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ABSTRACT
Groundwater is an important resource for irrigation water and its use for irrigation depends on environmental
factors affecting long-term sustainability. The stratigraphy and groundwater distribution of the unconfined
alluvial aquifer of the Upper Benue River, northeast Nigeria, were assessed using boreholes exposures and geo-
electric resistivity. The aim was to assess the area’s groundwater potential and to contribute to improved
management of the water resources for irrigation activities in the context of aridification of the Sahel and of the
existence of an upstream dam in a neighbouring country. The research provides an update of the groundwater
data bank of the area. Twenty four vertical electrical soundings, using the Schlumberger electrode array, were
conducted with maximum current electrode spacing of 100 m. Twelve boreholes were drilled in order to
comparethe geoelectrical soundings with subsurface stratigraphy. The data obtained were interpreted using the
partial curve matching technique and software for resistivity data interpretation. The depth and resistivity of the
subsurface layers were determined. The possible perched aquifer formations were observed in three
differentlocations, which reflect a low-permeability stratigraphic unit such as lens of clayey silt within alluvial
sands. These small aquifers may mislead farmers as to the productivity of their wells.

KEY WORDS: Vertical electrical sounding, Upper Benue River, Alluvial floodplain, possible perched
aquifer, Yola region.
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. INTRODUCTION

Groundwater is the main source for domestic, industrial and agricultural uses in semi-arid
environments with strongly developed dry seasons, such as north eastern Nigeria. Groundwater management
faces similar sustainability issues to surface water resources. The quantity and location of groundwater depends
on the geological characteristics of the rock formation. Over-extraction of groundwater can lower water tables
which impacts upon the dependent users, such as irrigation activities. Added difficulties of groundwater are that
they are hidden below the surface and moving slowly, so that the full impact of over-use may take many years to
detect (Burazer et al. 2010). Globally groundwater exploitation for irrigation is rapidly increasing due to
agricultural production and population increase (Jamala et al. 2011; Shamsudduha et al. 2011; Sikandar and
Christen 2012; Costabel and Yaramanci2013).

Study of groundwater geology is necessary for all the activities of human life, because groundwater is
more advantageous than surface water, it is more stable than surface water and it is reliable in times of drought
due to large storage under the surface (IAH 2012). Groundwater tends to be of good quality, as it protected from
surface contamination (MacDonald et al. 2005; Wada et al. 2012).

The impact of climate change on groundwater through changes in recharge is an important aspect for
future water resource management (Holman et al. 2011; Sivandran and Bras2012). The Third Assessment
Report (TAR) of the Intergovernmental Panel on Climate Change (IPCC) identified a range of impacts
associated with climate change and variability, including decrease in yields in runoff and water availability in
Africa (IPCC, 2007). The impacts of climate change as described in the Fourth Assessment Report (Boko et al.,
2007) of the IPCC relate to agriculture. The projection for developing countries and Africa in particular, that
between 75 — 250 million and 350 — 600 million people, in Africa will be exposed to increased water stress by
the 2020s and 2050s respectively, and that rain-fed cereal yields will be reduced in some areas by up to 50%
within the same time frame. This projection will likely affect the northern parts of Nigeria, which consists of
arid and semi-arid regions.
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The impacts of climate change on groundwater resources have been addressed in many studies around
the globe. Different modelling approaches have been used for the assessment of impact of climate change on
groundwater resources. For example, Neukum and Azzam (2012) and Dobler et al.(2012) quantified the impact
of climate change on groundwater recharge on alluvial floodplain in Germany. Jyrkama and Sykes (2007)
investigated the future spatial variation of the groundwater recharge in the Grand River watershed, Ontario,
Canada, by using the hydrologic model HELP3. Their result show increasing groundwater recharge in the
future. Hsu et al. (2007) investigated the impact on groundwater quality and quantity of the Pingtung Plain in
Taiwan using numerical modelling (MODFLOW SURFACT).The results showed an alarming decrease of
groundwater levels in parts of the Plain. Herrera-Pantoja and Hiscock (2008) used a daily soil moisture balance
approach to analyse the impact of climate change on potential groundwater recharge and showed a decrease of
groundwater recharge for areas in Great Britain by up to 40%.lIrrigation in Nigeria has become an issue of vital
importance considering the present population growth rate. Recent reports show that the population is increasing
by 3.5% annually, while food production is increasing by only 2.5% (Jamala et al., 2011).

For effective water supply for irrigation activities along the floodplain of River Benue valley of Yola
region, Nigeria, it is important to understand the groundwater conditions. The Lake Geriyo irrigation project
near Yola (Figure 1) was established in 1976 by the Federal Government of Nigeria in order to promote
irrigation activities in the State, which is still under expansion. The project started with only 24 ha and 52
farmers, and presently, the project have expanded to over 400 ha under cultivation and more than 1,500 farmers
(Personal communication with Mr D.D. Mamatso, project manager Geriyo irrigation project, UBRBDA, Yola,
20th April 2012). The Lake Geriyo irrigation project has a great impact on its immediate community and
environs because it creates employment opportunities, economic empowerment and reduces youth’s restiveness
at a time when other areas of labour employment are less active. Understanding the condition of the
groundwater will help in managing and planning for the future irrigation activities in the area.

The aquifer systems in the semi-arid Sahelian northern Nigeria are subjected to tremendous stress. This

is compounded by inadequate information on the recharge of the aquifers, groundwater flow patterns and
contaminant transport mechanism. The operation of the Lagdo Dam constructed upstream in neighbouring
Cameroon where Nigeria have no control, is another factor that could have an adverse effect on the shallow
aquifers of the floodplain. For now the dam has a positive effect downstream by maintaining a high level of
water in the River Benue during the dry season. Any change in the operation of the dam could have an effect on
its downstream users, as already seen when water is suddenly released without adequate warning.
Perched aquifers are expected in shallow formations in floodplain along rivers in arid and semi-arid regions:
Robinson et al.(2005) identified 33 perched aquifers along the semi-arid region of Pajarito Plateau, America;
perched aquifer in shallow dolomite underlain by sandstone (Carter et al. 2011); perched aquifers in the Judea
aquifer semi-arid region Israel (Peleg and Gvirtzman, 2010); perched aquifers in alluvial formations associated
with rivers and lakes (Rosenberry 2000; Niswonger and Fogg 2008); thick unsaturated zones in arid climates
(Robinson et al. 2005). However for River Benue, which is the second most important river in the Niger
drainage basin, it is the first time that perched aquifer, have been identified, because they have never been
studied.

Two studies in the valley of River Benue by Arabi et al.(2010) and Nur and Kujir (2006) using
Schlumberger vertical electrical sounding to determine weathered and fracture zone on sandstone obtained a
range of resistivity values between 600 and 896 Qm. Their results are within the range to what was obtained in
this investigation of the average resistivity range of 49 — 1,460 Qm. Also in the southern part of Nigeria, Eke
and Igboekwe (2011) applied resistivity soundings to explore groundwater in some villages in Ohafia in the
Abia province, and their studies identified some viable locations for the development of a water borehole for
groundwater resource. Similarly, a study by Arshad et al.(2007) in Pakistan used electrical resistivity survey to
determine the lithology and groundwater on an agricultural land, resistivity values ranges between 19 to 205
Qm. The values were correlated to lithology and groundwater potential. A study by Ndlovu et al.(2010) to map
groundwater aquifer on rural area in Zimbabwe using vertical electrical sounding, the resistivity values range
between 50 to 1,032 Qm, the average resistivity values obtained in this study ranged from 49 — 1,460 Qm.

The area is drained by the River Benue, which is the largest and only perennial river in the area. The
Nigerian part of River Benue is fed by two major streams, River Benue and River Faro in Cameroon (Figure 1).
The Lagdo Dam keeps the groundwater of alluvial aquifers at high level downstream, during the dry seasons
especially for the Yola region, where 80% of the population practices irrigation farming along the River Benue
valley. Records show that the depth of the aquifer differs from place to place because of variational geo-thermal
and geo-structural occurrence (Okwueze 1996; Perez-Bielsa et al. 2012). A unique relationship between the
geoelectric layers and the lithologic layers can be delineated from the interpretation of resistivity sounding data.
One of the aims of electric resistivity prospecting is the prediction of lithologic layering and depth to fresh
bedrock. It is necessary to investigate how effectively this is done by comparing geoelectrically delineated
layers with the actual lithologic layers from drilling logs. Groundwater investigation is faced with many
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uncertainties; it is pertinent that the right exploration techniques are utilized in the delineation of subsurface
water-bearing formations (Sikandar and Christen 2012). A study by Majumdar and Das (2011), which carried
out VES investigation in the Sagar Island region in India to assess lithology and groundwater condition, showed
that resistivity relationship was established.

The objective of this research was to assess the sustainability of groundwater along the floodplain of
Yola region. This will contribute to improved management of the water resources of the area by informing the
farmers of the limited productivity of perched aquifers and the need to drill deeper. It will also help to mitigate
the impact of climate change and changes in the management plan of the Lagdo Dam. Accurate acquisition of
geoelectrical data, subsequent analysis and interpretation of the data are valuable contributions in locating
aquifer potentials in alluvial floodplains, and the investigation will also serve as an avenue to update the
groundwater data bank of the area.

Geology and topography of the study area

Following a recent survey to update the topographic map details, it has been established that the
elevation of the Yola region varies from 149 to 228 m above mean sea level and falls within the upper Benue
Basin with a catchment area of about 750 km2 (Figure 1). The region has a tropical climate with dry and rainy
seasons. The dry season extends from late November to May, and is characterized by the Harmattan wind
blowing from the Sahara Desert. The prominent landforms are the Adamawa highlands, which are characterized
by high relief surrounded by irregular slopes and plains (Ankidawa et al. 2010). The information was computed
from 52 year precipitation data obtained from UBRBDA, Yola hydrological unit. The lowest temperature in the
area is 15°C and the highest is 45°C with a mean temperature of 30°C. The mean annual precipitation of the
area is about 914mm; the region is characterized by arid to semi-arid climates. Eighty five percent of the
precipitation falls between July to September, but the months of July and August receive the largest amounts of
the total precipitation. Year to year precipitation variability is high with a coefficient of variability of 25%. As a
result, the region could be subjected to drought (Figure2) characterized by sporadic water shortages with severe
adverse implications for agricultural activities, especially irrigation during the dry season period. Potential
evapotranspiration considerably exceeds precipitation with total annual values between 1,676 to 2,788 mm.
These phenomena explain the dependence on groundwater for water supply and irrigation in the region.

The area is underlain by sedimentary deposits, which consist of two stratigraphic units: a coarse
Quaternary river alluvium and the Bima sandstone, which is a Cretaceous sedimentary unit (Figure 1). The
alluvial deposits of the River Benue and its tributaries consist of sands, silts, clays, silty-clays and pebbly-sands
(Ezeigbo et al. 1996 cited in Obiefuna et al. 1999). Outcrops of the Bima sandstone are massive in places and in
other places they exhibit cross-stratification (Carter et al. 1963; Onugba and Aboh 2009; Obiefuna and
Orazulike 2011).

In 2012 substantial flooding inundated the area, causing loss of life, widespread destruction, and the
displacement of >3000 families.

1. METHODOLOGY

Field work was carried out in April and May 2011, 2012 and 2013.Resistivity soundings and borehole
drilling were used to assess the groundwater condition at the peak period of the dry season. The drilling logs at
each borehole locations were compared with geoelectric soundings and the resistivity value at each depth as
determined. The drilling logs were made on five transects at twelve different points along the floodplain of
River Benue.VES was used to determine the electrical resistivities and depths of the subsurface layers with the
aid of a sensitive ABEM Self Averaging System (SAS) 1000 Terrameter. The four electrodes are positioned
symmetrically along a straight line, the current electrodes on the outside part and the potential electrodes on the
inside part according to the recommendation of the manufacturer. To change the depth range of the
measurements, the current electrodes are displaced outwards while the potential electrodes are left on fixed
position(Arshad et al. 2007; Tizro et al. 2010; Tessema et al. 2012; Vuilleumier et al. 2013; Orlando 2013; De
Carlo et al. 2013). The potential electrodes are moved only when the signal becomes too weak to be measured.
Study by Khalil and Santos (2013) used VES to explore groundwater on the alluvial floodplain of Wadi El
Natrun, Egypt, and they found promising groundwater potential from the resistivity soundings.

Twenty four Schlumberger VES measurements were conducted with maximum spacing (AB/2) of 100
m and twelve different boreholes were drilled. The VES points were separated by 1000 m intervals (see Figure
1).The geoelectric stations VES (1 to 12) were located near the drilled boreholes; so that sedimentological
information obtained from logs could be used to calibrate the VES field curves. The interpretation of a
resistivity sounding survey is by classifying the observed apparent resistivity curves into types(Orlando 2013).
This classification is primary made on the basis of the shape of the curves, but also its relation to the geological
situation in the subsurface of the area. The apparent resistivities from the field were plotted against half current
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electrode spacing (AB/2) in the log-log graph. The curves obtained from the resistivity data were studied
qualitatively in terms of their forms and character in the pattern of resistivity variation with depth and attributed
of conducting bodies below the surface at the points of the observation of the anomalies. The model parameters
estimated from the data were used for computer iterative operations to interpret the data. In the iterative
interpretation method, the field data were compared with the data derived from a layer model obtained by curve
matching. This procedure was repeated for all the VES points until a sufficient agreement between the model
data and the field data was obtained. Therefore the model parameters, observed data and computed data as well
as theoretical curves for the area covered in this study are used in delineating the geoelectric sections and
geological sections respectively.

The particle size distribution for the sediment samples were analyzed using a Cilas 1180 instrument.
Before starting the measurement, each sample was weighed to 0.05g and soaked in 10 ml of 10% tetra sodium
pyrophosphate and left over night to deflocculate. The samples were then introduced into the Cilas; care was
taken in introducing the amount of sample into the Cilas mixing chamber to avoid high obscuration. Background
measurements and rinsing were performed in between each sample measurement in order to keep the result
consistent and reliable. Twenty seconds for ultrasound, pumping and fast pumping were used respectively for
each sample before taking readings. Each sample was run three times for the data consistent and reliability. The
data obtained were then analyzed using Gradistat software developed by Blott (2011). The statistical analysis
was carried out on the data obtained including mean, median, skewness, kurtosis and standard deviation.
Twelve boreholes of a diameter of 80 mm were drilled using locally made augering equipment at different
locations in the floodplain. The drilling logs show variations in the groundwater levels for the area at different
points, which ranges from 6 to 18 m deep. The drilling were made in five different transects which shows the
variation for the groundwater level as moving away from River Benue valley as shown in Figure 9 below.The
twelve boreholes drilled were compared with the geoelectric sounding results obtained in the area in order to
determine the aquifer potentials of the floodplain.

A Promark3 dual frequency GPS instrument was used to determine the height elevation for
constructing contour map of the area. The ProMark3 GPS instrument was set at 10 seconds as logging time.
The water levels in the wells were determined by using the automatic MAlog itmsoil piezometer instrument
(Itmsoil 2012) and converted to absolute water levels and displayed using the ArcGIS software.

1. RESULTS

The resistivity results reveal five different types of curves, for the twenty four resistivity sounding
points in the floodplain. See results in Table 1.Three groups of electro-stratigraphic earth models were obtained
from the analysis of the resistivity data (Table 2): these are five electro-stratigraphic model groups, four electro-
stratigraphic model groups and three electro-stratigraphic model groups. The fifth group of the electro-
stratigraphic model shows a decrease in resistivity values with an increase in the layer thickness. Generally the
layer shows a low resistivity values, indicating better groundwater saturation condition. The high value of
resistivity at the top layer may correspond to the unsaturated zone, as observed by Van Overmeeren (1989). The
resistivity values for the fourth electro-stratigraphic model decreases as the layer thickness increases, indicating
better groundwater saturation condition. Similarly the third group of the electro stratigraphic model shows
increase in resistivity value with an increase in layer thickness, it exhibit low resistivity value at the bottom of
the layer, providing an indication of the aquifer potential at that point. The comparisons of drilling logs with
geo-electric resistivity soundings are presented in Figures 3 to 8. The depth of the boreholes varies from 6 to 18
m depth. From the transects 2, 3, 5, 6, 7, 8, and 9 it was observed that in general the groundwater level of the
floodplain decreases as it moves away from the River Benue valley. However transects 1, 4, and 10 show an
increase in groundwater level away from River Benue valley (see Figure 3). The latter suggests perched aquifer
formations in those locations (see Figures 3 and 4). This could be as a result of sediment type such as lens of
clay. Water in perched aquifers does not have contact with the groundwater flows. Once the available water is
extracted for use, the aquifer will go dry. Therefore water in the perched aquifers are limited and should be
avoided by the farmers.

The occurrence of clayey silt beds intermixed with sandy silt sediments may serve as aquitards which
probably form perched aquifers in some locations in the floodplains. Perched aquifers are found in the
unsaturated zone, where groundwater accumulates over relatively impermeable layers. Usually drilling is
stopped where water reached. The aquifer in the alluvial floodplain is made up of fine to medium grained sand
with occasional sandy silt. As the aquifer formation approaches sandy silt, it tends to be coarser and serves as
water-bearing formations at the drilling points. The clayey silt lens tends to be coarser as moving away from the
River Benue valley and thicker at the top of the formation. The sand formations are more dominant closer to the
river Benue valley, while away from River Benue sandy silt and clayey silt formations are more dominant.

The results obtained from the computer modelling are presented in Table 3, from the resulting curve and their
final model parameters after iterations. The results are quantitative interpretations of observed curves in the field
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with the computed curves. The VES fitting errors range between 0.9 to 3.99 %, with an average of 2.73% (Table
3), which fall within the acceptable error limits of 0 to 15%.

V. DISCUSSION

The integration of the VES with the cored sediment and the local geology of the area have been
successfully used for the detection of the groundwater levels of the floodplain. From the VES data, the
thickness, resistivity values of the layers and the exact water level at each of the borehole location were
determined. The apparent resistivity curve indicates three types of subsurface layers in the floodplain. These
layers consist of surface layer (top sediment), middle layer and saturated (bottom sediment) layer. The average
resistivity of the surface, middle and saturated layers ranged from 160 to 328, 702 to 1,460 and 49 to 185 Qm
respectively. Similar resistivity values in the range of 20 to 2862 Qm by Okiongbo and Odubo (2012) in
southern part of Nigeria along alluvial floodplain indicate good groundwater potential. The higher resistivity
values at the top are compared with the unsaturated zone layer while the lower resistivity value at the bottom is
compared with the groundwater saturation condition. The low values showed the potential water bearing zone
and the aquifer potentials of the floodplain. It was also observed that no exact clear mark in the resistivity ranges
correspond to different layer formations; but if a layer exhibits high resistivity, then the layer could be a dry or
soft formation. If in the medium range, it could be suggested a layer composed of porous formation or water
bearing-layer (aquifers), while low values of resistivities suggest the presence of water-bearing layers
(aquifers).The perched aquifer formations were identified in the field from both the drilling logs and resistivity
soundings. The depth of the main groundwater table in an alluvial aquifer becomes slightly deeper away from
the river (hence shallower closer to the river). From the drilling logs and resistivity results some locations away
from the river shows low resistivity at a depth of 6.5 m at the borehole location 2, at a depth of 6.15 m at the
borehole location 8 and at a depth of 7 m at the resistivity sounding location 22 (see Figures 3 and 4). These low
resistivity values at the near surface depth may reflect the presence of perched aquifers while those at deeper
depths are interpreted to indicate the main aquifer. Similar observation was reported by Park et al.(2007) who
identified perched aquifer from electrical resistivity soundings along the alluvial floodplain of Geum River in
semi-arid environments of Korea.

The perched aquifer formations observed in the floodplain could be as a result of sedimentary
formations in the area. The existence of a low-permeability clayey silt layer in a high-permeability sand
formation can lead to the formation of discontinuous saturated lenses, with unsaturated conditions existing both
above and below aquifer formation (Freeze and Cherry 1979). Mbiimbe et al.(2008) carried a study on the
groundwater potentials in an Upper Benue River Basin, but on deep borehole logs. Their results show three
groundwater systems. The upper was unconfined and corresponded to the Quaternary river coarse alluvium, the
middle was semi confined and corresponded to the Yolde Formation and the lower was confined and
corresponded to the Bima Formation. Similarly, a study by Nur et al.(2001) explored groundwater in the Yola
region mostly in towns; they compared VES results with boreholes logs and water table found to lie between 48
to 51 m. Hence much deeper than in the floodplain, but no mention of perched aquifer was made in these two
studies. Perched groundwater may exist in a particular place or location depending on the availability of
information or investigation, such as geology of the area, sedimentology, groundwater levels, hydraulic heads,
etc. Perched aquifers identified in this study include information obtained from resistivity surveys, augering
drilling up to the water levels and beyond, interpretation of the field sedimentological logs, and hydraulic heads
along the floodplain. Perched aquifers have been predicted and observed to form above low-permeability
barriers such as lenses of clays in an arid region (Carter et al. 2011).A study by Robinson et al.(2005) identified
33 perched aquifers along the semi-arid region of the Pajarito Plateau, USA, by using electrical geophysics and
direct water-level measurements. However, in the present study combinations of resistivity sounding, drilling
log and groundwater measurement were used for the identification of the perched aquifer formation across the
floodplain .

V. CONCLUSIONS
Based on the results it can be concluded as follows:

The resistivity soundings have revealed information on the groundwater levels of the area. The result
has also helped in the identification of the aquifer potentials of the area. Three layer formations in the floodplain
were delineated; these are from top to bottom unsaturated, middle and saturated layer formations. Vertical
electrical soundings finding show promising groundwater bearing formations with a resistivity value of 49 and
1,460 Qm. The low values showed the potential water bearing zone and the aquifer potentials of the floodplain.

The integration of sedimentological log data with surface geoelectric studies in the delineation of the
aquifer systems in the area enhances the accuracy of the results. However this study is trying to understanding
the subsurface location of the shallow aquifer systems.

Therefore this study has also revealed a new unexpected result:
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Perched aquifers were identified in three different locations along the floodplain. The farmers should be advised
on the difficulty of extracting the groundwater in those locations, if they continue using the perched aquifer
points observed in the area. Therefore the farmers using wells in those locations should be advised to drill their
tube wells beyond the perched aquifer depth in order to get to actual groundwater level which will be lasting
longer.

In conclusion,

The information obtained is going to be relevant to the development of an effective water scheme for
irrigation activities along the floodplain and possibly beyond nearby areas underlain by the same formation, and
will constitute a background information or useful guide for more elaborate groundwater development
programme in the area. Any shift such as climate change and any possible changes in the management of Lagdo
Dam upstream which is out of the control of Nigeria, will have to take in account unconfined and confined
aquifers.
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Table 1:Resistivity curve types and their description. VES — vertical electrical soundings; p - resistivity

Location Curve type Description
VES 2, 13 and 23 A pl<p2<p3
VES1,4,5,7,11,12,16,22 and 24 H p1>p2<p3
VES 3, 9,14,18and 21 HK p1>p2<p3>p4
VES6,8,15,17,19and 21 K pl<p2>p3
VES 10 Q p1>p2>p3

Table 2: Average resistivity and thickness values for the three groups of electro-stratigraphic earth model

Model type FirstLayer | Secondlayer | Thirdlayer | Fourthlayer ﬁlﬁ:}i Location
- Resistivity(Qm) | 159.46 1,460 49.21 174.47 184.50 | VES5, VES 12 and VES 15
e
Thickness(m) | 0.74 5.44 5.45 16.12 -
Resistivity(Qm) | 246.19 1,402.42 470.07 154.55 - VES 1, VES 3. VES 4, VES
Four 9, VES 11, VES 13, VES 14,
Thickness(m) | 1.90 4.84 22.36 - - VES 18. VES 19. VES 21,
VES 22 and VES 24
Resistivity(Qm) | 327.69 702.03 545.13 - - VES 2, VES 6. VES 7, VES
Three : N 8, VES 10, VES 16, VES 17,
Thlck_ﬂess(m) 3.29 11.62 - - - VES 20 and VES 23
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Table 3:Results obtained from the computer output of the twenty four vertical electrical sounding point stations
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Figure 1: A. Topographic map of the study area showing sampling location along outcrop and on
the floodplain of River Benue Yola region. (Modified after Nigeria Geological Survey, 2006
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Figure 2: Standardized precipitation index (anomaly) plot (1960 — 2012). Thick line is the 3-year
running mean. The arrows show the period for the fieldwork in 2011, 2012 and 2013 before

starting of the rainy season.
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Figure 4:

groundwater levels on the floodplain.

Spatial distribution of thefloodplain groundwater levels showing the proposed perched aquifer
formations (black circles). The white and pink locations shows high water levels in wells, it identified perched
aquifer formations along floodplain of Benue River. The values 158.23 — 167.29 are elevations in metres of
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