
A

d
S
w
l
a
T
t
s
r
©
(

K

1

i
T
t
i
f
o

P

h
1
(

Journal of Taibah University for Science 9 (2015) 57–68

Available  online  at  www.sciencedirect.com

ScienceDirect

Hydrogeophysical and hydrogeological investigations of
groundwater resources in Delta Central, Nigeria

Ochuko Anomohanran ∗
Physics Department, Delta State University, Abraka, Delta State, Nigeria

Available online 1 July 2014

bstract

An electrical resistivity survey, down-hole logging and pumping test were conducted in Delta Central District of Nigeria to
etermine the groundwater potential and aquifer characteristics of the study area. Twenty vertical electrical soundings of the
chlumberger configuration were performed with an ABEM SAS 1000 Terrameter. The geoelectric data obtained were interpreted
ith partial curve matching and computer iteration using RESIST software. The results showed the presence of four geoelectric

ayers comprising loamy–sandy topsoil, clay, fine sand and coarse sand. The investigation also revealed the presence of a confined
quifer in the area, with resistivity values of 869.1–8704.1 �m, while the depth of the aquifer ranged between 20.2 and 25.4 m.
he average values of the groundwater characteristics obtained were 0.026 mS/m for electrical conductivity, 25.75 mg/m3 for

otal dissolved solids, 0.022 m2/min for transmissivity and 0.000133 for storativity. Comparison of these values with international

tandards indicated that the water in the aquifer is of good quality and that the yield could withstand heavy pumping. It is therefore
ecommended that a good water scheme be established to serve the people of the area, including its surrounding towns.

 2014 Taibah University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/3.0/).
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.  Introduction

The need for adequate, good-quality water has
ncreased extensively due to awareness and technology.
hus, many people rely on the exploration and exploita-

ion of groundwater. Exploration for groundwater, which
s one of the most valuable natural resources and is vital
or the sustenance of life on earth, requires a number
f techniques [1–3]. The electrical resistivity method is
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useful in this regard, as it is an efficient and economical
method for determining the presence of groundwater [4].
Geophysicists have also used it to determine the thick-
ness of bedrock, clay aquitards, salt water intrusion, the
vertical extent of certain types of soil and the spread of
groundwater contamination [5,6].

The electrical resistivity method can be used in a wide
range of geophysical investigations, such as exploration
for minerals, engineering investigation, geothermal stud-
ies, archaeological surveys and geological mapping [5].
The method has been used extensively in Nigeria and
other parts of the world to investigate the subsurface.
Majumdar and Das [7] used it to estimate the aquifer
properties of Sagar Island Region in India, where they
observed that the results correlated significantly with
. This is an open access article under the CC BY-NC-ND license

borehole data from the area. Sirhan et al. [8] used the
method to map electrical resistivity distribution in the
Al-Avovb Basin in Palestine, showing the existence of
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a continuous moderate formation accompanied by an
upper clayey layer and a strong correlation with existing
wells located in the study area. In Nigeria, the geoelectri-
cal resistivity method has been used to search for potable
water and to evaluate formation strata [2,3,9–14].

Vertical electrical sounding (VES) is commonly used
in electrical resistivity surveys to determine the ver-
tical variation between the electrical resistivity below
the earth’s surface and the potential field generated by
the current [15,16]. The technique involves inducing
an electric current into the ground by means of two
implanted electrodes and measuring the difference in
potential between two other electrodes, referred to as
the potential electrodes. The electric current used is the
direct current provided by a dry cell. Therefore, analysis
and interpretation of the geoelectric data are on the basis
of direct current.

The resistivity computed from the measurement of
induced current and the potential difference is referred to
as the “apparent resistivity”. This measurement is based
on the assumption that the ground is uniform. How-
ever, in reality, the resistivity of the earth is determined
by inhomogeneous lithology and geological structures.
Therefore, a graph of apparent resistivity against current
electrode spacing is used to determine vertical variation
in formation resistivity. Interpretation of this graph gives
the true resistivity and depth of the geoelectric layers
and is also used to ascertain the presence or otherwise of
groundwater aquifers in the area. The parameters that are
known to affect the estimation of groundwater resources
include aquifer thickness and the size and degree of inter-
connection of pore spaces within the aquifer material [4].
These properties affect the ability of an aquifer to store
and transmit groundwater [4,17].

In order to guarantee good-quality, and sustainable
groundwater, it is important to integrate aquifer param-
eters determined from downhole loggings and pumping
tests. Downhole logging is used to evaluate the character
and thickness of the different geological materials pen-
etrated by wells and test holes. Pumping test involves
pumping water from a test well at a constant rate and
measuring the water depth over a given time [18,19].
The difference between the measured depth and the static
water level gives the drawdown values used in estimating
transmissivity.

Various pumping methods have been used to estimate
aquifer parameters. Rajasekhar et al. [18] applied the
Sushil K. Singh method to calculate the parameters of

confined aquifers and found that the transmissivity of the
Kabul basin in Afghanistan was 94.16 m2/day and the
storativity was 0.00258. They reported that the method
shows high reliability. Halford et al. [19] determined
ersity for Science 9 (2015) 57–68

the reliability of the Jacob method of estimating the
transmissivity of various aquifer types by interpreting
628 simulated draw-down records. The results were
unambiguous, and the transmissivity estimates varied
little among analysts. They reported that the estimates
were affected minimally by partial penetration, vertical
anisotropy and interpretive technique. Gogoi [20] used
the Jacob and Theis methods to evaluate the hydraulic
parameters in the district of Cachar, Karimganj and
Hailakandi in India. He reported that the aquifer of
Barak Valley could yield up to 15 m3/h of groundwater
for 6–7 h/day, which could effectively supplement the
domestic, agricultural and industrial needs in the area.
He commented that the Jacob method has become the
most popular for estimating transmissivity because of
its simplicity.

The district under consideration in this study is a
major economic hot spot in the Niger Delta area of
Nigeria, with a population of 1 239 650 in the 2006
national census [21]. The district has no functional
scheme for supplying water, and the people of the
district have long relied on hand-dug wells, which in
most cases are vulnerable to contamination because
they are shallow. Those who could afford to drill
boreholes have done so without a geophysical survey.
The surface water sources available are either far away
from habitations or are polluted by various sources.
The aim of this study, therefore, was to determine the
groundwater potential and aquifer characteristics of the
district to serve as a roadmap to providing good-quality,
sustainable water to the people. Hydrogeophysical and
hydrogeological methods were used to determine the
groundwater potential of the area and to evaluate the
characteristics of the groundwater aquifer.

2.  Materials  and  methods

The study was carried out in Delta Central District,
Nigeria, at latitude 5.50◦ and 5.80◦ N and longitude 5.84◦
and 5.98◦ E (Fig. 1). The area is central to most major
towns and communities in the district and experiences
less oil pollution than most parts of the Niger Delta.

We conducted 20 VESs of the Schlumberger config-
uration with a maximum current electrode separation of
150 m (Fig. 2). This technique was used because it is
considered most appropriate in a sedimentary basin [22]
and is simpler and more economical than other geophys-
ical methods [23]. An ABEM SAS 1000 Terrameter was

used to obtain the apparent resistivity at each VES point.
The data were first interpreted by the conventional partial
curve matching technique with two-layer master curves
in conjunction with an auxiliary point diagram. This
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Fig. 1. Map

ave an estimate of the layer resistivity and thickness,
hich were used as input data for computer-assisted

nterpretation with RESIST software to obtain the true
esistivity and thickness of the various layers.

Ten boreholes (two boreholes per location) were
rilled to determine the hydrogeological characteristics
f the groundwater aquifer. Two geological loggings,
he resistivity log and the spontaneous potential logs,
ere conducted on the test wells at each location with
n SAS 1000 Terrameter and SAS 200 logging probe,
hich was lowered into the well through a calibrated

ape. The data obtained from the two loggings were

Fig. 2. Locations of vertical electrica
study area.

used to determine the electrical conductivity, from which
the total dissolved solids in the groundwater was calcu-
lated.

Pumping was carried out with a 0.75 kW pump at
a constant rate of 0.218 m3/min at each location. As
water was pumped from the test well, the water level
in the observation well located 50 m from the test well
was monitored for a specific interval. The transmissiv-
ity and storativity of the aquifer were determined by the

Jacob straight-line method [19,24]. A graph of draw-
down (h0 −  h) was plotted on an arithmetic scale against
time plotted in logarithmic scale [19]. The value of the

l sounding (VES) positions.
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 of stud
Fig. 3. Lithologic logs

drawdown per log cycle (�(h0 −  h)) was determined
from the graph and was used to compute the transmis-
sivity and storativity of the subsurface aquifer from Eqs.
(1) and (2) [5,19,24].

T  = 2.3Q

4π�(h0 −  h)
(1)

and

S  = 4Tt0

r2 ,  (2)

where T  is transmissivity, S  is storativity, �(h0 −  h) is
the drawdown per log cycle of time, Q  is the constant
pumping rate and t0 is the time since pumping began.

3.  Results  and  discussion

The lithological sections from the five drilled wells
are shown in Fig. 3. This shows the presence of four
formations, comprising sandy/loamy topsoil, clay, fine
sand and coarse sand, with groundwater being sourced
from the third and fourth layers. Fig. 3 shows the fourth
layer to be coarse sand while the third is fine sand, thus
the fourth layer is considered more prolific than the third.
The geological information therefore serves as a guide
in geophysical interpretation.

The field curves of the geoelectric data show the rela-
tion between the apparent resistivity and half the current
electrode spacing (Fig. 4). The result of the qualitative
analysis is presented in Table 1, which shows the resis-
tivity and the depth of the various formations.
Four geoelectric layers were found in the study area.
The first is made up of loamy/sandy topsoil with a resis-
tivity ranging between 60.5 �m in VES 10 and 968 �m
in VES 4. The thickness of the layer was 0.5–2.0 m. The
y area from boreholes.

second geoelectric layer is made up of a clayey (clay,
sandy clay and clayey sand) formation, except in VES 4,
which is deduced to be compacted sand. This layer con-
stitutes the aquitard for the study area. The resistivity
of this layer was 15.7–162 �m, and the thickness was
2.4–6.5 m. The third geoelectric layer is a wet sand for-
mation in VES 1, 9, 10, 11, 12, 14, 15, 16 and 20; a fine
sand formation in VES 3, 4, 5, 7, 8, 13, 17, 18 and 19; and
medium-grain sand in VES 2 and 6. Comparison with the
lithological information from the drilled wells implies
that this layer is water-bearing in VES 2, 3, 4, 5, 6, 7, 8,
13, 17, 18 and 19. The resistivity of the water-bearing
locations was 826.9–2491.9 �m. The fourth geoelectric
layer is made up of fine sand in VES 1, 7, 8, 9, 11, 13,
16, 17, 18 and 20; medium-grain sand in VES 3, 4, 5,
10, 12 and 19; and coarse sand in VES 2, 6, 14 and 15.
The resistivity of this layer was 869.1–8704.0 �m, while
the depth was 20.2–25.4 m. The fourth geoelectric layer
was a confined aquifer at all the VES locations and is the
preferred source of potable water for the people in the
survey area.

Fig. 5 shows the resistivity distribution of the fourth-
layer aquifer. The resistivity range is synonymous with
those of fine sand, medium-grain sand and coarse sand,
which are good sources of groundwater in a sedimen-
tary basin [22]. The depth map for the confined aquifer
layer is presented in Fig. 6, which shows the depths to
be drilled in order to strike the top of the fourth-layer
aquifer. The plot shows that the depths of the aquifer
in the various VES locations are closely related and are

closely correlated with well records.

The results of down-hole logging in the drilled wells
were used to determine the electrical conductivity from
which the total dissolved solids of the groundwater was
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Fig. 4. Vertical electric sounding (VES) curves obtained from the study area.
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Table 1
Interpretation of geophysical measurements.

Station no. Layer no. Resistivity (�m) Thickness (m) Depth (m) Geotechnical implication

VES 1 1 108.7 2.0 – Loamy topsoil
2 117.1 5.8 2.0 Clayey sand
3 513.0 16.5 7.8 Wet sand
4 1706.1 24.3 Fine sand

VES 2 1 124.3 1.0 – Loamy topsoil
2 72.3 5.1 1.0 Clay
3 2126.5 17.9 6.1 Medium-grain sand
4 3992.3 24.0 Coarse sand

VES 3 1 464.3 1.5 – Sandy topsoil
2 93.9 6.4 1.5 Sandy clay
3 1117.9 12.6 7.9 Fine sand
4 1993.8 20.5 Medium-grain sand

VES 4 1 968.8 1.6 – Sandy topsoil
2 347.1 7.7 1.6 Compacted sand
3 984.7 12.4 9.3 Fine sand
4 2479.9 21.7 Medium-grain sand

VES 5 1 341.8 1.4 – Sandy topsoil
2 33.5 5.9 1.4 Clay
3 1516.8 17.2 7.3 Fine sand
4 1943.9 24.5 Medium-grain sand

VES 6 1 105.2 1.4 – Loamy topsoil
2 49.6 3.8 1.4 Clay
3 2491.9 16.0 5.2 Medium-grain sand
4 6889.0 21.2 Coarse sand

VES 7 1 77.2 1.6 – Loamy topsoil
2 39.7 5.5 1.6 Clay
3 826.9 16.7 8.1 Fine sand
4 1462.8 24.8 Fine sand

VES 8 1 293.3 1.0 – Loamy topsoil
2 85.6 6.1 1.0 Sandy clay
3 929.8 15.2 7.1 Fine sand
4 1538.7 22.3 Fine sand

VES 9 1 85.2 1.3 – Loamy topsoil
2 24.9 6.5 1.3 Clay
3 562.7 15.5 7.8 Wet sand
4 1842.6 23.3 Fine sand

VES 10 1 60.5 1.5 – Loamy topsoil
2 33.4 3.3 1.5 Clay
3 493.0 17.8 4.8 Wet sand
4 2997.5 22.6 Medium-grain sand

VES 11 1 330.1 0.9 – Sandy topsoil
2 15.7 5.4 0.9 Clay
3 455.3 15.3 6.3 Wet sand
4 869.1 21.6 Fine sand

VES 12 1 246.2 1.8 – Loamy topsoil
2 115.7 4.1 1.8 Sandy clay
3 624.4 19.2 5.9 Wet sand
4 2744.9 25.1 Medium-grain sand

VES 13 1 429.1 1.1 – Sandy topsoil
2 162.4 2.4 1.1 Clayey sand
3 900.1 17.6 3.5 Fine sand
4 1360.7 21.1 Fine sand

VES 14 1 66.8 0.8 – Loamy topsoil
2 37.2 3.3 0.8 Clay
3 568.2 18.8 4.1 Wet sand
4 8704.1 22.9 Coarse sand
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Table 1 (Continued)

Station no. Layer no. Resistivity (�m) Thickness (m) Depth (m) Geotechnical implication

VES 15 1 127.3 0.5 – Loamy topsoil
2 32.5 4.7 0.5 Clay
3 691.2 15.5 5.2 Wet sand
4 6016 20.7 Coarse sand

VES 16 1 93.0 0.7 – Loamy topsoil
2 55.4 4.5 0.7 Clay
3 476.8 15.0 5.2 Wet sand
4 1828.0 20.2 Fine sand

VES 17 1 213.1 1.1 – Loamy topsoil
2 17.8 5.3 1.1 Clay
3 863.2 17.1 6.4 Fine sand
4 1167.2 23.5 Fine sand

VES 18 1 567.5 1.1 – Sandy topsoil
2 79.4 4.9 1.1 Clay
3 912.5 18.7 6.0 Fine sand
4 1627.2 24.7 Fine sand

VES 19 1 208.2 1.6 – Loamy topsoil
2 66.6 5.7 1.6 Clay
3 896.0 18.1 7.3 Fine sand
4 2887.9 25.4 Medium-grain sand

VES 20 1 2383.4 1.5 – Lateritic topsoil
2 95.0 3.9 1.5 Sandy clay
3 402.1 18.4 5.4 Wet sand
4 1616.3 23.8 Fine sand

Table 2
Results of down-hole logging.

Depth (m) Location

Okpara Water Side Ovu Okpara Inland Orerokpe Oha

σ

(mS/m)
TDS
(mg/m3)

σ

(mS/m)
TDS
(mg/m3)

σ

(mS/m)
TDS
(mg/m3)

σ

(mS/m)
TDS
(mg/m3)

σ

(mS/m)
TDS
(mg/m3)

4 0.076 51.08 0.068 45.46 0.013 8.44 0.083 55.37 0.052 34.72
6 0.071 47.30 0.055 36.92 0.009 5.81 0.062 41.40 0.074 49.26
8 0.068 45.42 0.053 35.49 0.008 5.59 0.052 34.72 0.054 36.02
10 0.047 31.65 0.035 23.17 0.086 57.40 0.039 26.17 0.046 30.59
12 0.036 23.83 0.029 19.28 0.070 46.70 0.027 18.26 0.038 25.57
14 0.036 23.90 0.025 16.82 0.054 36.03 0.032 21.34 0.040 26.69
16 0.026 17.21 0.025 16.62 0.038 25.25 0.017 11.63 0.035 23.18
18 0.028 18.95 0.024 15.83 0.034 23.06 0.021 14.26 0.029 19.14
20 0.024 15.81 0.015 10.11 0.032 21.63 0.014 9.57 0.026 17.22
22 0.022 14.94 0.019 12.55 0.028 18.91 0.015 10.32 0.017 11.59
24 0.020 13.08 0.017 11.71 0.019 12.51 0.014 9.12 0.015 10.00
26 0.020 13.57 0.014 9.71 0.014 9.42 0.012 8.21 0.016 10.98
28 0.019 12.83 0.013 8.92 0.013 8.49 0.012 8.17 0.016 10.47
30 0.016 10.44 0.012 7.76 0.012 7.98 0.012 7.92 0.013 8.48
32 0.014 9.50 0.011 7.27 0.011 7.12 0.013 8.41 0.012 7.98
34 0.013 8.51 0.010 6.85 0.010 6.70 0.012 7.84 0.011 7.70
36 0.012 8.18 0.009 6.31 0.008 5.32 0.010 6.91 0.011 7.53
38 0.012 7.91 0.008 5.53 0.008 5.20 0.010 6.47 0.012 8.07
40 0.011 7.53 0.007 4.69 0.007 4.84 0.009 5.74 0.010 6.71

Average 0.030 20.09 0.024 15.84 0.025 16.65 0.024 16.41 0.028 59.75

�, electrical conductivity; TDS, total dissolved solids
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Fig. 5. Map of resistivity of the aquifer layer (�m).

calculated (Table 2). The average electrical conductivity
for Okpara Water Side, Ovu, Okpara Inland, Orerokpe
and Oha was 0.030, 0.024, 0.025, 0.024 and 0.028 mS/m,
respectively, and the average total dissolved solids were
20.09, 15.84, 16.65, 16.41 and 59.75 mg/m3, respec-
tively. These values are below the limits of 250 �S/cm for
electrical conductivity and 500 mg/m3 for total dissolved
solids recommended by the United State Environmental
Protection Agency [5,7,25] and indicate that the quality

of the groundwater is high.

The results of the pumping test and the drawdown are
shown in Table 3. The data obtained from the pumping
test in all locations were plotted as drawdown versus

Fig. 7. Plot of drawdown versus ti
Fig. 6. Map of depth of the aquifer layer (m)

time on a semi logarithmic graph. The drawdown value,
�(h0 −  h), between the log cycles of time for each
location was evaluated and the transmissivity calculated
with Jacob’s equation (Eq. (1)) (Figs. 7–11). The trans-
missivity values obtained for Okpara Water Side, Ovu,
Okpara Inland, Orerokpe and Oha were 0.024, 0.025,
0.020, 0.016 and 0.025 m2/min, respectively, giving an
average transmissivity of 0.022 m2/min for the study
area. The storativity for these sites from Eq. (2) was
0.000115, 0.000136, 0.000144, 0.000128 and 0.000140,

respectively, giving an average storativity of 0.000133
for the area. Todd [16] and Rajasekhar et al. [18] reported
that the storativity of most confined aquifers falls in the

me for Okpara Water Side.
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Fig. 8. Plot of drawdown versus time for Ovu.

Fig. 9. Plot of drawdown versus time for Okpara Inland.

Fig. 10. Plot of drawdown versus time for Orerokpe.
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down v
Fig. 11. Plot of draw

range 0.005–0.00005. Hence, the average value obtained
for the storativity is within the limit for a confined aquifer
[16,18,23]. The values for transmissivity and storativity
show that the aquifer is high yielding. It could therefore
provide enough water for the people of the area and could
withstand heavy pumping.

A water scheme to provide potable water for the peo-
ple of the district is therefore proposed. The scheme
when established will provide water to six local govern-

ment areas in the region, namely Ethiope East, Ethiope
West, Okpe, Sapele, Ughelli North and Ughelli South,
with populations of 200 942, 202 712, 128 398, 174 273,

Table 3
Results of pumping tests.

Time (min) Okpara Water Side Ovu Okpara 

Water
level
(m)

Drawdown
(m)

Water
level
(m)

Drawdown
(m)

Water
level
(m)

0 5.91 0 6.84 0 7.33 

5 6.23 0.32 7.20 0.36 7.81 

10 6.64 0.73 7.52 0.68 8.15 

15 6.87 0.96 7.74 0.90 8.36 

20 7.12 1.21 7.96 1.12 8.68 

25 7.23 1.32 8.17 1.33 8.85 

30 7.39 1.48 8.26 1.42 9.03 

35 7.47 1.56 8.35 1.51 9.12 

40 7.60 1.69 8.44 1.60 9.28 

45 7.67 1.76 8.53 1.69 9.37 

50 7.67 1.76 8.62 1.78 9.45 

55 7.67 1.76 8.62 1.78 9.45 

60 7.67 1.76 8.62 1.78 9.45 

120 7.67 1.76 8.62 1.78 9.45 

180 7.67 1.76 8.62 1.78 9.45 
ersus time for Oha.

320 687 and 212 638, respectively [21]. On the assump-
tion that each individual in the area will consume 4000 L
of water a month and that a rate of US$ 1 per 1000 L is
charged, a monthly revenue of US$ 4.96 million (800
million naira) could be generated annually from the
scheme (Fig. 12). The proposed scheme will also provide
employment for a good number of people living in the
area. This fact was corroborate the suggestion of Zhu
and Ierland [26] that water is part of the environmen-

tal resource that contributes to economic activities and
therefore can be treated as a direct input to the economic
system.

Inland Orerokpe Oha

Drawdown
(m)

Water
level
(m)

Drawdown
(m)

Water
level
(m)

Drawdown
(m)

0 6.54 0 6.13 0
0.48 6.96 0.42 6.63 0.50
0.82 7.39 0.85 6.98 0.85
1.03 7.75 1.21 7.18 1.05
1.35 8.09 1.55 7.41 1.28
1.52 8.28 1.74 7.53 1.40
1.70 8.57 2.03 7.67 1.54
1.79 8.66 2.12 7.76 1.63
1.95 8.79 2.25 7.85 1.72
2.04 8.92 2.38 7.93 1.80
2.12 9.04 2.50 8.00 1.87
2.12 9.13 2.59 8.08 1.95
2.12 9.13 2.59 8.14 2.01
2.12 9.13 2.59 8.14 2.01
2.12 9.13 2.59 8.14 2.01
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Fig. 12. Monthly revenue that could be derive

.  Conclusion

A geoelectrical survey, down-hole logging and
umping tests were performed to investigate the ground-
ater potential and aquifer characteristics of the study

rea. The geoelectrical survey showed that the depth
f the aquifer is 18.4–25.4 m and the resistivity is
69.1–8704.1 �m. This result is in agreement with that
f Egbai [27] in a nearby location, who found that the
esistivity of the aquifer in Osubi is 366–7550 �m. We
ound that the average aquifer electrical conductivity was
.026 mS/m, the total dissolved solids was 25.75 mg/m3,
ransmissivity was 0.022 m2/min and storability was
.000133. The transmissivity and storativity values indi-
ate that the drawdown is low, indicating that long
umping can be sustained in this district. Halford et al.
19] reported that low drawdown indicates that long
umping can be sustained, as the aquifer can recuperate
n a short time.

The results indicate that the aquifer is of good qual-
ty and could provide enough water for the area. It is
herefore recommended that a water scheme be estab-
ished in the area, which will also be a backup for the
ater scheme in Warri and also cater for the coaster

ommunities in Delta State, which suffers from saline
ater intrusion. The water scheme will serve not only

he people of the area but the populations of large
owns and cities in the district. The scheme, when
stablished, will bring succuor to the people of the dis-

rict and produce revenue for the State Government. It
ill also provide employment for a good number of
eople.

[

establishing a water scheme in the study area.
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