end of the
Quaternary, the climate became more arid with aeclian dune
sands accumulating in the northern part by about 20,000 -
40,000 years ago. A more humid period returned between
9,000 to 5,000 years ago when Lake Chad reached its maximum
extent (Mega Chad), and Lake beds fonrmed overlying the older
dunes. Servants (1970) traced the dunes beneath the lake

deposits by echo sounding in the neighbouring Chad Republic.



This indicates that the lake bettom was once dry. The
boundary ©f Mega Chad is marked by a prominent ridge called
Bama Ridge in Borno State (Burke et al., 1976b.). It is
traced runninc NW - SE passing through Maiduguri to Bama.

The sediments »f the Bama ridge are mainly aravelly sands with

clays.

The sequence of the sediments ~f the Chad Formation
dip towards Lake Chad reflectinag the slope of the surface
topography. The lake itself is 280m above sea level while
Maiduquri which is 157 km south west of the lake is 330m

above sea level.

Durctoye (1974) pninted out that there is an abrupt
thickening of the Chad Fnrmation sediments inside the
Bama Ridge. Borehole records cenfirm the aeneral
thickening of the sediment seguence of the Chad Formation
towards Lake Chad. The Upper Aquifer is found as patches
all over the fnrmation area. The Middle aquifer is found at
abcut 200m depth under Maiduguri. Closer to the lake,
borehnles tap water at depths of 300 - 370m in the Middle
Aquifer. This is seen in borehnles located in Monguno,
Kukawa and Ngala-LGCal Government Areas (see Fig. 6). The
Middle Aquifer in these areas, is overlain by a clay and
shaly clay aguiclude of .about 300m thick, and it is under
high pressure with water temperatures relatively higher
compared to the temperatuwe of water in the same aqguifer

at Maiduouri and other plasces further away from the lake.
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The artesian pressure head deckeases with distance
from the lake to a subarteslan situation with thinner
confining clay aquiclude For example, the confining clay
under Maiduquri is 180m thick and the pliezometric head is
30m bel w the ground surface. 1t used tn be 10m below
the ground surface but continuing extract.on of water has
made it oo down. A thin layer of the Upper Aquifer is

present on the clay depnsit in some places around the town,

The Lower Aquifer under Mailduquri is separated from
the Middle Aguifer by a confining clay layer of about 280m
thick. It was a free flowing aquifer in the early nineteen
seventies, with pressure level of 10m abnve the surface.
Over extraction has now caused the head ter go down to a
depth of about 40m belrw the ground surface Water temper-
atures from the aquifer ranoes between 48 - 50"C At
Gajigana, 60 km North of Maiduguri, the Lower Aquifer is
found at a depth of about 600m below the aqround surface
in the o0il exploration wells. A deep borehole drilled by
Chad Basin and Rural Levelopment Autherity near Lake Chad
has indicated that the Lower Aquifer has been reached at a

depth of B0O0m.

Hydraulic characteristics of the Chad Formation aquifers
are highly variable because »f the vertical and horizontal
variation in lithology and aguifer thicknesses Trans-

missibilities are highly variable althcugh the aguifers

are generally very productive.
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Many test and precduction hcles have been sunk in the
Upper Aquifor in the state. It consists of beds and lenses
of conarse and very ccarse sands, sometimes clayey or gravelly,
interbedded in what is predominantliy clayey formation. The
lenses vary in thickness, lithelooy and permeability, Test
data from different parts of the state show that the

.
transmissibilicy values renge between 7.50 x 10 -

1.00 x 10-3 m?/s4

The Middle Aquifer which is a confined Aguifer has been
encountered within the Chad Formation throughout the State.
It consists of sands ranging from crarse to fine; sometimes
clayey or cemented and occuring in beds or thin layers
interbedded in the Chad Formation clays. The aguifer ranges
in thickness from 15 to 30m. Its top is marked by a level
of oxidized clayeay sands or clay ranaing in celour from
yellow to red. The waters of this aguifer are always under
pressure, and in the vast area between Maiducuri and Lake
Chad the pressure is sufficient teo ensure that bnrehnles are
free flowing with high yields near the lake in Moncunn and

Kukawa Local Government Areas.

Using a modified Theis - Jacob formula for artesian
aquifers, transmissibilities obtained from pumping tests

[ =
vary from 2.50 x 107~ mz/s o 7.68 x 10~9 m2/s.

The Lower Aquifer under Maiduguri has been found at
depths between 420 - 510m. It is formed of fine to coarse
sand with levels of sandstone, clayey sand, sandy clay
alternating with clays. The permeable levels are the sands

and sandstones whose thicknesses vary from 1.5m to 4.5m. The
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same horizon 1is represented at Muna farm some 19km NE of
Maiduguri by a few thin bands cof sandstone, and at Kunasi
by s me 19m c¢f practically impermeable clayey sand.
Transmissibilities for the aquifer as determined from

4

pumping tcsts range between 1.2 x 107 w?/s te 2.50 x

2.50 x 102 m?/s.

Acuifers in the Chad Formation are shallower and tend
tc converge near the periphery of the basin. This is common
with borehcles in Bama and Dambea Local Government Areas.
Where Middle and Upper Aquifers exist in these areas, they
cannot be distinguished. Around Bama for example, the two
aquifers form a continous phreatic zone of gravels and
coarse tc silty sands with thin clay layers. This zone
extends from 40 te 200m belrw the ground surface. In
some places it is phreatic from the grrund surface down

te the basement.

In the neighbouring countries of Camercun, Chad and
Niger Republics, it has been ascertained that the recharge
regions of the Middle Acuifer are near the periphery of the
basin and the recharge water flows underground towards the
lake. This, however, is not for certain in Nigeria, though
Barber (1965) has argued that it cculd be the same for the

whole Chad Basin.

Elsewhere in the Chad Formation area, the Upper Aquifer
is not generally confined. It receives its recharge water
from the rain during the rainy season and from the seasonal

Streams and Perennial Rivers flecwing over the plain. These



Rivers and Streams recharae the aguifer in their immediate
vicinities. The abn rmal water table rise in the Upper
Aquifer during Nevember - December nnted at Maiduquri is
explained by the hiagh water discharaes in the River Ngadda
at the end =-f the rainy seas~n in September t- Octnber.
Hand duc wells that tap water in the upper freatic zone cf
the Chad F rmati~-n in the n-rthern part «f Bornn State,
went dry during the dr~ught perirds ~f 1983 - 84, The
water level in the Upper Aquifer went drwn as far as 50m
belnrw the ground surface. All the boreholes which alsc
tap water from the Upper Aquifer stopped functioning
because their pumping levels lie between 30 - 40m below

the ground surface.

However, as mrre rain started tc fall frem 1985, the
Upper Aquifer was recharged, and mrst nf the wells which
went dry in 1984 are now prrductive as the water level has

now risen to abrut 25m belrw the ground surface.

2:d Cretace~us Chad Basin and the Basin

Subsidence
According te Barber (1965), the histeory ~f the Chad

Basin bc¢gan during the Upper Cretace~us when 1000m nf
cnntinental sediments consisting of hima Sandstones were
deposited unconformably ~n the Precambrian basement. The
Gongila Formaticn, a mixed limestrne shale, was deposited

by marine transgressicn on the Bima sandstone. These beds
are nverlain by marine Fika Shales of Turonian tr Cenomanian
age. Towards the end ~f the Cretacenus an esturine - deltaic

environment prevailed and the G-mbe Sandstrne was deponsited



with intercalati~ns ~f siltstones, shales and ir~nst~-nes.
The Pale:cene marked the perind ~nf deposition ~f the

Kerikeri Frrmati-n.

The Chad Formation nverlies these Cretaceicus marine
sediments in the basin, (see Fia. 9). These Cretacecus
sediments occupy the north eastern end of the Benue Trough
where it enters the Chad Basin. Brrahnle data indicate
that they thicken crnsiderably trwards the n~rth east.

More thén 400 m have been prnved beneath Maidugquri and
3000m bencath Gajigana, (see Figs. 9 and 4 respectively).
Under Maiduguri, they consists of the Kerikeri Fnrmatinn

{a paleccene continental sediment), Gembe Sandstones, and
Fika shales. These Frnrmations nutcrop in the snuth west cf
Bornn state and brorehcrles in Fika, Fune and parts nf Gujba
Lncal Government Areas tap water from the sandstrnes ~f the
Kerikeri Formation and Gombe sandstrne. Marine Cretacerus
sediments could exceed 4000m in thickness in the deepest
parts of the basin, but insufficient brrehrle data are
available to determine the extent ~f correlatinn between
sediments in the main part of the basin and those exp~sed in

the west.

There is little evidence cf significant Lower to Middle
Tertiary sedimentation, which means that after the sea
withdrew at the end of Cretacenus, the Chad Basin must have
been an area of non marine deprsition and remained sc far
almost the whole of Tertiary, (Wright, 1985). The Kerikeri

Formation, a Paleocene Cnontinental Sediment was depnsited
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durina this break. French equivalent for the Kerikeri
Foarmation, as desc¢ribed by Lake Chad Basin Commigsion for
the wh~le Basin, crrresp~nds t~ the phreatlic L-~wer z-ne
aquifer ~f Lower Plincene and Terminal Crntinental Aquifers
(Lower, Middle and Upper), See Fio. 9. As the pericrd ~f
sedimentatinn resumed after the break, which led t~ the
deprnsition ~f Chad Frrmati-n, the Basin started to subside
again at abrut 2.00m.y ag~ and this can be assrciated with
the uplift of the swells round the basin that lead tr the
difference in height which was necessary for the sedimentation
to begin. The uplift was assnciated with the onset ~f late
Tertiary - Quaternary volcanism on the Jos and Biu Plateaux,

(Burker et al., 1976).

Some basic intrusive materials have been encruntered
in deep bureholes in Maiduguri and a deep test hole sunk
near Bama (Bama Deep Test Hnle No. 3 GSN 2975) also
enccuntered basaltic lava at a depth of 215m. The basalt
could have been extruded from faults almng the edge rf the
Chad Formation basin and tr some extent cecntemporanenus with
the depesiticn of the Formation. Indirect prenf of the
existence <f buried faults 1s pro~vided by the presence nf
basalts, phenolites and rhynlite lavas (usually assnciated
with deep tensicon fractures in the earth's crust) which
outcrop in s-me areas arrund the margins ~f the basin

between the Chad Frrmatinn and its basement.

Geophysical evidence prnvided by Cratchley (1960),
sugaests that Cretaceous beds fill the broad troughs within

the basement. One major trough with a WSW - ENE trend has
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a depth «f 3500m and is filled with 3000 m nf Cretacenus
sediments. The trrughs in the Chad Basin have a gimilar
trend to structures in the Benue valley and may have f~rmed
either by rift faulting ~r frldina, (Cratchley, Ajakaiye
and Louis, 1984). Fur~n (1963) sucaested that the Chad
Basin was a tectrnic cross-print between a NE - SW trending
Tibesti - Camercun trough and a NW - SE trending Air - Chad

tr‘ugh.
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Chapter 3

GFROTHERMICS AND HYDROCHEMISTRY

3.1 Geothermal Gradinng

vater temperatures from Horeholes tappinq the
Upser Aquifer range betwser 725 - 33”C. For the Middle
Aquifer, the range is betwee, 34 - 51°C, and for the
Lower Aquifer, which has been reached only under

Maiduguri, has a range of 47 - 50°cC,

Many boreholes tap water from the Upper Aguifer
all over the Chad Formation in the State where the
aquifer is found, and the small temperature differences
are mainly due to the depth at which water 1s being

tapped. This aquifer interacts with the atmosphere

in most places.

The Middle Aquifer is the most explecited in the
state. Many boreholes tap water from it all over the
Chad Feormation. It has the highest temperature range

(34 - 51°C) and this could be due to many remsons:

(1) Some of the poreholes tapping water from the
Middle Aquifer alsc tap water in the Upper Aquifer.
For exampley; borehole Number 31 located at Benisheik,
is screened at two positions: 47.39 - 53.47m in the
Upper Aquifer and 159.53 - 165.61m in the Midédle
Agquifer. -~1The mixing of the cool water from the

Upper Aquifer and the warm water from the Middle
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Aquifer is responsiple for the lower temperature of

337 which is not expected of the Middle Aquifer.

(2} The Middle and Upper Aquifers converge towards

the margins c¢f the basin. In places like Bama,

Kumshe, =tc, the two aquifers merged and form a
continous unconfined freatic zone. The free interaction
between the aquifer and the atmosphere 1s responsible
for the low water temperatures. Boreholes number 35,

36 and 37 have temperatures of 31°C, 35°C and 349

respectively. They are screened at depths of between
123m to 184m below the ground surface. Expected
temperatures should be higher than these if only the

confined Middle Aquifer is being tapped.

(3} The depth at which the aquifer is found at a
particular location. There 1s a general tremd of dip
and thickening of the Chad Formation sediments towards
Lake Chad. For example, along a SW to NE direction
from Benisheik through Maiduguri to Lake Chad, it can
be seen that the top of the Middle Aquifer is found
at a depth of 150m belew the ground surface at
Benisheik, and the water temperature is 33°C (BH'S
No. 31, taps Middle and Upper Aquifers); at Mainok,
between Maiduguri and Benisheik, the top of Middle
Aquifer is at 221m and the water temperature is 34°C,
At Maiduquri most of the Middle Aquifer borehcles

tap water at depths between 224 - 240m below the

ground surface, water temperature in most of the
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wells is 38°C, Between Maiduguri and Monguno, most
poreholes tap water in the Middle Aquifer at depths
between 290 - 317m below the ground surface. Water
temperatures range between 39 - 48°cC, Examples: BH 5.
Ne. 28, locateo at Dawula, taes water at 3¥7 - 313m
below the grcund surface and the water temperature

is 47°c. BH S.Nc. 23, at Kumaliwa, with screen
position at 323 -~ 353m, and the water temrerature is
48°C, Well S.No., 26 located at Abadam on the lakeshore,
taps water at 340 - 3€64m below the ground surface and

the water temperature is 50°C.

From the above examples it can be seen that there
is a gradual increase of depth to the top of the Middle
Aquifer towards the lake, (see fig. 6). The increase
in temperature with depth also follows the same trend.
It can also be observed that there is a greater
increase in temperature with depth from Maiduguri
towards the lake along this trend. The rate of increase
per every 100m depth 1is evaluated below using the data

in the example above.

Midscreen| Water !SurfaceIGeotherﬁal

Location Fosition |temperdtemper— Gradient
(m) ature |ature (°C/100m
(2c) (ec)
Mainok (West of M/quri) 221 34 2R 2.7
Maiduguri 240 38 29 g W gl
Dawula 310 47 i BeD
Kumuliwa 340 48 30 53

Abadam (on lake shore) 350 50 32 5.2
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Gradient Calculations in oC/l"Om

The Gecthermal Gradlent is computed using the formula

G = (T « t) 100
o
where C = Geothermal gradient
T = Temperature of water in °C pumped
from the well at the end c¢f the pumping
test.
t = Mean annual temperature at the ground
surface, in °C.
D = Mean depth to the Midscreen interval, in
meters from the ground surface.
Mainok - (34 - 28) 100 . 2.79¢/100m
221
Maiduguri = (38 - 29) 100 = 3.75°C/10Am
240
Dawula = (47 - 32) 100 = 5,59C/100m
31

Kumaliwa - (48 — 30) 100
340

= 5,3°C/100m

Abadam ~ (50 - 32) 100

= o
350 = 5.2¥C/100m

From the above agradient of 2.7°C/108m West of
Maiduguri to about 5°C/100m near Chad Lake, it is
apparent that the gradient increases alecng this trend.
The increasing gradient indicates that the basin is

deeper and the sediments are thicker towards the lake.
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3.2 Expl an > t =

The temperature maps include:

(1) Map of mean annual surface temperature (fig. 13).

(2) Temperature map at 100m above mean sea level,
(fia. 14).

(3) Temperature map at sea level, (filg. 15).

(4) Temperature map at - 100m below mean sea level,
(fig. 16).

(5) Temperature map at - 200m below mean sea level,
(fig. 17).

The surface temperature map was based on the data
of mean annual surface temperatures measured at
different meteorological stations all over Borno State
and supplied by the Ministry of Agriculture, Borno
Accelerated .Development Area Programme (BOADAP), Lake
Chad Research Institute, Borno State Water Board,
Maiduguri International Alrport and Chad Basin and

Rural Development Authority.

The rest of the temperature maps were drawn with
the sea level as the reference point. The sea level is
chosen instead of the ground surface because of the
complicated nature of the surface topography, which is

made of hills, valleys, high regions and low reglons.

Temperatures starc to increase with depth
immediately from below the ground surface or immediately
after the zone of surface influence irrespective of

the surface topography.
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This increment is in accordance with the geothermal

gradiant,

From the maps, it appecars that tempetratures are
higher in the West than in the East (near the lake).
The high temperature areas in the West stand at least
400m above mean sea level, while in the East, near
the lake, the highest lanc¢ surface stamds at 280m above
sea level. When the tenperature at sea level is
considered, temperatures of up to 47°C are measured
in the waekt, while.the highest temperature measured
near the lake is 44°C. There are at least 400m of
sediments overlying the sea’level in the west, while
in the east, there is only 280m of sedimehts owet}§ing
the sea level. Despite the low temperatures at sea
level near the lake, it will be seen that the temper-

ature gradient is higher there when it is evaluatec.

Example

west - (47 - 30) 100

4.25°c/10Mm
400 /
East = (44 - 31) '10.‘ = 4.7 C/‘l")Om
280

The values of the calculated pradlents are
approximate because the surface temperatures used affect
the calculation. Moreover there might be some errors
in the methods used in reading the water temperatures as

well as in reading the surface gepperatures.
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Secondly, temperature gradient is stesper with depth,

but in the calculations, 1t is assumed that there is

a uniform gradient with depth in the sediments. In
acditicn, all the wells used are shallow water wells.
The few 0il explcration wells have shown approximately
the same cradient (2.6 = 3.2°C’100m) as the shallow

wate~ wells in thae same locality.

‘nomalous temperature cr:dients which could bae,
due to valleys and ridges in the basin floor,
concentrations of radio active materials in the
sediements and in the underlying basement rocks of the
basin exist in isolated areas in the depression, but
because of insufficient borehole data it Is assumed that
the general increase in the temperature gradient is
towards the lake which reflects the increasing thickness

of the sediments in the basin.

Parameters in table 1 were u3ed to prodnuce the
of Geothermal gradient for the 'Chad Formation area,

(Fig. 1C0). From the map, c>0l and warm anomalies gy uld

be observed and these may be due to the reasons stated
above.
3.3 Possible Sources and Reasons for the High

Temperatures as such Sha.low Depths

(1) During the process of deposition of sediments in

a sedimentary basin, tomperature rise accompanies burial.
As the earlier sediments are buried deeper by the
accumulation of later materlals, more pressure is

exerted at the bottom.
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.C'_TABLE 1s  P4R/METERS OF WATER WELLS USKD FOR BLABORATION

4.....;

T CHOTIERMAL GRADIENT

Borehole Depth to the Water Ground Durat-  Geo-

Wamber  mid of seveer PR BTt o oing gradient
ground surface og aggre ggsﬁsin 00/100m

245/M4 477.54 50 29,0 28 4.4
268/MA 472,15 47 28.90 6 3.83
T 267 465,%4 50 29.0 48 3,51
266/MA 581.4 47 29.0 30 3.13
27/513/%DG 200.47 38 28.3 8 4.63
16/68/N1 292,98 | 39 30.0 12 3,08
16/53/66 264.4 38 29.0 7 3,41
16/96/1G 261.50 36 29.73 12 2,56
16/61/0¢ 278.73 38 29.5 7 3.05
15/237/NG 316.42 39 30.5 8 2.69
15/226/MTL 339.31 38.4 30,2 8 2.42
15/225/%¢ 3%6.92 40,4 30,0 7 3,09
15/238/BNK 294 .46 39 30.4 7 2,93
15/235 /MU 389,2% 39 29.6 7 3,04
15/228 /NG 345,87 50 30.6 7 5. 60
15/286/sUG 283,84 38 29,7 14 2.92
15/227 /NGO 298,46 40 30.3 7 3.25
15/223 /NGT 307,76 40 30.6 8 3.05
15/321/Th 311.87 45 30.3 15 4477
15/222/ED 398,74 51 29.8 28 6.44
15/224 /Kum 338.09 - 48 30,6 7 | 5.15
15/200/Gu 352.9% 40 30,5 7 2,69



BasEhole Depth to the Water Ground Dmra Geo=
e e T e, Dl
ground surface ature test in
O 0@ hours OC/‘IOOm

15/231/KR 307,76 38 3% 2 9 2,14
15/339/ i3 352,00 50 32 20 5.11
14/236/1D 324,00 39 31,8 48 2,22
16/95/DL 310,00 4 30.3 47 5.26
15/347/sM 306,00 39 315 45 2.45
25/173/KT 234,21 40 27.8 72 5.21
26/260/BSK 106,50 33 28 22 4,67
26/261/Mi 230,93 34 28.3 19 2.47
14 /294 /MG 282,52 40 29,2 18 3.82
23 - BL 182,42 31 28,0 48 168
22 - Bi 191,61 35 28.0 50 3.67
33 - Bi 153.78 34 27.9 8 3.96
16/62/WL 141,96 36.9 28, 1 7 6.2
28/142/GL 150, 66 37 28,3 7 5426
25/190/FN 155.66 39 27.8 8 4481
36 - GA 99.04 36 32 96 4.7
13/297/DPL 159,84 37 30,7 48 3.94
5 = DA 155, 24 4 27.9 8 3.94
I - Da 266,54 36 27.8 7 3.07
25/154/GB 189,22 33 27.0 8 2,65
12/374/77T 169,50 35 32.7 8 1435
15/365/GR 369.00 41 30.4 10 2.87
28/ 158/ DBz 186.00 36 27.8 ® 4,41
Mashio 120.6 30 27.8 8 1.82
Ban Alewa 108, 2 30 27.6 10 2:22
26/315/GM 14245 33 26.8 L 2.34
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Heat Is produced by compression. Such geopressured

zones are geothermal filelds thal have attracted attention
in the last ten .vyears or so, (Lumb, 1981).

These are most likely to occur in deep sedimentary basins
where fossil ground water has become lockecd up in
sediments, #nd ss the rocks become depressed, have been
ralsed to higher temperatures, and to maintain tie

pressure, a Jdeep cap rock is required.

Those eopressured zanes that have been investigated
to date have been assoclated with deep 0il fields, for
example, in the American Gulf States, and their

discovery was a by-product of petroleum exploration.

The high pressured, warm water artesian aquifefs
of the Chad Formation appear to be a2 typical geopressured
systems. The thick clay deposits which confine the
aquifers are good insulatora aof heat. According to
Muffler (1281), a geopressured reservoir may just be
regarded as a high pressure sealed container filled with
porous material saturated with compressed water and
dissclved gas. Pull out the plug and_the water and the
gas flow cut. Left to run in this mode, this process
would in effect give us all that water held in pressure
above the natural pressure. This is however a

fraction of the fluld that is avallable 1In the aquifer.

(2) Radiocactive dissintergration in some materials
such as shales in the sediments may contribute heat

to the thermal gradiant in the basin.
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More especially where there is concentration of
radiocactive elements in the granitic and metamorphic
basement rocks underlying the basin, the heat produced

flows into the sediments, (Rinehart, 1980).

Recent ©il well logs in the basin revealed that
there is a continucus 10m thick shale layer which is
highly radioactive at about 1000m below the ground
surface, (fig. 4). The layer could contribute heat to

the sediments.

(3) The source of heat could be from igneous
activities. Much of the earth's crust is heavily
fractured and fissured close to the surface to form
faults. Generally the faults are most "profuse in
geologically active areas such as: sedimemtary areas,
rift valleys, ocean ridges, plate boundaries,
subduction zones and volcanic regions, (Muffler, 1981).
They are the response of rock mass to stress in the
earth's crust which resu t from earth movement and
tectonism. Deposition of sediments causes stresses
to develop. Fracturing relieves the stress. The deep
tension faults provide the channels through which
magma flows out through the crust and intrude into
the sedimentatary basin. The heat which the magma
carries provide the energy for heating the water,

(see fig. 18).

Chad Basin, which is a sedimentary basin, can be
related to this general situation. Geophysical

measurements, using refraction seismic method have shown
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SEDIMENTS

Fig. 18 Typical Geological section of a basin illustrating

magmatic intrusion in the sediments which
serve as heat source.

A RIFT BASIN IN NEVADA
Adapted from Rineheart, 1960 ).
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that the basin floor is made up of complicated valleys
and grabens produced by series of step faulting,
(Cratchley, 1960). Such faults provide the outlet
for the basaltic intrusions in the sediments of the

Chad Basin.

(4) It can zlso be argued that radiation from the sun
might have centributed scme heat. Ac:ording to Todd
(1980), variations in solar energy create periodicities,
beth diurnal and annual in temperatures below the
surface. The insulating qualities of the earth's crust
rapidly damp the large temperature range feound at the
ground surface so that only shallow ground water
display any appreciable fluctuation in temperature.

The surface influence is therefore confined to the
upper thin layer of the earth's crust about 10m deep.
Below the zone of surface influence, the increase 1in
temperature with depth is in accordance with the
gecthermal gradient. In the zcne of surface influen-ze
there is an inflow of heat during hot periods and
outflow of heat in the colc peri>ds (Heath &nd

Trainer, 1968).

In Maiduguri and other towns in Bornc State,
water in pipes shallowly buried in sands becomes heated
up because of the high radiation from the sun between
the months of March to May. Sometimes water
temperatures reach 4OOC in the afternocons, but
thereafter, cools during the night. The heat received

at or near the surface does not affect water
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temperatures deep in thz boreholes. Waters pumped
out immedliately from aquifers have cunstant temperatures,
irrespective of the time of the year, i.e 33°c - 35°%
for Uprer aquifer, 38 - 39°C for Middle aquifer and
48 - 58°C for Lower Aquifer. All these figures are for
Maiduguri town. From the temperature figures it can
be seen that woter stagnant in shallow pipes could acquire
temperatures higher then natural water temperatures in
the Upper and liiddle Aquifers during afternoons of hot
period., Care has to be taken in treating temperature
gradient with depth in such areas, so that the zone of
surface influence does not affect the computation of
the gradient.

A

3.4 Effect of Temperature on TDS, pH of the Water
and associated problems

High temperature increases dissociation rates >°¢
dissolved and undissolved mineral elements, and when
these elements are released in their ionic forms, most
cf the time they result in pH falls. In case of total
dissolved gases, the higher the temperature, the less
the amount of cdissolved gases, this is because gases
are less soluble in water ol high tempera:ure.

The changes may be negligible at lower temperatures,
but as temperatures become higher, they play an important
role in determining the pH and TDS of water, (Swine and
Sehneider, 1971). The relationship between pH and TDS

as shown by consulint (1973), is:
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EC
TDS

]
=

Where K = 0,55 - 0.75, a constant
ant is valid with pH range cf 6 - 9.
EC = electrical conductivity
(measure of the dissociated elements)

in mhos

TDS = Total dissolved solids in parts

per million (ppm).

The equation indicates that TDS is higher at lower

pHe.

Water Mineralization of the three aquifers in the

Chad Formation vary (Consulint Nig. Ltd.), 1375). At
Maiduguri the Upper Aquifer is the least mineralized

with TDS value of 240 ppm. Ca'’ and Na* are predominant

among the cations with Fe***

constituting abecut 1.15 ppm
of the TDS. The TDS of Lower Aquifer is 280 ppm and it
has the highest concentration of Fe**+, constltuting
about 0.56 ppm of the TDS. Na* is predominant among

the cations. In the three aquifers, HCO; - 1is the
predominant anion (see tables 2, 3 and 4),

From Consulint maps, the trend of mineralization
varies towards the lake, Total dissolved solids (TDS)
fiacreases towards the lake in both Upper and Middle
Aquifers, with the Upper Aquifer having the higher TDS
near the lake, with about 1500 ppm, while the Middle

Aquifer has about 1000 ppm. Fe™"" concentration also

increase towards the lake.
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Among the anions, Cl1~ and 504-- become more dominant

in the same trend. It is to be noted that the lower
Aquifer has been reached only under Maiduguri, therefore,
there is no idea about its mineralization towards the
lake. Because of the high salinity of the Upper Aquifer
near the lake, water from it is not tapped for use.

See figures 12 and 20 for the isosalinity maps of the

Upper and Middle Aquifers.

Recent chemical and physical analyses being carried
out by Borno State Water Board for all the boreholes in
the State have shown that the higher temperature water
contain higher dissociated element, Fez*, and the pH
is higher. After coming in contact with the air at the
surface, plus the effect of cooling, the iron is
precipitated as a brownish iron oxlide in pipes, vessels
and bottles. This creates a lot of problems in small
diameter pipes especially in the rural areas in Ngala,
Kukawa and Monguno Local Government Areas. The iron
oxide precipitates inside the pipes and reduces the
life span of the pipes and screens 'in boreholes.

Borehole screens are blocked and wells stop functioning.

Buckets for fetching water, rottles for keeping
water in fridges and other vessels become stained with
brownish iron oxide, which is difficult to wash.
Sometimes it becomes serious and renders household
stensils useless. Water collected in big open
reservoirs for use becomes covered with reddish iron

precipitate, and this renders the water dirty for
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use though not toxic.

Another minor problem associated with the hot
water 1s that, it cannot be utilized immediately after
fetching it from the borehole or tap. It has to stay
for some hours to cocl before people use it for
washings, bathing and drinkirc. Feople using water
from the hot aquifers have tn buy big contalners in
their houses for keeping the water to cool.

Apart fror the iron (F62+), the high temperature
and pressure waters .near the lake contain high
concentrations of CI~ and 5022 anions but nrobklems
associated with these have not been identified.

The problems caused by high iron concentrations
in the deep pressure waters of the Middle and Lower
aquifers are a2lso being experienced in some places
using water from the shallow Upher Aquifer. The hich
iron concentration in shallow low temperature water
of the UpSer Aquifer could be related to some
bacterial activities and surface chemical reactions
as explained by Swine and Sthneider (1971). According
to them, "shallow waters derive their constituents from
the atmosphere and from the mineral and Lacterial
reactions in the soil." Aerated water has an Eh or
about + 0.4V and this favours the oxidation of pyrite,
often present, albeit, in low concentratiocns in
sedimentary rocks. This in turn yields some soluble
iron which is readily deposited as iron oxide under

various conditions.



B

The Eh cof shallow ground water 1s between
+0.2 - 0.4V and connate water is between =0.2 to 0.1V,
pH being 6 - 8. The mixingy will affect the status
of iron and other ions. This could be possible where

twe aquifers have been screened in one borehole,



Table 2 -

Water analysis

(Upper Aquifer)

at Maiduguri

Sample 199 M/

Temperature 0O 3245
PH Te2
Specific Conductance (umhos) 350
™S (PPM) 240

A ta
Battona pDm epm Anions ppm epm Tgpml
—— e — el 1 i
cat? 28, 60 1.4 (:0'3" - -
Na*t 22,50 0.98 HCO5~ | 164.70 2.70
k? 3.65 0.09 suﬁ" trace trace
mgt* 4424 035 g1” 3.55 0,10
HHE+ trace trace No.,, Abun- Abune

X - dant dant
NOB- - -
Poa-—- - -
2.85 2.80

pettt CCO,.15

(Adapted from Consulint,

1973)



Table 3: Water Analysis at Malduguri .
Sample 195 Ma
(Mlddle Aquifer)
Temperaturc °0 40,5
PH 6.8
Specific Odﬁductance (Umhos) 445
7.D.5 (ppm) 310
Catlons ppm epm inlons PP epm g%ﬁai
ca*r 7.65 1 0.38 605" - -
Na* 67.5 2,93 HCO5™ | 181,781 2,98 -
K* 10,20 0.26 50,7 19,58 | 0.41
Mgt * 3.44 1 0,28 o1~ 9.6@| 0,27
+ -
NH4 Trace Trace N62 - -
PO, - -
3.85 3,66
88,79 | 210.96 299.75
Fet?? 0,15

(admpted from Consulint, 1973)




Table 4

Water analysis at Maiduguri

Sample 210 MA

{(Lower Aquifex)

— e s

Temporature °O 50
PH Te3
Specific conductance (Umhos) 400
™S {ppm) 280
. Total
Cat In m Ani
ations D ep nions Ppm epm opm
ga*? 0,80 0.04 co3” - -
+ -
Na T2.0 313 HCO3 183%.0 3.00
k¥ ded 0,11 SOE’ Trace Trace
Mgtt 0,32 0,03 01" 8,7 0.25
NH4+ Trace Trace NOE - -
N03 - -
P04 - -
3.3%9 %.25
77,52 191,7C
rett? 0.56

(Adapted from Consulint, 1973)




ISOSALINITY (PPM)

Well Tooation  TERSR iquifer  ieutfer
Baga 1550 | 1050

Bama 185 200

Banki 245 215

Benisheik 180 198

Pund Yadi 150 198

Damboa 194 179

Damagum 180 175

Damasak 490 800

Damaturu ' 160 | 160 .
Gashua 200 185

Geldam 210 250

Gubio 700 100

Gulum¥a 520 350 p

Kukawa 1400 900

Maiduguri L 230 300 | . 280
Ngala . 1400 600

Nguru 250 | 250

Magumeri 285 300

- P
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Chapter 4
CONCLUSIONS, SUMMARY AND SUGGESTIONS

Frem the discussicrns 1t can be cancluded that the
gerl~gy ~f the Chad Fonrmatien has a direct influence nn
the hydrogeolcgical characteristics ~f the formatio-n. The
interbedding - f thick clay layers and lenses nf sand created
the Genprassured aquifer systems. The decreasino pressure
head ~»f the water in the Middle Aguifer is due t- the
slnping surface tcpraoraphy t~wards the lake. Nearer t~
the lake, the topography is lower and the pressure head
is above the surface and hence all borehnles are free-
flowing. With distance away from Lake Chad the aquifer
becomes subartesian. This is because the surface topography
is higher than the pressure head. Maiduguri has an elevaticn
of 330m abnve sea level and the Middle Aquifer is subartesian
here, while at Baga (~n the lake shore) having an elevaticn
onf 280m above mean sea level ha? a freeflnwing Middle
Aquifer. Depth to the top nf Middle Aguifer at Maiduguri

is 240m and for Baga is 350m

Tih¢ temperature of the water in a aqenpressured aquifer
at shallow depth is a functi~n of the residence time,
transmissivity ~f the aquifer a1d water mrvemest. This
means the longer the water resides in the aquifer withnut
significant movement, it will acquire higher temperatures
due tr heatfl-w rutwards frrm the deeper earth's intericr
and heat produced by radiractivity in shales and clays ~f

the sediments. The confining clays and shales frrm grod

insulators. When the Chad Formation.is considered with
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respect to the abrve fact, it can be concluded that the water
in the middle Aquifer near the lake has resided there frr a
lenger perind than away from the lake and has been m~ving at
a very slow rate ~r almost stagnant Up t~ 50 C cruld be
obtained in the Middle Aquifer near the lake shrre; while

the hichest water temperature measured in the Middle Aquifer

at Maiduqguri is 239'C,

Differences in the Middle Aguifer water chemistry pessibly
reflect the reacharge regimrns. South ~f the lake, there 1is a
high concentration of bicarbecnates In the water, and the
recharge region c~uld be snuth ~f the lake, In the west and
south-west of the lake, the water 1s characterised by high
concentraticns of sulphates and chleorides rather than
carbonates. Sulphates predominate in the south east of the

lake.

Genpressured systems are heat reservnirs and are
normally associated with deep nil fields as in the Gulf
states ~f America and Niger Delta ~f Nigeria. Such systems
could therefnre scrve as a quide for petr-~leum exploration.
The existence «f the similar system in the Chad Basin could

indicate a possibility nf petrrnleum ~ccurrence.

The temperature gradient in the basin could be put
into practical applicaticen in drilling for petroleum. From
the temperature maps, levels at which natural cracking of
petroleum hydrocarbons occur, and the depths te the

temperature at which high heat create drilling problems
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could be demarcated. The brundary ~f critical water

temperature (374.2°C) can als~ be shewn in the sectirn.

Because ~f the c¢~mplicated nature -f the Chad Basih
structure, chupled with insufficient aenl~qica2l and aqe~physical
data, it is n~t prssible tn datermine the denth t~ the bnttom
nf the Besin. This made it imprssible t~ prrduce temperature
maps to the bottrm of the Basin. Hrwever, it is hrped that
future investigatirns will give m~re liaht ~n the structure

of the Chad Basin.

The relatively high ge~thermal gradients in the Chad
Basin indicates that there could be large gerthermal
reservoirs at great depths in the sediments. In future
the reserviairs could serve as potential snurces of
gecthermal energy which can be exploited frr the purpose of
generating electricity. Deep wells cnruld be drilled to tap
the steam and the super heated water, which would be directly
fed intos the thermal generat~rs. This will serve as a cheap

source of electricity.

The steam and the super heated water may be highly
mineralized with certain valuable elements e.c. mnlybdenum,
manganese, boron etc., and serves as a scurce ~f the
minerals. Coming tn the water quality, the TDS values
and the crncentraticns ~f the vari~us elements in the
water from the aquifers lie within the rec~mmended 1limits
for prtable water by the Werld Health Organization. TDS

values nf over 1000 ppm is not recommended fror drinking.
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From the iscsalinity maps of the Chad Formation in
Born State, it cen be seen that the TDS values for brth
the Uppor and Middle Aguifers are up tn 1000 ppm near the
lake. Vaters fr-m borehnles in these akeas are ten
mineralized and mrst ~f the prrblems are caused by high
iron concertration. It is rec-mmended that the aeratirn
treatment methed br adrpted f~r water frem all berehrles
Reservnirs are tc be crnstructoed at all bereh~le sites and
water pumped ~ut sh-uld be spreayed intr the air before
cnllecting intc the reservrirs. This will rrecipitate out
the ircon tc settle at the brttem. The precipitate cruld
be filtered cut befrre the water is pumped inte the distri-
butinn systems in the t-wns and villages. For small
settlements, the water in the reserveirs will be used

directly at the site.

The aeraticn treatment methnd is very simple and
cheap so that the state will be able tr afford it feor all

the numercus boreholes.
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