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Abstract
The increase in anthropogenic activities resulting from an increase in population in Auchi and environs has made ground-
water within the study area vulnerable to contamination through infiltration. This research is necessary to ascertain the 
vulnerability status of aquifer potential within Auchi. The vulnerability of the aquifer potential in the study area was studied 
with the application of the Dar Zarrouk model. The field data were collected with an Omega 48 resistivity meter using the 
electrical resistivity method. The Schlumberger arrangement was used to obtain ten (10) vertical electrical soundings (VES) 
with current electrodes at a maximum spacing of 350m. Seven to ten geo-electric layers were discovered from the analyzed 
field data. The lithology of the subsoil was found to be predominantly sandstone, with some clay and shale thrown in for 
good measure. The aquifer has a thickness of 34.995m and 98.557m as the lowest and highest figures, respectively, with an 
average figure of 59.717m. The aquifer depth was estimated to have a minimum figure of 105.11m and a maximum figure of 
140.38m, with an average figure of 123.423m. The aquifer resistivity in the study area was found to have the lowest figure 
of 404.76Ωm and the highest figure of 4094.5Ωm, with an average figure of 1442.957Ωm. The longitudinal conductance 
across the region ranges from 0.0162 to 0.2093mhos with an average value of 0.0651mhos, whereas the transverse resist-
ance has a minimum and maximum values of 21661.2144Ωm2 to 272317.006Ωm2 respectively with an average figure of 
85393.0926Ωm2. Transmissivity figures of 578.3125m2/day as a minimum and 675.5673m2/day as a maximum with an aver-
age of 621.7676m2/day were obtained. The entire study area is generally characterized by low and weak aquifer protective 
capacity, indicating that the aquifer within the research area is prone to contamination via infiltration. This study would be 
beneficial in groundwater development and management across the study area and it would also help educate the residents 
of Auchi on the proper ways of waste disposal.
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Introduction

Accessibility to potable water is very vital in the day-
to-day activities of a man. The global demand for water 
increases with an increase in the population of people and 
urbanization. Groundwater is widely needed for domes-
tic, agricultural, and industrial purposes (Khosravi et al. 
2018). Groundwater vulnerability and contamination can 
result from increased anthropogenic activities (Obiora 
and Ibuot 2020). Humans are exposed to severe sicknesses 
through contaminated groundwater (Popoola and Adenuga 
2019). The aquifer is primarily recharged by water bodies 
and precipitating atmospheric moisture that has perme-
ated the Earth’s subsoil (Kwami et al. 2018). The poros-
ity and permeability of the underlying rocks determine 
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groundwater occurrence and development. The volume 
ratio of pore spaces to the overall volume of soil, rock, 
or sediment is known as porosity (Obiora et al. 2015). 
Electrical resistivity methods can be utilized to offer use-
ful information on aquifer potential (Senthilkumar et al. 
2017). The correlation between transverse resistance and 
hydraulic transmissivity is required for using the resis-
tivity method to examine water-bearing geologic forma-
tions (Kelly and Reiter 1984). Maillet (1947) devised 
the method of using resistivity and thickness of rocks to 
estimate aquifer characteristics. Hydraulic conductivity is 
one of the most important components to consider while 
evaluating aquifer characteristics (Gemail et al. 2011). 
The transverse resistance and longitudinal conductance 
are very crucial for estimating groundwater flow within 
a permeable geologic formation (Chang et  al. 2011). 
Assessing aquifer potential and susceptibility to contami-
nation is significant in long-term groundwater resource 
management. Groundwater vulnerability has been studied 
widely by several researchers using varieties of methods 
such as overburden protective capacity (Duarte et  al. 
2019). The increased population in Auchi and the gradual 
industrialization of its surrounding Okpella community 
where Dangote Cement and other factories are located 
have led to the increase in anthropogenic activities within 
the study area. Groundwater is susceptible to contamina-
tion, especially in areas where an unconfined aquifer is 
dominant; the presence of contaminants in groundwater 
would make it unfit for a variety of purposes. The pre-
dominance of unconfined aquifer within Auchi and envi-
rons necessitated this research to assess the vulnerability 
of the aquifer to contamination for proper groundwater 
development and management.

The geological setting of the research area

The entire study area lies within Anambra Basin. This 
basin is almost trapezoidal, covering about  3000km2 and 
containing an estimated  9km3 of sediments (Olubayo 
2016; Iheanacho 2016). The basin is part of the Lower 
Benue Trough, which comprises sediments from the 
Campanian–Maastrichtian through the Eocene epochs 
(Obaje, 2009). In the study area, three lithofacies from 
two different lithostratigraphic units have been identified 
to be a shale unit overlain by cross-bedded sandstone, 
burrowed sandstone, and ferruginized sandstone (Ade-
koya et al. 2011). The shale unit is thought to be from the 
Mamu Formation and the sandstone units are most likely 
from the Ajali Formation (Geologic Map of Nigeria, 
GSN 1994). The shale units are thought to be formed in a 
shallow marine environment, whereas the sandstone units 
are believed to be formed in a fluvio-deltaic environment 

(Nwajide 1990). Fine to coarse-grained and weakly to 
somewhat sorted sediments were discovered across the 
research region by Ilegieuno et al. (2020).

Materials and procedures

In this research, the Schlumberger arrangement was 
employed to acquire the field data. The approach 
involves the placement of four (4) electrodes at prede-
termined intervals, which are used to deploy current and 
calculate the potential posed by current flow within the 
subsurface. The electrode spacing is raised to acquire 
more information from deeper depths at a specific place 
(Egbai, 2011). This is based on the fact that the wider 
the gap between the current electrodes, the deeper the 
current can penetrate the subsurface. The resistivity val-
ues were measured with the help of a resistivity meter. 
The field practice entails the conveyance of current via 
the current electrodes down to the various layers of the 
Earth’s subsurface by spreading out the current elec-
trodes (AB) at equal distances from the midpoint at the 
same time as the potential electrodes (MN) were fixed 
at equal distances from the midpoint, and the resulting 
resistivity values of the various layers were recorded 
by the resistivity meter. As the resistivity values gained 
became inconsequential, the technique was continued 
and the potential electrodes were extended further at a 
similar distance. A straight line was maintained between 

Table 1  Henriet (1976), Oladapo et al. (2004), and Ogungbemi et al. 
(2004) all rated longitudinal conductance/aquifer protective capacity 
(2013)

Longitudinal conductance (mhos) Protective capacity rating

>10 Excellent protective capacity
5–10 Very good protective capacity
0.7–4.9 Good protective capacity
0.2–0.69 Moderate protective capacity
0.1–0.19 Weak protective capacity
˂0.1 Poor protective capacity

Table 2  Transmissivity and aquifer potential scale (Gheorghe 1978)

Value range Potential

> 500  m2day−1 High aquifer potential
50–500  m2day−1 Moderate aquifer potential
5–50  m2day−1 Low aquifer potential
0.5–5  m2day−1 Very low aquifer potential
˂0.5  m2day−1 Negligible aquifer potential
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the potential and current electrodes during the survey. 
The apparent resistivity of the various layers was esti-
mated from the obtained resistance values. The apparent 
resistivity and current electrode spacing AB/2 were plot-
ted on a log-log graph. Master curves and supplementary 
point charts were combined to partially curve match the 
resulting curves (Koefoed 1979; Orellana and Mooney 
1972). Maillet (1947) used Dar Zarrouk to explain the 
connection between transverse resistance and longitudi-
nal conductance. Equations 1 and 2 were used to com-
pute longitudinal conductance (S) and transverse resist-
ance (R) for each point within the study region.

where ρi is the resistivity and hi is the thickness of the lay-
ers. R denotes the transverse resistance.

(1)R =
∑n

i=�
h���

(2)S =
∑n

i=�

h�

��

The longitudinal conductance and transverse resistance are 
known as the Dar Zarrouk parameters and they are very useful 
in understanding aquifer potential (Zohdy et al. 1974). The 
aquifer protective capacity (APC) was rated across the study 
area using Table 1.

Equations 3 and 4 were used to calculate the transmissivity 
and hydraulic conductivity of the aquifer

where R is referred to as the aquifer’s transverse resistance, 
σ is the conductivity, T denotes transmissivity, S represents 
the longitudinal conductance, and K stands for the hydraulic 
conductivity. Heigold et al. (1979) proposed Eq. 4 for esti-
mating an aquifer’s hydraulic conductivity,

where Rrw stands for aquifer resistance and K symbolizes 
hydraulic conductivity.

(3)T = K �R =
KS

σ
= Kh

(4)K = 386.40R
rw

(−0.93283)

Fig. 1  Locations of vertical electrical sounding (VES) on a base map
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The result of Kσ is rather steady in places with compara-
ble geologic background. As a result, an understanding of 
K gleaned from present boreholes and σ from VES sound-
ing may be utilized to determine Kσ for a similar geologic 
region, allowing for the projection of transmissivity and 
aquifer hydraulic conductivity for the entire area (Niwas 
and Singhal 1981). The transmissivity and aquifer potential 
scale are shown in Table 2.

Results

The result from the qualitative and quantitative interpre-
tation of the field data was used to describe the aquifer’s 
potential and vulnerability in the research area. Ten (10) 
vertical electrical soundings (VES) were collected from 
the research area (Fig. 1; Table 3) and analyzed using 
computer software (interpex). The acquired VES curves 
were curve matched with the master curves for correct-
ness. VES 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 presented KAK, 
A, AKH, KH, KH, AKH, AKH, A, KH, and A curve 
types, correspondingly. The data were analyzed qualita-
tively, and seven (7) to ten (10) geo-electric strata were 
discovered across the research area. Figure 2 depicts a 
representative plot of the interpreted profile and VES 
point resistivity models. Topsoil, clay, clayey sand, 
shale, water-saturated sand, and dry sand are some of 
the lithologies found in the research area. The minimum 
and maximum aquifer thickness figures are 34.995m 
and 98.557m with an average figure of 59.717m, the 
lowest and highest estimated aquifer depth values are 
105.11m and 140.38m with an average depth figure of 
123.423m, and a minimum and maximum aquifer resis-
tivity value of 404.76Ωm and 4094.5Ωm were obtained 
with an average value of 1442.957Ωm. The longitudi-
nal conductance has the lowest figure of 0.0162mhos 
and the highest figure of 0.2093mhos, with an average 
figure of 0.0651mhos. The transverse resistance in the 
research area gave the lowest figure of 21661.2144Ωm2 
and the highest figure of 272317.006Ωm2, with an 
average of 85393.0926Ωm2 which is an indication 
that there is an adequate thickness of aquifer in the 
research area. The aquifer conductivity has a mini-
mum and maximum figures of 0.00024423Ωm−1 and 
0.0024706Ωm−1, respectively, with a mean figure of 
0.001035503Ωm−1. The hydraulic conductivity is esti-
mated to have the lowest figure of 0.164993857m/day 
and a maximum figure of 1.428778783m/day, with a 
mean figure of 0.627574572m/day. Transmissivity fig-
ures of 578.3125m2/day as a minimum and 675.5673m2/
day as a maximum with an average of 621.7676m2/day 
were obtained.
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Discussion of the findings

The longitudinal conductance was used to model and 
estimate the overburden protective capacity. It was dis-
covered that the research area has a poor to weak aquifer 
protective capacity, indicating that the aquifer is highly 
sensitive to contamination. Figure 3 shows a map of the 
aquifer’s protective capacity, and areas with poor and 
weak protective capacity can be seen on the map. The 
aquifer protective capacity across the research area was 
rated (Table 4) with the help of the Longitudinal Con-
ductance/Aquifer Protective Capacity Rating (Henriet 
1976; Oladapo et  al. 2004; Ogungbemi et  al. 2013). 
Aquifer vulnerability to contamination may be increased 
in areas where the vadose zone is very porous and perme-
able (Usman 2009). Transmissivity is high in porous and 
permeable geologic materials while vulnerability to con-
tamination is equally high in porous geologic materials. 

An aquifer is vulnerable to contamination in regions 
where the overlying geologic formation above the aquifer 
is very permeable and when the water table tends to be 
recharged within a short time due to the lack of a con-
fined geologic layer. Unconfined aquifers are recharged 
faster than confined aquifers (Thomas and Walker 2001; 
Oke et al. 2018). As noted by Golam et al. (2014) and 
Anomohanran (2013), impermeable geologic materials 
such as clay and shale usually have high longitudinal 
conductance values as a result of their low resistivity val-
ues, hence implying significant protection to the under-
lying aquifer, whereas permeable materials such as sand 
and gravels have low longitudinal conductance values 
resulting from their high resistivity values and do not 
have significant protection of the underlying aquifer. The 
overburden lithologies within the research area are pri-
marily permeable sandstones with little or no imperme-
able geologic layers; hence, the aquifer is very vulnerable 

Fig. 2  A typical interpreted 
profile as well as the VES point 
resistivity models
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to contamination through infiltration. The values of the 
transverse resistance across the study area show that the 
area is generally characterized by low to high aquifer 
thickness. Transverse resistance below 200,000m2 does 
not signify a lack of an aquifer, but it probably means 
the insufficient thickness of an aquifer or strongly mixed 
aquifer formation with finer sediments (Ezeh, 2012). 
The study area typically has high groundwater flow rate 
which is indicated by the values of hydraulic conduc-
tivity. Hydraulic conductivity suggests a smooth flow 

of water beneath the surface of the Earth (Ezema et al., 
2020). High values of hydraulic conductivity indicate a 
high groundwater flow rate. Aquifer regions with high 
values of hydraulic conductivity will have high perme-
ability (Niwas & Singhal, 1985).

Table  3 shows that the transmissivity has a mini-
mum and maximum figures of 578.3125002m2/day and 
675.5673476m2/day, respectively, with an average figure 
of 621.7676308m2/day. The transmissivity map of the 
research area is shown in Fig. 4. High aquifer potential is 

Fig. 3  The study area’s aquifer 
overburden protective capacity 
map

Table 4  Summary of the study area’s aquifer potential and protective capacity rating

VES Longitude Latitude Transmissivity  (m2/day) Aquifer potential Longitudinal conductance Aquifer protec-
tive capacity 
rating

1 6.268282 7.063008 675.5673476 High potential 0.007730646 Poor
2 6.279131 7.064485 631.6635394 High potential 0.072147876 Poor
3 6.265839 7.055226 590.040092 High potential 0.072724274 Weak
4 6.269418 7.045512 578.3125002 High potential 0.145613678 Weak
5 6.278563 7.047159 632.340407 High potential 0.1138851104 Weak
6 6.270611 7.051136 608.6519984 High potential 0.011740088 Poor
7 6.279642 7.059543 601.2355576 High potential 0.054201786 Poor
8 6.262487 7.047898 640.8413183 High potential 0.055778155 Poor
9 6.261181 7.061133 622.994028 High potential 0.103801103 Weak
10 6.282824 7.055169 636.0295191 High potential 0.024075943 Poor
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matched by high transmissivity figures. Significant trans-
missivity values of more than  500m2/day are widespread 
in the research area, indicating high aquifer potential.

Conclusion

The qualitative and quantitative data processing and inter-
pretation of VES data across the research area revealed 
seven (7) to ten (10) geo-electric layers. The VES plots 
gave KAK, A, AKH, KH, KH, AKH, AKH, A, KH, and 
A types. The research area has a significant depth to the 
aquifer. The predominance of sandstones with little or no 
shale/clay across the research area makes the aquifer to 
be vulnerable to contamination through infiltration. The 
transverse resistance figures show that the thickness of 
the aquifer in the research area is appropriate and trans-
missivity figures of more than  500m2/day are common 
in the research area, signifying a high aquifer potential. 
The preponderance of sandstone lithology is responsible 
for the high aquifer yield seen throughout the research 
area. It is therefore concluded that the research area has 
high aquifer potential but it is prone to contamination via 
infiltration and this will pose a serious health implication 
to the inhabitants of the study area since groundwater is 
their major source of drinking water. This study will be 
helpful in the effective and sustainable management of 
the groundwater resources within the study area.
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