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Evaluation of alluvial aquifers for small-scale irrigation in part of the 
southern Sahel, West Africa 

J. R. T. H a z e .  ~ & M. Barker z 

1 Water Surveys (UK) Ltd., Suite 2, Bayer Building, Lower Bristol Road, Bath BA2 3DQ, UK 
2 Sir William Halcrow and Partners, Burderop Park, Swindon, Wilts, SN4 0QD, UK 

Abstract Introduction 

Aquifers in the sand alluvium of the broad riverine flats 
(fadama) of the southern Sahel and northern Sudan climatic 
zones of West Africa are a major source of water for irrigation 
essential to crops in bad years. Annual recharge is from rivers 
flowing seasonally into the Sahel from the wetter south. 
Landforms which evolved in the mid Tertiary control the 
modern drainage. From the Pleistocene onwards rivers 
vigorously eroded the crystalline highlands of the Jos and Air 
massifs and carried the coarse alluvium far downstream. The 
resulting aquifers are often several kilometres wide and mostly 
over ten metres thick, sometimes much thicker, and are capped 
by late Pleistocene loessic soils. Aquifer properties are typical of 
the mostly coarse unconsolidated sands. The alluvial ground- 
water is reached and abstracted by methods appropriate in scale 
to family size farms. The system of farming and irrigating is 
socially beneficial and economically viable. The paper concludes 
with case studies of three rivers of Bauchi State in Nigeria. The 
alluvial aquifers are evaluated and related to irrigation 
potential, expressed as the percentage of land which may be 
irrigated using only the groundwater beneath it. 

This paper concerns the potential  for small-scale 
irrigation in the Sahel and Sudan climatic zones of 
southern Niger and northern Nigeria. During the arid 
period from 1967 to 1990 the 90 to 100 rain-days needed 
to bring in a rain-fed harvest were not attained. A source 
of irrigation water is critical for survival in the Sahel and 
prosperity in the southern Sudan. Substantial shallow 
aquifers occur in alluvial lowlands (fadama), which are 
in some areas overlain by useful soils and fully recharged 
annually. Such aquifers can be used for irrigation, which 
in a semi-arid climate is a rarity and a blessing. It is 
clearly important to evaluate these aquifers in order to 
determine which of them may be used for dry season 
irrigation and which for supplementary irrigation only. 

Climate 

Keywords: alluvium, aquifers, drought The annual  wet season peaks in July when the 
intertropic convergence is furthest north (Fig. 1). The 

) -20 

FIG. l. The surface inter-tropical discontinuity (ITD) over West Africa in January and July (from Basil 1979). 
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FIG. 4. Rainfall at Dosso (E3°12'), N13°3'). 

number of rain-days and rainfall both decrease rapidly 
northwards; the contour for the 100 rain-days needed 
for a harvest is between 12030 ' and 13 °, while at Agadez, 
latitude c. 18 °, (Fig. 2) there are only 22 rain-days. The 
rainfall along the 100 rain-day line is 500 to 600 mm and 
at Agadez is 147 mm (Fig. 2). From 1970 to 1989 there 
was a trend, possibly cyclic, towards drought, with 
rainfall about 25% less than in a subsequent wet year, 
1992 (Fig. 3). Rainfall at Dosso in Niger (latitude 14°), 
during the period 1950 to 1987 is shown in Fig. 4. 

Geology 

The outline geology is shown in Fig. 5, and outline 
stratigraphy of the SW sector of the Chad basin and the 
eastern part of the Iullemeden basin is shown in Table 1. 
A belt of shallow crystalline rocks separates the two 
sedimentary basins of Iullemeden in the west and Chad 
in the east (Fig. 5). Both basins developed from the 
lower Cretaceous onwards. The Quaternary and late 
Tertiary sediments in the Chad basin overlie a thick 
accumulation of Cretaceous sediments capped by early 
Tertiary Continental Terminal. An important hiatus 
followed in the Miocene, during which the African land 
surface developed. Subsequent downwarping was 
accompanied in the Pliocene and Pleistocene by several 
lacustrine phases (mainly clays and silty clays with sand 
horizons) of the Chad Formation. 

The final lacustrine and riverine ('Megachad') sedi- 
ments are on average 40 to 50 metres thick and extend 

400km to the west of the basin proper, overlapping 
Tertiary and crystalline basement rocks. Sand and gravel 
horizons within this phase were intercepted in many 
localities in the course of drilling in the Chad basin in 
Nigeria (Barber 1965) from a few metres depth down to 
70 metres; these are now considered to be alluvial. Older 
alluvium fills the broad, shallow valleys of the southern 
Chad basin, following a drainage pattern initiated in 
Tertiary times and substantially unchanged to the 
present day. Deep Pleistocene alluvium where the 
Jama'are valley leaves the crystalline outcrop is 
described below and by Cratchley et al. (pers. comm.). 
Drilling east of Kano, following geophysical profiling, 
revealed alluvial channels in the shallow crystalline 
basement floor. Older alluvial sands have recently been 
located by geophysics and drilling along the Yobe river, 
between Gashua and Lake Chad (Fig. 6). Fossil deltas, 
discernible in satellite imagery (e.g. around Maiduguri 
and at Nguru, Fig. 6), mark the edge of the lake in 
earlier times. 

The eastern part of the Iullemeden basin is filled by 
Cretaceous sandstones and shales capped by Tertiary 
Continental Terminal, the dominant outcrop, which is 
warped into a shallow syncline pitching south and 
strongly jointed along NNE axes. 

Landform and drainage 

Principal physiographic units (indicated in Figs 6 & 7) 
are the plains of major sedimentary basins (the Chad 
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TABLE 1. Outline stratigraphy 

Recent Alluvium / Migratory dunes 

Upper Fixed dunes 
Pleistocene Ancient alluvium 

Chad Basin Iullemeden Basin 

Nigeria Niger Nigeria Niger 

Pleistocene to Pliocene Chad Formn Groupe du Tchad 

Lacustrine silty clays with sand aquifers 
I I 

Lower Eocene Kerri Kerri I Continental Terminal I Continental Terminal 

Sandstone (aquifers), siltstones, mudstones 

Paleocene Sokoto Group 

Shales limestones 

Maastrichtian Gombe Formn I Rima Group 

Senonian 

Lower Turonian 

Sandstones (aquifers) siltstones, shales 

Fika Shales Gres du Koutous Formn de 
Termit Formn d'Agadem 

Marine shales Sandstones 

Gongila Formn Formation de Farak 

Fine sandstones, siltstones, clays 

Lower Cretaceous Gundumi Formn J Continental Hamedien 

?Upper Albian Bima Formn Continental Intercalaire 

Cross bedded arkosic sandstones 

Jurassic Younger Granite . . . . . . . . . . . .  Granites Jeunes 

Granites and acid volcanics 

Pan-African Crystalline basement . . . . . . . . . . .  Socle 

Metamorphic and igneous rocks 

Clayey sandstones, gravels 

Continental Intercalaire 

basin to the east and the Iullemeden basin to the west), 
and the crystalline highlands of the Jos Plateau (Fig. 5) 
to the south and the Air Massif to the north. Between 
basins and highlands are Tertiary plateaux and Creta- 
ceous/Paleocene lowlands with scattered hills. 

The distribution of component drainage systems in 
both basins is shown in Fig. 6 (Chad) and Fig. 7 
(Iullemeden). The drainage pattern is dominated by the 
crystalline highlands and at lower elevations by warps 
and joints of the Continental Terminal. 

The Chad basin 

The Yobe system (Fig. 6) has long dominated the active 
western Chad basin drainage, and sustains seasonal 
flow. The Yobe river, which follows the Nigeria/Niger 
border, is fed by three principal rivers and their 

tributaries. Two of these, the Delimi/Bunga/Jama'are 
and the Kano/Hadejia, rise in the Jos plateau highlands 
at about 1200 m AOD and meet at Gashua. The third, 
the low-energy Dingaiya/Gana,  rises on basement 
foreland and joins the Yobe near Damasak. The Yobe 
then follows the Niger/Nigeria border to Lake Chad at 
an elevation of about 350 m AOD. The upper Gongola 
river, once part of the Yobe system, is similar to the 
Jama'are. 

The Chad drainage in Niger is similar in form to that 
of the Yobe further south, but is almost entirely fossil 
(Fig. 6). There are also fossil or moribund channels in 
the Nigerian sector, e.g. the Damaturu fiver (which 
flows at source and dissipates into the Chad edge sands), 
and the Burum Gana. In Niger, the dominant drainage 
channel is the moribund Dillio, about 5 km wide, which 
rises on the Cretaceous and Tertiary outcrop 250kin 
northwest  of  the lake and terminates in a late- 
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FIG. 5. General geology. 

Quaternary delta near N'guigrni in the east Manga. 
Other dry channels are the Eche Arkin Manga and Kabi 
Maram. 

Stationary bodies of surface water are widespread. 
The Koramas (Fig. 6) form a series of minor inter- 
connecting interdune fadama just to the north of the 
border with Nigeria in the far west of the basin. On rare 
occasions they flood with groundwater though gradients 
are too low to allow stream flow. In Nigeria, interdune 
swamps and lakes are common in the Itas area of 
northern Bauchi, and these also flood annually from 
groundwater, with no flow. The hundreds of playas of 
the Manga Plain/plateau (Fig. 6), small wetlands among 
barchanoid dunes (Carter 1994) are relics of minor 
inundation in the Holocene. 

l u l l e m e d e n  b a s i n  

There are two main components of drainage, the active 
Sokoto river system and the fossil dallols (Fig. 7). 

The Sokoto river system. Most of the effective 
tributaries to the lower Sokoto river (the upper 
Sokoto, Rima/Tarka, Zamfara, Ka) rise on crystalline 

basement in Nigeria and flow northwest across the 
Cretaceous outcrop to the Sokoto river where it is 
incised into Continental Terminal beds (Ogilbee & 
Anderson 1965). Alluvial fiats are relatively narrow 
throughout the crystalline outcrop, but broad (average 
7 km) on the sediments. South of Argungu the alluvial 
fiat of the Sokoto river is 11 km wide. The lower Sokoto 
river flows in a straight course, SSW to the Niger river, 
and like all its tributaries is seasonal in flow. 

The dallols. Two parallel incised fossil drainage 
courses, locally termed dallols, are aligned slightly west 
of south, rising in the Air massif in central Niger and 
ending in the Niger river (Fig. 7). They have not flowed 
in historically recorded time, except near their mouths. 
Although there are occasional waterholes, water levels 
vary from surface (in waterholes) to six metres below 
surface. The dallols are parallel to the lower Sokoto river 
and similar in morphology. The lower reaches (the larger 
Bosso between Nyamey and Dosso and the Maouri close 
to the Nigeria border) follow straight courses, parallel to 
and controlled by the regional joint pattern. The valley 
flats, bounded by low cliffs of Tertiary sandstones, are 
on average about 12km across, the maximum being 
17 km. 
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E v o l u t i o n  a n d  d i s t r i b u t i o n  o f  s u p e r f i c i a l  

a q u i f e r s  

T h e  C h a d  b a s i n  

Alluvial sands are the dominant superficial aquifers; 
major dunes are minor aquifers. The alluvium of the 
Yobe system in the Nigerian sector of the basin has been 
studied by agricultural projects in Bauchi, Kano and 
Borno States and is better known than that of the 
Manga area of Niger; and the aquifers of the Jama'are, 
Dingaiya and Gongola rivers belonging to the Yobe 
system are the subject of case histories described below. 
They are the principal source of coarse sediments 
entering the western Chad basin; late Tertiary gravel 

terraces flanking the upper reaches in the highlands bear 
testimony to prolonged activity. During successive 
pluvial periods, high-energy alluvium was repeatedly 
brought in along established channels and deposited in 
superimposed, interrupted layers. The resulting buried 
alluvial aquifers are described above (Geology). 

Two converging continuous dunefields ascribed to the 
last major desertification (culminating in 18 000 BP) 
flank the northern Manga (Pirard 1967) in Niger and 
the southern Manga in Nigeria (Fig. 6). Fine aeolian 
material of the same age persists in the form of silty soil 
covering the older alluvium. 

In the Holocene strong river flow was re-established, 
and new channels were incised into the aeolian cover of 
old channels. Further into the basin, inundation (9000 to 
7000 BP), and subsequent regressions established a new 
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terrain in the Manga (Pirard 1967) bounded by the 
400 m contour, characterized by small barchanoid dunes 
associated with playas (Carter 1994). The pre-existing 
lower Yobe drainage pattern (Fig. 6), survived almost 
unchanged, and the continuous clay layer lying between 
the modern Yobe alluvium and deeper alluvium, 
recently identified, may relate to this period. 

The lul lemeden basin 

The Sokoto river system. The alluvium varies in 
thickness; on the crystalline outcrop it is usually 
discontinuous, poorly sorted and mostly thin, though 
thicknesses of more than 15m in Katsina State are 
reported (Haskoning 1990). On the Cretaceous and 
Tertiary (Continental Terminal) beds alluvium is thicker 
and continuous. Alluvium in the Sokoto, Rima, and 
Zamfara rivers can be as much as 14m thick (SARDA, 
pers. comm.), and in the Maradi, 30m. Except on the 
crystalline outcrop, the effective size of the sand is on 
average 0.9 mm. No clay bands are recorded except on 
and near the crystalline outcrop. 

The dallols. It is tentatively assumed that the fossil 
channels termed dallols developed in a pluvial period 
prior to the final major desertification (c. 18000BP), 
since there are relics of dunes on the alluvial flats but 
solid evidence is lacking. With flood plains up to 17 km 
in width they must have been very considerable 
waterways. Medium to fine sands derived locally from 
the Tertiary sandstones of the Continental Terminal are 
dominant in the alluvium, with some patchy clay in the 
matrix. The alluvium attains (and occasionally exceeds) 
30 metres in thickness. 

Agadez basin. In the Agadez basin, a prolongation of 
the Iullemeden basin, headwater tributaries to the dallol 
Bosso in the Air massif flow for 30 days following the 
brief rainy season, and recharge the alluvium. The 
Teloua tributary at Agadez has been studied by Gerber 
(1992). The modern alluvium overlies a Quaternary 
palaeochannel in a similar manner to the alluvium at 
Jama'are (above), and it is arguable that the older 
alluvium developed synchronously with the dallols. 
Elsewhere in the crystalline Air massif Pleistocene 
gravel terraces associated with the headwaters are 
recorded (Vogt & Black 1963) similar to those observed 
in the Jama'are and Gongola valleys. 

General aquifer characteristics of the alluvium 

The Chad basin 

The very broad plains of the big rivers of the Yobe 

system contain abundant thick sand alluvium. These are 
important aquifers which are recharged annually. Parts 
of the Jama'are, Dingaiya, and Gongola fadamas, are 
described fully in the case histories below. 

The geometry and aquifer characteristics of the Kano/ 
Hadejia are similar to those of the Jama'are, but doubts 
have been raised as to the amount of recharge which is 
associated with them (Diyam, pers. comm.). The 
principal limitation on recharge to the Kano/Hadejia 
system is, however, the upstream control exerted by 
dams. The recent completion of the Challawa dam has 
augmented the control previously exerted by the Tiga 
dam on the Kano river (Fig. 6). The annual flood, relied 
on by farmers to saturate river terraces and destroy 
plant infections, is greatly diminished. Moreover, even 
flow leads to lining of a river with clay, which creates a 
hydraulic barrier to recharge. An irrigation dam at 
Kafin Zaki (Fig. 6), if completed, will have a similar 
effect on the Jama'are river flood. 

Elsewhere, minor discontinuous fadama occur in 
headwater tributaries in crystalline terrain of the Jos 
plateau and basement foreland. They are typically short 
(a few hundred metres) and shallow (8 m maximum), 
and limited in storage. The alluvium is highly aniso- 
tropic, with gravels, sands, silts and clays in irregular 
lenses. 

The many fossil river channels on sedimentary terrain 
within the Chad basin in Niger and Nigeria (described 
above) may carry saturated alluvium, but potential 
recharge is so small that they are not considered as 
significant sources of irrigation water. 

Similarly, the silts beneath the interdune swamps and 
lakes of the Itas area, the playas of the Manga, and 
riverine silts of the Koramas are of low permeability and 
limited recharge. 

The lullemeden basin 

The aquifers of the southern tributaries to the Sokoto 
river are well developed away from the crystalline 
outcrop. They are completely recharged in a normal 
wet season, and respond rapidly to the onset of seasonal 
flow. An exception is the controlled Maradi (Fig. 7); 
the mean annual discharge over 12 years to 1989 at 
Jibiya, on the Nigeria/Niger border, was 120 x 106m 3 
but a dam now retains most of the water. In theory, the 
Nigerian authorities release 24 × 106m 3 annually into 
Niger; in practice a vaguely defined quantity of water is 
released during peak flow periods and recharge to the 
downstream fadama is reduced. 

Transmissivities of the aquifers on the sedimentary 
formations vary between about 600 and 1200 (average 
1000) m2/day while coefficients of storage vary from 10 -3 
to l0 -5 in Nigeria (SARDA, pers. comm.); in the Maradi 
in Niger a specific yield of 0.05 to 0.1 is quoted 
(BRGM). 
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Some aquifer characteristics of alluvium in crystalline 
terrain in Katsina State were obtained by Haskoning 
(1990). Values of permeability (k) in three fadamas are 
stated to be 20, 17 and 440m/day. (The last value is 
suspect in that it may relate to a Cretaceous inlier.) 
Coefficients of storage are stated to be in the range 10 -2 
to 10 -3 . Recharge is normally complete, though seasonal 
fluctuations in phreatic levels vary little around a mean 
value of 0.8 m (from eight fadamas). 

The dallols. Here, effective recharge to the alluvium 
only occurs south of the 550 mm rainfall isohyet, about 
200km upstream of the Niger river (UNDP 1968). It is 
possible that lateral recharge from the Continental 
Terminal sandstones, which occurs, in the southern 
reaches, may persist further north. Apart from this 
possibility, artesian boreholes into the Continental 
Terminal in the dallols have developed irreparable 
leaks, providing inadvertently a mechanism for re- 
charge. Induced groundwater mounds are within reach 
of root zones for crops, and in addition sufficient water 
flowing to waste has been harnessed for two minor 
irrigation schemes. Transmissivities in the alluvium are 
similar to that of the alluvium of the Sokoto river 
system, in the range 850 to 1700m2/day. The water 
quality is good (EC of 50 to 400 #S/cm). 

Far to the north, in the Teloua channel near Agadez 
(Fig. 7), the storativity in the older alluvium is 0.06-0.1, 
and the highest transmissivity is 600 m2/day in the centre 
of the palaeochannel. Water quality is good (EC ranges 
between 100-300#S/cm), but storage is adequate only 
for water supply to Agadez. Given a change of climate, 
the alluvium could again become a source of water for 
irrigation. 

Reaching the water 

In the sedimentary fadamas of Nigeria, boreholes are 
generally the means of reaching the water, while in the 
poorly permeable alluvium of crystalline terrain and the 
playas, large diameter dug wells are necessary in order to 
obtain a useful yield. 

Boreholes may be made by wash boring, vibro bailing, 
drilling, or percussion bailing. The most common 
method used by farmers is wash boring, typically to a 
depth of 8-10m. Vibro-bailing has the advantage of 
needing no water, and is faster, but depths beyond 8 m 
are difficult to achieve. Drilling is necessary to penetrate 
even thin clay bands. 

In Niger, open dug wells are the norm, even in highly 
permeable aquifers, because boreholes may not be 
exploited economically by petrol-driven pumps (see 
below). Dug wells are of two types, expensive but 
soundly constructed concrete-lined wells supplied by the 
Government, and shallower, often unlined private wells. 

The major constraint on yields is the shallow column of 
water available to wells constructed without the aid of 
dewatering pumps. 

Lifting the water 

In Nigeria, small suction pumps are used in boreholes, 
the inlet hose being lowered directly into the casing. This 
method will not work where suction depth is exceeded 
(nominally 6-8 m). The very low price of petrol means 
that running costs are minimal. Although over-pumping 
is common, excess water drains straight back into the 
aquifer. The use of petrol-driven pumps followed the 
introduction of shallow boreholes by the agricultural 
development programmes of the last decade. Prior to 
this, most water for irrigation was lifted from waterholes 
and large diameter open wells using the shadouf, 
introduced to the sahel with the Islamic culture. The 
shadouf is a pole on a fulcrum with a rope and container 
at one end and a counterweight at the other. 

In Niger, fadama which adjoin the Nigerian border 
are exploited by motor pump, but further away, in the 
dallols, the application of the 'substitution economy' is 
not practicable, and non-mechanical lifting devices are 
used. The commonest method for near surface water is 
to use a calabash o n a  rope. An animal skin bucket on a 
rope or shadouf is used for drawing water from greater 
depths. Beyond the lifting reach of a shadouf, animal 
traction is sometimes used, though it is not always 
economic. Other interesting devices are used in state-run 
schemes. 

Socio-economic considerations 

In Nigeria, the average family holding of land includes, 
apart from uplands, half a hectare of fadama land. 
Using a petrol-driven pump, this unit can comfortably 
be irrigated by a single shallow borehole. This family 
unit scale of irrigated farming suits the Nigerian scene 
better than large managed schemes, which invariably 
run into difficulties. 

In Niger, small family units also operate effectively, 
although the average family holding is much smaller and 
the plot can be watered from a dug well using simple 
lifting devices. Larger state-run schemes, of a few 
hectares each, are dismally ineffective. 

The economics of irrigating small plots are affected by 
four variables: plot size, cost of petrol, the quality of the 
aquifer and the depth to water. At one extreme are the 
smallest plots, of up to 0.12 Ha, for subsistence farming. 
Where the water is very shallow, these can be irrigated, 
from a waterhole by a small child with a calabash, at a 
nominal cost of about US$5 per season. Schemes 
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sponsored by the State in Niger rely on soundly 
constructed dug and lined wells. However, whereas a 
shallow unlined well costs very little to make, the yield of 
a lined well is not much greater and the cost is out of all 
proportion to the yield. Where petrol is too expensive 
and water is deep, as in the Adar Dutche area in Niger 
(Fig. 7), a dalou is used to draw water from lined wells, 
and the cost is as much as US$200 for a 0.08 Ha plot. A 
dalou is a large leather container lowered into a well on 
a rope, and hauled via pulleys to the surface by animal 
traction. In Nigeria, where plots are larger and petrol is 
cheap, the annual cost of irrigating a half-hectare plot is 
between US$120 and 300. 

In the Sudan climatic zone (Fig. 2), since staple 
subsistence crops can usually be harvested on rain-fed 
uplands, only commercial crops are grown on irrigated 
family plots. These closely follow market demands, 
and high-value vegetables and wheat are the current 
favourites. In the Sahel (Fig. 2) both subsistence and 
commercial crops are irrigated; among commercial 
crops, sugar cane and onions are popular, and onions 
reach markets in Abidjan, 1300 km distant by road. 

The production of irrigated crops is expanding 
quickly, thanks to the work of World Bank funded 
Agricultural Development Programmes, and in some 
parts of the Sudan zone all available fadama land is 
taken up. In theory, local over-exploitation of the 
aquifer would only temporarily take the land out of 
use until the annual recharge; in practice farmers tend to 
abandon over-exploited land for several years. It has 
therefore been found useful to pre-determine the degree 
of farming utilization, in terms of irrigable hectarage per 
unit area of aquifer, and the case history which follows is 
derived from this work in Bauchi State of Nigeria 
(Water Surveys 1986). 

A case history from the alluvial aquifers of 
Bauchi State 

Background 

A study (Water Surveys 1986) for a World Bank funded 
programme, defined the geographical extent and avail- 
ability of groundwater in the alluvial lowlands of Bauchi 
State ( 'fadama').  The study's aims were to quantify the 
available groundwater resource, to evaluate techniques 
of abstraction and to identify irrigation areas. 

Method of study 

Aerial photographs (at 1:25000 scale) and satellite 
imagery were used to delineate fadama boundaries and 
to identify broad geomorphological units within them. 

With numerous field checks these formed the basis for 
classification of the aquifer systems. 

Where possible, field study locations (Fig. 8) were 
chosen every 20km along each river system, with 
additional investigations on minor tributaries. Particu- 
lar emphasis was placed on locations that showed 
characteristic footprints on aerial photographs. 

Cratchley et al. (pers. comm.) describe the geophysical 
field surveys and their correlation with shallow holes 
made using Dutch augers. Geophysical data and aerial 
photographs were used to select sites for test drilling and 
aquifer testing. 

Wherever useful thicknesses of aquifer material were 
located, test well sites were established. These incorpo- 
rated a single 75 mm pumping well and two or three 
50 mm observation wells, laid out parallel with the flood 
plain boundaries. 

Drilling and well construction was deliberately low- 
tech to reflect the methods available to farmers and to 
allow the evaluation of different techniques. Drilling 
methods tried included washbore and vibrobailing, after 
superficial penetration using Dutch augers. Other simple 
drilling methods were also evaluated. Drilling depths 
rarely exceeded 15 m. 

Casing and screens were produced from locally 
available PVC tubing. Initially screen slots were hand 
sawn. Later in the programme, screen was machine cut, 
doubling the open area. Tests showed a substantial 
increase in well efficiency for little extra cost. Wells were 
developed by overpumping and rawhiding. 

Pump tests were carried out at selected sites. The test 
duration of 36 hours was reduced to 12 hours when it 
became evident that longer tests yielded no greater 
information. Groundwater levels were recorded in each 
of the three observation wells (3 m, 10 m and 30 m from 
the pumping well) during both pumping and recovery 
periods. Analyses were carried out using conventional 
analysis methods (Cooper & Jacob 1946; Boulton I963; 
Hantush 1956) to determine transmissivity (73 and 
storativity (S). 

Stream flow discharges in each of the river systems, 
and static water levels (in a limited number of test wells), 
were monitored for up to 12 months. This was collated 
with existing climatic and hydrogeological data to 
provide estimates of water balance in the fadamas. 

Bauchi State hydrogeology 

The hydrogeological properties of aquifers and their 
relation to alluvial aquifers are summarized below (refer 
also to Fig. 8), and the water balance is summarized in 
Table 2. 

Crystalline rocks. Remnants of the regolith, eroded in 
the Tertiary and Quaternary, are often associated with 
joint systems to constitute discontinuous and highly 
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TABLE 2. Water balance & fadamas 

Component of rainfall 
(%) in catchment to: Relation between alluvium 

River / Zone Host rock formation Runoff to river To ET To host rock and host 

Jama 'are 
Zone 1-2 Crystalline 20-35 65-80 Very low No movement 
Zone 3-4 Chad Formn. 0 Very high Low Small loss to formn 
Dingaiya 
Zone 12 Crystalline 20-35 c. 60 Very low No movement 
Zone 13 Kerri Kerri < 5 > 90 c. 4 Gain to alluvium 
Zone 14 Chad Formn. 0 Very high Low Small loss to alluvium 
Gongola 
Zone 5 Crystalline 19-36 c. 60 Very low No movement 
Zone 6-7 Kerri Kerri < 5 > 90 c. 3 No net movement 
Zone 11 Cretaceous Varies widely Varies widely c. 2 Gain to alluvium 
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FIG. 9. Middle Jama'are showing embayment of Quaternary alluvium. 

anisotropic aquifers. Where these are in hydraulic 
continuity with fadama, there may be a net movement 
of groundwater into the alluvium. 

Cretaceous sediments. Occurring along the middle and 
lower reaches of the Gongola river, these have low 
primary porosity and permeability, though extensive 

jointing in the sandstones provides secondary perme- 
ability. A hydraulic gradient from the sandstones to the 
alluvium often exists, but net inflows are not significant. 

Tertiary sediments. Sandstones of the thick Kerri 
Kerri Formation (Continental Terminal) surrounding 
the middle Gongola river are sufficiently permeable to 
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allow significant groundwater movement, greatly en- 
hanced by long, open major joints. Immediately down- 
stream of the crystalline outcrop there is a net loss of 
water from the river and alluvium into the Kerri Kerri. 
Further downstream, where the Kerri Kerri aquifer is 
constrained within small basins of less permeable 
Cretaceous rocks, the river and the alluvium gain from 
the sediments. 

Pleistocene Chad Formation. The relationship between 
Pleistocene and modern alluvium is discussed below and 
by Cratchley et al. (pers. comm.). In the far north of the 
State, the lacustrine silts of the Chad Formation lose 
considerable quantities of water by transpiration, and 
this is made good from the Pleistocene alluvial aquifers. 

The Alluvial aquifers. Each river system has been 
divided into numbered zones, based on broad aquifer 
features of environment, geometry and lithology. These 
zones, shown in Fig. 8, are used for reference in the 
following sections, which consider the alluvial aquifers 
in detail. Geological and climatic influences are 
summarized in earlier sections. Alluvial types related 
to river characteristics are dealt with in more detail by 
Cratchley et al. (pers. comm.). 

Geometry and lithology of the alluvial 
aquifers 

The Jama'are. In Zone 1, the crystalline tributary flood 
plains are narrow (50-100m). The alluvium, which is 
thin (5m) and discontinuous, is of immature poorly 
sorted coarse sands and gravels. Clay occurs in the 
matrix and in discrete lenses. 

In Zone 2, the flood plain on the basement foreland is 
2-3 km wide and entirely underlain by coarse alluvium. 
Further to the north, the flood plain narrows (1-1.5 km) 
and at the boundary with Zone 3 occupies a deep, broad 
Pleistocene embayment in the crystalline floor (Fig. 9). 

Where the river enters the old Chad lacustrine 
environment (Zone 3) meandering commences, gravels 
disappear and the particle size of sands progressively 
decreases. 30 km north of the basement edge, the flood 
plain broadens significantly, with upward fining of 
sediments and extensive silts and clays. The modern 
flood plain in Zone 4 is about 4 km wide, underlain by 
fine sand, silt and clay, and follows a very broad (20 km) 
fossil alluvial plain. North of the mapped area deeper, 
coarse Pleistocene alluvium has been located near the 
confluence with the Hadejia river. 

The Gongola. The narrow, discontinuous crystalline 
fadama of Zone 5 are similar to those of Zone 1 on the 
Jama'are. Then, as the river, flowing in coarse alluvium, 
enters the Kerri Kerri Formation (Zone 6), the fadama 
broadens (4km), only to narrow again to 2km in 

Zone 7. Here, the effects of overbank flooding are more 
evident, and coarse lithologies dominate, though often 
overlain in backswamp areas by silts or clays. 

The channel becomes progressively more sinuous in 
Zone 8, and the alluvium correspondingly finer, though 
the flood plain, 1.5 km wide, remains well defined. Over- 
bank flooding has formed mud plugs and thick lenses of 
silts and clays, burying coarse channel deposits. The 
channel remains well defined, though with a sinuous 
channel over the impermeable Cretaceous sediments in 
Zone 9. Sedimentation occurs through lateral accretion, 
with clays and silts overlying thin fine sands or lenses of 
sand. 

As the gradient steepens (Zone 10), the channel is 
almost straight and the fadama narrower (0.5-1km 
wide). Alluvium comprises clays and silts with occa- 
sional fine to medium sands derived from small 
tributaries to the southwest. 

The channels of the lower Gongola tributaries (Zone 
11) are narrow and thin, with discontinuous fadama. A 
mixed sediment load has accumulated in the most 
sinuous channels while in the straight, steeper stretches 
there is little deposition. The lithology of the alluvium 
corresponds to that Of the local Cretaceous source rocks. 

The Dingaiya. The channel across the basement 
foreland (Zone 12) follows a flood plain 1-2km wide, 
with moderate gradients and extensive backswamps. The 
sediment is fine, with occasional coarse sands. As the 
flood plain enters the Kerri Kerri Formation (Zone 13), 
it varies in width between 2 and 3 km. Dominant lateral 
accretion gives fine-grained sediments. 

Over a short distance in Zone 14, there is a marked 
narrowing, then widening of the fadama. The channel 
develops a distributary pattern, the alluvium becoming 
very fine with few sands. 

Aquifer properties 

Table 3 summarizes aquifer properties derived from 
pump test data, related to the river environment zones 
described above. Although there were insufficient tests 
to provide a significant statistical analysis of each 
fadama zone, the broad trends described below are 
supported by more qualitative field evidence. 

In crystalline Zones 1 and 5 sand and gravel is often 
highly permeable, although aquifers are often confined 
and in thin discontinuous ribbons, and transmissivity 
and storativity are highly variable. Barrier boundary 
conditions were often apparent even after short test 
pumping periods. Results do not take into account 
numerous drilling failures. 

The Jama'are Zone 2 and Zone 3 aquifers are more 
extensive and predictable although there may be a cover 
of finer materials in the latter. Permeability and 
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TABLE 3. Aquifer properties 

No. 

River of 
system Zone Tests 

Aquifer 
material 

K (m/day) Aquifer T(m2/day) 

Thickness (m) 
Mean Range Mean Range Mean Range 

S 

Mean Range 

Delimi/Bunga 1 3 
Crystalline 
Tributaries 

Middle 2 
Jama'are 
Crystalline 
Middle 3 2 
Jama'are 
Sedimentary 

Lower 4 2 
Jama'are 
Sedimentary 

Upper 5 6 
Gongola 
Crystalline 

Middle 6-9 5 
Gongola 10 
Sedimentary 

Lower 11 2 
Gongola 
Tributaries 

Dingaiya 12 2 
Crystalline 

Dingaiya 13-14 2 
Sedimentary 

Coarse sand 
+ gravel 

Coarse sand 
+ gravel 

Coarse/med 
sand + gravel 

Med/coarse 
sand + gravel 

Coarse Sand 
+ gravel 

Coarse/med 
sand + gravel 

Coarse/med 
sand 

Coarse/med 
sand 

Med/fine 
sand 

143 43-220 6.8 

228 140-315 6.7 

202 135-270 4.15 

94 70-118 5 

213 45-270 5.7 

368 100-640 12.4 

88 56-120 3.4 

100 60-140 5.2 

51.5 13-90 6.05 

2.3-15 550 500-640 0.07 

6.3-7 1490 980-2000 0.17 

3.5-4.8 800 650-950 0.15 

4.3-5.7 490 300-680 0.12 

2.9-14.4 1300  145-3400 0.15 

9.9-16 4 9 4 0  1000-10200 0.175 

1.8-5 355 100-610 0.021 

2.6-7.8 630 150-1110 0.031 

3.1-9 197.5 115-280 0.045 

0.025-0.15 

(0.17)-(0.17) 

0.025-0.28 

0.10-0.14 

0.0144).29 

0.04-0.26 

0.0144).029 

0.012-0.049 

0.015-0.075 

Notes. T and S were determined by pump testing 
Aquifer thickness determined by drilling or from geophysical data. 

storativity values are typical of coarse sands and gravels, 
and gradually decrease downstream. 

In Zone 4 permeability is reduced by the occurrence of 
finer materials though the aquifers remain accessible and 
of useful thickness. 

In Zones 6 to 9 of the Gongola a combination of 
substantial thicknesses (up to 16m) and high perme- 
abilities result in high transmissivities (a mean of 
5000m2/day). Aquifers are often confined or semi- 
confined and can underlie the full width of the flood 
plain. The tendency for permeability to decrease down- 
stream persists. 

In Zone 11 (the lower Gongola tributaries), the host 
rock determines the aquifer properties. Streams rising 
on crystalline or coarse Bima Sandstone carry coarse 
moderately permeable alluvium, although the fadama is 
narrow and thin. Finer sediments elsewhere preclude the 
formation of useful aquifers. 

Within Zone 12 of the Dingaiya the aquifers are thin 
and of limited extent within narrow fossil channels. 
Sediments are fine and clay in the matrix restricts 

permeability. Storage is moderate. 
Downstream, in Zones 13 and 14 of the Dingaiya, 

though useful thicknesses of aquifer material  are 
inferred to exist, they are of low permeability and are 
difficult to locate. Depth to groundwater increases 
rapidly away from the main channel. 

Quantification of the resource 

Aquifer recharge 

The rainfall distribution throughout the state is variable, 
with mean annual rainfall 1350mm (1957-1974) in the 
southwest and only 760mm some 210km away to the 
northeast. Most of the rain falls between June and 
September. 

Potential evapotranspiration is lowest at the peak of 
the rains during August. Soil type, vegetation, agricul- 
ture and storm intensity significantly affect ultimate 
runoff. On the steeper slopes runoff coefficients may 
reach 50% of rainfall. Estimates are that 20-35% of 
rainfall becomes river runoff over the crystalline catch- 
ment, whereas from the sedimentary catchment only a 
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TABLE 4. Classification of fadama aquifers 

Classification Description Comment 

Category I 

Category II 

Category III 

Category IV 

River sand 

Optimum areas for shallow boreholes 

Areas requiring special abstraction technique 

Confined aquifers needing deeper drilling 

All major river channels, flooded during wet season 
All areas suitable for borehole development using non-exotic 
drilling well construction and pumps 
Depth to water near or beyond pump suction limit and/or... 
Aquifers < 2m thick, needing special screens and/or... 
Fine-grained aquifers need special screening methods. 
Confined aquifers (not fully proven) needing higher tech. drilling 
equipment. Water levels below suction depth. 

very low percentage becomes river flow (Table 2). 
River flow is the dominant mechanism for recharge of 

the fadama aquifers. Flows are seasonal, except in the 
middle and lower Gongola and there is no significant 
baseflow to the Jama'are or the Dingaiya. 

Recharge of the Jama'are alluvium is almost entirely 
by river flow, and follows quickly upon the annual flood. 
By early to mid-September, the alluvium is completely 
recharged as far nor th  as the edge of  the Chad 
Formation sediments. 

The Gongola alluvium is also rapidly recharged 
following the onset of flow. Seasonal recharge overrides 
net losses to the Kerri Kerri Formation in Zone 6, while 
further downstream complete recharge is enhanced by 
perennial gain from the Kerri Kerri. 

The alluvium of the Dingaiya is rapidly and com- 
pletely recharged by river flow, which at its peak is only 
a fraction of that of the other rivers. There is little 
interaction between the fine, often silty alluvium and 
underlying formations. 

Aquifer categories 

To simplify the quantification of groundwater available 
from fadamas, aquifers were assigned to one of four 
categories, as shown in Table 4. In defining each 
category, hydrogeological parameters were not the sole 
consideration. For example, the criteria for Category II 
include only ground that can be drilled by simple hand 
operated techniques, aquifers that may be exploited 
using locally available screens and water levels shallower 
than 6 m (allowing use of centrifugal pumps). 

I rrigation potential 

The potential for irrigation depends upon the avail- 
ability of suitable land and the means to abstract the 
groundwater. The estimates of the available resource 
assume the use of simple, cheaply installed wells and 
suction pumps. These impose limitations to the available 
quantities but are realistic given the relatively slow 

development of higher technologies for groundwater 
abstraction. 

Attainable yields from boreholes obviously vary 
considerably within each fadama section. However, the 
better aquifers easily yield up to 6 l/s, with drawdown 
rarely exceeding 1 m. This allows a farmer to apply 
75cm of water to a 130-day crop on a 1 Ha plot by 
pumping only 2.5 hours each day. (The fadama 
component of family land in Bauchi State is on average 
0.5 Ha.) In Category II land, recovery is rapid. 

TABLE 5. Available irrigable area of Fadama Aquifer by 
category with estimated volume of groundwater 

Fadama category surface area (Ha) 

River I II III IV Available 
groundwater 

(m 3 x 10 6) 

Jama'are 6864 13304 13167 19230 52.7 
Gongola 7391 21156 2338 3661 201.8 
Dingaiya 1095 2 0 0 4  10796 21694 0.84 

Total 15350 36464 26351 44585  255.34 

Notes: Available groundwater relates to Category II land only. 
It is a crude estimate based on aquifer volume and storage, 
water available to limit of pump suction depth and assumes 
total seasonal recharge. 

Table 5 sets out the total surface area underlain by 
each category of fadama aquifer. In addition, the 
quantity of water available annually from Category II 
land, using the low technology methods readily avail- 
able, is given. Exploitation of less accessible ground- 
water in Categories III and IV would increase the total 
resource. 

The ultimate criterion of usefulness is the extent to 
which fadama land can be irrigated using locally 
available groundwater, and this is best expressed as the 
proportion of fadama land which can be irrigated using 
groundwater underlying that land (Table 6). This ranges 
from 100% in the best aquifers on the Gongola river to 
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TABLE 6. Percentage of  fadama land irrigable using local fadama groundwater 

River and Zone Area Available Annual flood Dry season Percentage Percentage 
stored recharge inflow from irrigable from irrigable from 

groundwater host storage recharge 
(km 2) (10 6 m 3) (10 6 m 3) (10 6 m 3) 

Gongola Zone 5 15.1 (y) 8.3 7.2 
Gongola Zone 6-8 179 (x) 146.7 145.7 
Gongola Zone 9 67.8 (x) 44.1 44.1 
Gongola Zone 11 37.9 (y) 2.7 2.6 
Jama'are Zone 1 52.9 (x) 12.2 12.2 
Jama'are Zone 2 25.9 (x) 10.1 10.1 
Jama'are Zone 3S 37.4 (x) 18.0 17.9 
Jama'are Zone 3N-4 65.1 (x) 12.5 12.5 
Dingaiya Zone 12 2.64 (y) 0.11 0.11 
Dingaiya Zone 13-14 24.2 (x) 0.73 0.69 

62 

73 
100 
100 

9 
31 
52 
64 
26 

6 
4 

64 
100 
100 

9 
31 
52 
64 
26 

6 
4 

x: Category I land. y: Category I plus II land. 
N. B. Assumes a 130 day crop, 75cm of water applied, with no losses. 

4% in the poorly developed aquifers of  the Dingaiya  
river. 
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