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Abstract
Groundwater resource plays a central role in every sector of life globally. Unfortunately, the roles of groundwater are 
often unappreciated in many parts of the world, especially in developing nations. The paper applied a combined geo-
electrical method and hydrochemical analysis alongside physical surveys to investigate aquifer promising zones, the 
quality and the source of water supply in the selected regions. The geo-electric resistivity data were used to select the 
most aquifer-promising zone for groundwater development with a key interest in groundwater potential and aqui-
fer overburden protective capacity overlying the water-bearing unit. Seventeen (17) vertical electrical sounding (VES) 
acquired in four regions reveals that the regional weathered/fractured unit which constitutes the aquifer unity extends 
from 13.4 m to 41.3 m in depth with the subsurface resistivity value varying between 53 Ωm–1013 Ωm in terms of resis-
tivity values. The overburdened thickness (protective soil layers) stretches from 2.5 m to 13 m with a resistive layer of 
resistivity values ranging from 111 Ωm to 2877 Ωm, which could provide high aquifer protective cover for the regional 
groundwater systems. The computed aquifer transmissivity and hydraulic conductivity range from 0.54 m2∕h–15.85 m2∕h , 
and 0.95 m/day–9.19 m/day, respectively. The estimated average longitudinal conductance (0.2 moh) reveals that the 
regional groundwater systems are moderately protective against surface contaminants. In addition, the physicochemical 
water analysis was examined, which exposes the level of heavy metals (HMs) compositions in the regional groundwater 
systems and the possible public health risks compared to WHO permissible drinking water limits. The sample water 
from the Rivers had the highest concentration of HMs (0.089 mg/I–2.012 mg/l), followed by the hand-dug wells (HWDs) 
(0.033 mg/l–1.555 mg/l) and the lowest in the borehole (0.011 mg/l–0.511 mg/l). In contrast, the borehole water sample 
shows a moderation where the HMs presence falls within the WHO standard for drinking water. The outcomes of the 
study show that 63% of the investigated region consumed water with a high concentration of HMs above the WHO 
permissible standard allowance for drinking water, while only 37% took water that falls within the WHO permissible 
standard. In conclusion, the study showed significant impacts of anthropogenic activities on the regional water quality, 
which provides vital information about the regional groundwater systems and the quality of water supply for adequate 
groundwater development and sustainability.
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1  Introduction

Groundwater resource plays a central role in every sector of life and national building irrespective of national eco-
nomic development, social conditions, political status, and technological advancement. Unfortunately, the roles 
of groundwater are often unappreciated in many parts of the world, especially in developing and underdeveloped 
nations [1]. Groundwater remains one of the most widely used natural resources on the planet Earth. Groundwater 
is found everywhere beneath the surface of the earth in pore space and fractures of soil [2]. However, the distribu-
tion of groundwater is largely unbalanced. Studies have shown that Nigeria has more than enough surface and 
groundwater resources to meet its current water demands [3–5]. Still, due to the growing demand for groundwater, 
the amount of water withdrawn from the ground can exceed the recharge from both rain and snow melt [6, 7]. 
However, the challenges of water systems have not always been scarcity but inadequate knowledge and capacity 
to effectively exploit groundwater resources at all scales and levels [1]. Though, continuous efforts have been put in 
place by various agencies, governmental and non-governmental organizations and institutes to enhance adequate 
access to potable and clean water for all Nigerians including those living in remote areas. Investigation and estima-
tions indicate that only 58% of urban and semi-urban inhabitants and 39% of rural people have access to potable 
water supply [4, 8]. In 2011, the report showed that about 103 million Nigerians did not have access to sanitation 
facilities, while 69 million were reportedly estimated to have lacked access to a quality source of water in many rural 
and urban settlements, exposing the citizens to diseases [8].

Groundwater systems remain one of the freshest and most reliable water due to their hidden nature, which it 
less susceptible to surface contamination [9, 10]. The shortage of fresh water is a global challenge due to the nexus 
of energy and the influence on global economics and the human environment. For instance, more than 30% of the 
world’s freshwater is hidden and reserved as groundwater, while only 0.3% comes from surface water such as riv-
ers, reservoirs, and lakes [11, 12]. Recent studies showed that rainwater remains the primary source of groundwater 
recharge that infiltrates the aquifer systems via the pores [13–15]. The shortage of freshwater may continue for a 
longer time in most of the metropolitan cities in Africa due to the large percentage of increase in urbanization, 
industries, and population, which is further complicated by climate change [16]. Urbanization has been identified as 
one of the major factors causing depletion and quality degradation of water resources, especially the groundwater 
resource, which is the world’s largest freshwater [17]. In the last few decades, the quality of groundwater has been 
threatened by an ever-increasing in contaminants released by several points such as wastewater discharge from 
industries and non-points such as domestic wastewater sources [9, 10, 17, 18].

Unfortunately, urbanization is usually associated with high population density where most industrial activities 
placed more demand and stress on the groundwater resources. In Nigeria, groundwater pollution is one of the 
major consequences of poor waste management resulting from high population density [1]. According to some 
remarkable studies, the heavy contaminants from industries and human activities can easily break a weakly protec-
tive cover overlying the groundwater resources [19–23]. Estimation also showed that over 75% use pit latrines and 
60% discharge wastewater to the environment directly exposing the groundwater systems vulnerable to pollution, 
while over 15% of semi-urban are without access to safe excreta disposal facilities [8]. However, there are several 
other visible problems of groundwater such as variation in groundwater level, climate impacts, poor maintenance 
of water supply facilities, and inadequate knowledge of groundwater systems [3, 5, 6] in the rural and semi-urban in 
Northern Nigeria. Groundwater pollution remains a giant factor affecting water supplies [9, 24]. For a well-protective 
aquifer, there exists a highly resistive overburdened thickness provided by the soil layer to resist the infiltration of 
contaminants from seeping into the soil down to the water table, thereby rendering the water unfit for consumption 
[7, 25–27]. Several studies have applied geophysical methods extensively in the last few decades for groundwater 
exploration in rural and semi-urban Northern Nigeria [5, 28–31], which is becoming a more promising approach for 
groundwater exploration. However, the minimum water security target of Sustainable Development Goals (SDGs) 
has not yet been reached [32, 33], especially in rural areas.

However, the challenges of borehole failure are a general phenomenon in both rural and semi-urban Northern 
Nigeria, which has been identified as one of the forefront problems facing the rural regions. According to past stud-
ies, borehole failures are largely due to the lack of prior information about the hydrogeological condition of the area 
involved [1, 5, 34]. To mitigate against these challenges, Alao, et al., [1] recommended mapping a regional aquifer 
promising zone with a high aquifer overburdened protective capacity layer overlaying the regional groundwater 
resources via adequate geophysical survey and massive aquifer storage support facilities. According to Aweto [19] and 
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Aboh, [31], aquifer-promising zones are best identified by delineating a weathered/fractured basement within the 
subsurface associated with high thickness and low resistivity values alongside the high aquifer protective capacity for 
groundwater development. Identifying the major factors responsible for borehole failure is a good approach towards 
strategic planning for water security and sustainability [1]. However, there are several other factors responsible for 
growing water challenges starting with the most critical ones, (i) groundwater contamination, (ii) borehole failures, 
(iii) inadequate knowledge of groundwater systems, and (iv) unpredicted climate change. The interaction between 
human activities and water quality in every settlement affects the factors aforementioned, which according to some 
studies, the assessment of groundwater protective capacity index against surface contamination is a function of both 
the hydraulic and longitudinal conductivity [35–39]. Therefore, modelling the regional groundwater potential zone 
is a good approach to improving regional water supplies [12, 40, 41]. This study seeks to delineate aquifer promising 
zones and protective capacity index based on the above trend of events to adequately provide subsurface informa-
tion for groundwater development in response to frequent borehole failure alongside the regional water quality and 
groundwater pollution through physicochemical analysis of some water samples in the study area.

2 � Borehole failures

Borehole failure is a popular phenomenon in Northern Nigeria [1, 3, 5]. Several studies have attributed the high rate of 
borehole failures to poor or no hydrogeological investigation because more than 90% of boreholes drilled in Northern 
Nigeria were sited based on the owner’s choice of location rather than adequate hydro-geological/geophysical investi-
gation [3, 5, 31, 42]. Several studies have also indicated that the water-bearing units (aquifers) within Northern Nigeria 
usually occur within the weathered residual overburden and the fractured bedrock [6, 43]. Therefore, viable aquifers 
wholly within the fractured bedrock are of rare occurrence because of the typically low storage of fracture systems, which 
is generally less than 1% [43]. Studies on groundwater development and frequent borehole failure have a long history 
in Nigeria and neighbouring African countries. Continuous and concerted efforts towards securing the water future in 
Northern Nigeria have not yet met the quest for quality water supply. Table 1 shows a brief history of borehole failures in 
Nigeria. Figure 1 presents a report of a case study of the functional status of boreholes in Federal Capital Territory (FCT) 
Abuja. The reports show that out of 556 boreholes drilled in FCT, only 358 boreholes are functioning, which represents 
64% success, while 198 boreholes reportedly failed, which represents 36% failures [6].

Table 1   Some selected studies on borehole functional condition and the possible causes in Nigeria

SN Borehole 
installed

Number of 
unproduc-
tive

Failure rate (%) Some of the possible causes of borehole failures Source(s)

1 256 59 23% Seasonal variations in water level and lack of geophysical investigation [3]
2 50 31 62% Poor design and construction, lack of geophysical survey & poor maintenance [5]
3 69 16 23% Poor/lack of geophysical investigation [42]
4 60 12 20% Aquifer depletion, equipment failure, poorly well design and construction [34]

Fig. 1   Analysis of the func-
tional status of boreholes in 
FCT (A case study)
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3 � Site geology and description

Figure 2 shows the relief of the terrane under study which lies within the geographical coordinates of latitude and lon-
gitude of 10.4326N to 10.429N and 7.4902E to 7.4965E respectively with an average height of 615 m above the sea level. 
The terrane is underlain by Precambrian rocks typical of the Northern basement complex of Nigeria [44]. However, the 
literature review for this work shows that the fractured basement and water-yielding capacities of wells drilled in the area 
and its environs always vary [1]. The area rocks are usually capped by consolidated laterites, quartzites, sandstones and 
silty sand, especially at the surface [4]. Still, the laterites have been weathered into lateritic nodules mixed with sandy 
clays and silty soil over time. The bioclimatic nature of the environment has affected the deep chemical weathering and 
fluvial erosion, which metamorphous the high undulating plains into subdued interfluves [43]. Like other places, the 
hydrogeology of Kaduna State is largely a function of the geologic setting [9]. On the other hand, climate variability 
is one of the fundamental factors that has affected the seasonal variation in the groundwater level. Northern Nigeria 
is one of the vulnerable regions to climate variability because it is located along latitude 80 − 120 N with dry and hot 
climate systems. The hot and dry climate can influence the groundwater [9]. The regional hydrogeology systems are usu-
ally influenced and controlled by climatic variability and drainage systems of the concerned region [9]. The geological 
formations underlying any region determine the aquifer type that would be developed and recharged in that region.

4 � Materials and methodology

Geophysical investigations of the earth’s interior involve the delineation of subsurface physical properties and provid-
ing information on underlying the earth’s interior and subsurface characteristics [45]. Some of the materials used for 
this survey include the Ohmega resistivity meter and its accessories, range poles, global position system (GPS), a dif-
ferential pulse anodic stripping voltammetry (DPASV), atomic absorption spectrometry (AAS), a portable computer for 
data processing, Flask, beakers, and clean plastic bottles (0.75-L), etc. to obtain water samples in two rivers, hand-dug 
wells, and boreholes for the hydrochemical analysis. After that, a total of seventeen (17) vertical electrical sounding (VES) 
were acquired using a Schlumberger array with a maximum spread of 200 m, which works on the principle of Ohm’s law 
according to Eq. (1) [46].

The apparent resistivity of the subsurface materials reacting to the current flow via the ground can be expressed by 
Eq. (2)

(1)ΔV = IR

Fig. 2   Map describing the 
study areas showing the 
elevation and the VES stations
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where R is resistivity and K is a geometrical factor which depends on the four electrode’s geometry (Fig. 3) and can be 
expressed in Eq. (3):

Further derivatives like Dar Zarrouk [DZ] parameters can be used to estimate the aquifer protective capacity [47]. The 
basic parameters DZ parameters (longitudinal conductance, SL and transverse resistance, RT ) can express by Eqs. (4) and 
(5) respectively from apparent resistivity ( ρa ) and thickness ( ha ) of the geoelectric layer [47]. High SL and RT values usually 
indicate relatively thick succession and should be a focus in terms of groundwater potential.

The earth’s interior has since been described as a natural medium that filters the contaminated fluids seeping into 
the ground. This may be difficult if there are soil pores in the earth’s interior. However, hydraulic conductivity has been 
identified as one of the most important and variable parameters for estimating the contaminant travel time [48, 49], it 
was noted that hydraulic conductivity is most reliably estimated via aquifer pumping, but if the aquifer’s yield is very low, 
slug tests are conducted [50]. However, where these data are difficult to obtain or not available, they could be estimated 
by Eq. (6) [1]:

5 � Data processing

The resistivity data acquired in the field were converted to subsurface apparent resistivity ( �a ) using Eq. (2). The appar-
ent resistivity data were fed into a computer software Res ID version 1.00.07 Beta and its model parameters [51], which 
transformed the data to reveal the lithological sequence of the study area. The water sample obtained was tested for 
four heavy metals (Chromium (Cr), iron (Fe), cadmium (Cd), and lead (Pb)) and the electrical conductivity (EC), for phys-
icochemical water analysis in the laboratory presented in Table 2 and Fig. 7. According to a remarkable study. The water 
samples obtained from boreholes should be allowed to flow for at least 5 min before collection to stabilize variation 
in EC and temperature [10]. The samples were transferred and stored in a plastic reagent bottle for AAS analysis after 
being acidified to 1% with nitric acid to keep the metals in solution. The AAS lamp was on for 5 min warm and calibrated 
to determine the unknown concentration of an element such as electrical conductivity (EC), chromium (Cr), chloride 
(Cl), cadmium (Cd), and lead (Pb) by several solutions of known concentrations. A set-up system of 2 m wavelength was 
selected to improve the quality of the analysis. The AAS was allowed to warm up for 5–10 min to stabilize the energy 
source, which was constantly rescaled for various concentrated solutions used. The different heavy metals (EC, Pb, Cd, 
Fe, and Cr) are analyzed in Sects. 4.3, Table 2, and Fig. 7.

(2)⇒ �a = RK

(3)K = 2�
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Fig. 3   Schlumberger Configu-
ration
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6 � Results and discussion

Table 3 indicates the summary of the interpreted VES results and the estimated second aquifer parameters such as lon-
gitudinal conductance, transverse resistance, hydraulic conductivity, subsurface apparent resistivity, layer thickness and 
aquifer transmissivity in the study area using Eqs. (2, 3–6). These parameters were used to evaluate aquifer promising 
zones and aquifer protective capacity. The aquifer hydraulic parameter values also show that the regional aquifer can 
supply continuous water if the wells or boreholes are sited based on the geophysical prediction. The computed values 
of the regional aquifer transmissivity and hydraulic characteristics have an average value of 3.2 m2/hour and 3.4 m/day 
(Table 3). These can enhance the regional aquifer recharge process and productivity. However, the pockets of clay con-
trast encountered beneath the topsoil are relatively impermeable, which implies high aquifer protective capacity. The 
regional transverse resistance varies between 673 Ωm2–13,828 Ωm2 , which that the aquifer systems of the study area 
are promising with a quantifiable groundwater potential.

6.1 � Geoelectric/geology section

Figure 4 presents borehole data acquired by the National Water Resources Institute (NWRI), which is about 800 m away 
from the study area. The information provided by the vertical cylindrical borehole data of six-inch diameter provides 
this study with a good geological insight for critical analysis. The subsurface layers revealed by the borehole data indi-
cate four distinctive layers including the top layer consisting of sandy clay, clayed sand and brownish-red lateritic soil 
with an average overburden thickness of 20 m [8]. The geoelectric/geologic section obtained from this study presents 
a section of the subsoil formation and the sequence of layered rocks. The interpreted field data of the seventeen (17) 
VES stations in four different locations depicted A, B C and D, were employed to prepare the subsoil section displayed 
in Fig. 5a, b. The geo-electric section shows that the study areas are underlain by four to five geological layers. The first 
(topsoil) and second (laterite/dry clay/sand) layers constitute the overburdened thickness layer overlying the aquifer 
units of the study areas, which spreads from 2.5 m to 13 m (Fig. 5a, b). The third (weathered) and fourth (fractured) layers 
constitute the aquifer units of the area, which vary between 14.3 m and 41.4 m. However, the fourth layer interpreted to 
be a fractured region was not encountered in some VST stations (A1, B1, B2, C4, C5 and D4). That is, the weathered and 
fractured basement is the main regional aquifer unit within the study area with high aquifer promising zones. While the 
resistivity and thickness values of the weathered layer vary between 53 Ωm and 334 Ωm and 14.3–41.4 m respectively, 
the fractured basement varies between 335 Ωm–1013 Ωm and 9.3–18.4 m respectively. The last layer is characterized by 
high resistivity values ranging from 1533 Ωm to 66,153 Ωm, which suggests an unfractured fresh basement (Fig. 5a-b).

6.2 � Evaluation protective capacity index

The protective capacity index was evaluated from the geoelectric top layer resistivity employing the service Dar-Zarrouk 
and hydrological parameters in Table 3. The computed longitudinal Conductance (S) presented in Table 3 was used to 
prepare Fig. 6 to evaluate the regional aquifer protective capacity in comparison with the aquifer protective capacity 
rating presented in Table 4. The overburdened topsoil layers overlying the regional aquifer vary between 2.5 and 13 m 
indicating a high protective capacity index. The high impervious clayey overburden encountered beneath the topsoil can 
endure the infiltration of any contaminant plumes since the interior can as a filtering medium. Some considerable stud-
ies on aquifer susceptibility indicate that the aquifer protective capacity index hinges on the degree of impermeability/
permeability of the overburden thickness overlying media to the transmission of pollutants into groundwater systems [9, 

Table 2.   Physio-chemical water analysis of the two Hand-Dug Wells, two rivers and two boreholes

Parameter Unit HDW 1 HDW 2 River 1 River 2 BH 1 BH 2 [57]

EC ms/cm 0.909 0.971 1.024 1.211 0.329 0.418 0.100 – 1.000

Cr mg/l 0.512 0.497 0.712 0.801 0.371 0.299 0.030 – 0.050

Cd mg/l 0.042 0.033 0.091 0.089 0.011 0.013 0.003 –0.005

Pb mg/l 0.791 1.555 1.871 1.312 0.499 0.511 0.010 – 0.030

Fe mg/l 1.003 1.012 2.012 1.919 0.397 0.311 0.300 – 1.000

Below WHO Standard Satisfies WHO Standard Above WHO Standard
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19, 24]. The study area is characterized by relatively high longitudinal conductance that can reduce infiltration of surface 
contaminant into the underlying aquifer (Fig. 6). The aquifer protective capacity of the study area groundwater systems 
is weakly protective against surface contaminants except in the VES stations A2, A3, B2, C1 and C2 (Fig. 6), where the 
groundwater systems are moderately protective against surface pollutants. Only one VES station indicates poor aquifer 
protective capacity. Comparing Table 4 and Fig. 6, the regional aquifer systems are relatively protective against surface 
infiltrations with an average value of 0.2 mhos approximately. While the regional aquifer occurs at deep zones indicat-
ing a high capacity for groundwater development, the high hydraulic conductivity within the aquifer unit shows high 
groundwater productivity. In addition, the results from the VESs were applied to model the longitudinal conductance, 
transmissivity and hydraulic conductivity values for the study area. The computed values indicated that the aquifer 
transmissivity and hydraulic conductivity vary between 0.54 m2∕h—15.85 m2∕h , and 0.95 m/day–9.19 m/day, respec-
tively, while the estimated average longitudinal conductance (0.2 moh) reflect the nature of the regional groundwater 
systems. The results revealed close approximations, which reflect the dependability of the VES’s results. The obtained 
results also suggest a prolific and highly permeable aquifer with a high degree of rechargeability within the study area.

Fig. 4   Geological well-logs (borehole data) around the study area

Fig. 5   Geoelectric/geologic 
section across all the Profiles 
of the study area
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Table 3   The Summary of Computed Dar-Zarrouk Parameters and the Hydraulic Characteristics Estimated from the Geoelectric Parameters 
across all the seventeen VES stations of the study area

SN VES Pts Aquifer resistiv-
ity �(Ωm)

Aquifer 
thickness
d(m)

Transverse resist-
ance R(�m

2)
Longitudinal con-
ductivity S(�−1)

Hydraulic conduc-
tivity K(m/day)

Transmissiv-
ity T(m2∕h)

1 A1 89 15.0 1335 0.1685 1.892 1.183
2 A2 53 12.7 673 0.2396 1.019 0.539
3 A3 63 13.9 876 0.2206 1.252 0.726
4 B1 103 18.2 1875 0.1767 2.253 1.709
5 B2 84 17.9 1504 0.2131 1.766 1.317
6 B3 290 31.6 9164 0.1090 7.764 10.22
7 C1 63 16.5 1040 0.2619 1.252 0.861
8 C2 50 19.9 995 0.3980 0.950 0.788
9 C3 89 15.0 1335 0.1686 1.893 1.183
10 C4 141 22.5 3173 0.1596 3.280 3.075
11 C5 334 41.4 13,828 0.1240 9.191 15.85
12 D1 90 16.6 1494 0.1844 1.918 1.326
13 D2 120 14.3 1716 0.1192 2.705 1.611
14 D3 162 23.0 3726 0.1420 3.872 3.710
15 D4 211 27.0 5697 0.1280 5.309 5.972
16 D5 260 21.4 5564 0.0823 6.814 6.075
17 D6 86 17.0 1462 0.1977 1.817 1.287
Average 135 20.2 3266 0.1800 3.200 3.400

Fig. 6   Computed longitudinal 
conductance of the study 
areas

Table 4   Protective capacity 
rating [50, 52]

Protective Capacity (mhos) Rating

 < 0.1 Poor
0.1–0.19 Weak
0.2–0.69 Moderate
0.7–4.9 Good
0.5–10 Very good
 > 10 Excellent
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6.3 � Physicochemical analysis of the water sample

Figure 7 presents the levels of HM composition in the sample water obtained from different sources (rivers, hand-dug 
wells and boreholes) and the EC alongside the WHO permissible limits for drinking water. The surface water samples 
contain the highest content of HMs (0.089 mg/I–2.012 mg/l), followed by the HWDs (0.033 mg/l–1.555 mg/l) and the 
lowest in the borehole (0.011 mg/l–0.511 mg/l). the borehole water samples show a moderate concentration of HMs, 
which falls within the WHO permissive standard for drinking water. The high concentrations of HMs encountered in the 
surface water and well-water reflection of the degree of the exposures of the regional water supply, while the moderate 
HMs present in the borehole water sample okays the regional borehole water. However, the river water indicates the 
highest contents of HMs and conductivity (Fig. 7), which could expose the health of the villagers vulnerable to attack. This 
may have been attributed to the fact that the rivers are open to all kinds of contaminants since they are not protected by 
any cover [10]. Reliable sources indicate that the villagers sometimes use the river water for drinking, especially during 
the dry periods when most of the HDWs dry off and the boreholes yield very low [1, 3]. The remarkable contents of HMs 
displayed by the HDWs sample water may not be unconnected to the open and shallow nature of the wells because 
virtually all the dug wells were either without cover or perforated cover. The borehole sample water shows some level 
of moderation (Fig. 7). However, the depth of the boreholes is not available in this study to further express the relation 
between the HM’s presence and the borehole depth. However, the contaminated surface water (rivers) remains one of 
the major sources of regional aquifer recharge. According to some remarkable studies, landfill leachate plumes remain 
one of the major threats to regional groundwater systems, which is relatively dependent on the HDW’s depth and con-
taminant source distance [10].

However, the sample water from the RVs had the highest EC (2.024 mg/I–2.211 mg/l), followed by the HWDs 
(0.909 mg/l–0.971 mg/l) and the lowest in the BH (0.329 mg/l–0.418 mg/l). While the WHO-allowed standard indicates 
that the sample from BH is mild, the samples from HDWs are comparatively above the WHO-permissible standard. As a 
result, it is assumed that the dumpsite leachate plumes, which are suspected to be the major cause of regional ground-
water pollution [10] must have migrated outward to the regional groundwater and the surrounding environment. The 
presence of heavy metals (HMs) in drinking water is considered harmful to human health, especially when consumed 
in excess, as per the WHO guideline and other noteworthy research [10, 53, 54] Another outstanding study found that 
heavy metals (HMs) are not readily apparent to the naked eye and that their effects are rarely acknowledged until they 
cause major harm to human health systems. The regional surface and groundwater from the rivers, streams, and HDWs 
are deemed toxic and unsafe for human consumption based on the evidence gathered for this study. Constant exposure 
to heavy metal levels in drinking water is very harmful to human health [10, 54–56].

In addition, the outcomes of the study show that 63% of the investigated region consumed water with a high con-
centration of HMs above the WHO permissible standard allowance for drinking water, while only 37% took water that 
falls within the WHO permissible standard. No water sample station fell below WHO permissible standards. Thus, the 
health implications of HMs in drinking water vary proportionally to the degree of its concentration with device advise 
effect on public health such as heart and kidney-related issues, which could trigger cancer and related health crises. In 

Fig. 7   The degree of heavy 
metal compositions and the 
electrical conductivity present 
in the water samples taken 
from the regional hand-dug 
well, rivers, and boreholes
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developing countries like Nigeria, especially in the remote or semi-remote regions, where contaminated drinking water 
or agricultural wastewater are rarely treated or partially treated, which leads to excess consumption of water/foods pol-
luted with HMs poses the highest risk to human health. These toxic substances can disrupt biological and biochemical 
processes within the body, leading to adverse health outcomes. Therefore, it is important to study and regulate heavy 
metal levels in the regional drinking water to safeguard public health.

7 � Implications of the results on the public health risk

The results from the physicochemical analysis show high concentrations of HMs such as Chromium (Cr), Cadmium (Cd), 
Lead (Pb), and Iron (Fe) in the regional drinking water, which has significant implications for regional public health. This 
data was crucial in evaluating the potential public health risks of these substances. According to remarkable studies, 
the degree of impact of HM-contaminated drinking water depends on the level of consumption of affected water [9, 
10, 24]. For instance, excess consumption of HM-contaminated water can cause several health issues associated with 
lung cancer, kidney and liver damage, and skin irritation, especially the water with a heavy content of chromium and 
cadmium. Exposure of human beings to lead and iron can result can increased blood pressure for adults and develop-
mental delays in children’s brains. However, these substances are not always detrimental to human health when taken 
in small amounts or within the dose standard. The relationship between the amount of exposure (dose) and the severity 
of the effect (response) is interconnected. Therefore, assessing the level how much metal a person has been exposed to, 
through water intake is quite essential in every settlement, in which this has been exposed. Combining both geophysical 
data and physicochemical data provides society with enormous information and awareness, which eventually metamor-
phose into great cautions for individuals or populations. Based on the information gathered from the geophysical data 
and physicochemical data, it is important to note that groundwater vulnerability of HM contaminants is individual and 
public susceptibility to high health risks [10, 55, 58], especially the pregnant women, children, and the elderly, which 
are often more vulnerable to the toxic effects of heavy metals. Individuals drinking the polluted water may be at risk 
of exposure to toxic substances. Therefore, it is important to address and mitigate the potential health risks associated 
with contaminated regional groundwater through effective monitoring, which may involve implementing measures to 
prevent excess exposure for the protection of public health and the environment.

8 � Conclusion and recommendation

The combined geophysical investigation, physicochemical water analysis and physical survey approaches have shown 
high capacity in addressing the rural and semi-urban water challenges. A geo-electrical investigation carried out in sev-
enteen (17) VES stations across four areas reveals four to five geological layers characterized by topsoil, clays/laterite/
sandy soil, weathered layer, fractured basement and fresh bedrock. The computed second aquifer parameters reveal 
that the regional groundwater systems are moderately protective against surface contaminants. Based on the results of 
the geophysical investigation findings and the physicochemical properties of the regional water samples, match with 
the physical surveys.

a.	 The 17 VES acquired in four regions reveals that the regional weathered/fractured unit which constitutes the aquifer 
unity has an electrical layer of resistivity values ranging from 53 Ωm–1013 Ωm and extends from 13.4 m–41.3 m in 
depth, while the overburdened thickness or upper unsaturated layers (protective soil layers) stretches from 2.5 m to 
13 m with layer resistivity values of 111 Ωm to 2877 Ωm, which could provide high aquifer protective cover for the 
regional groundwater systems.

b.	 Only a few stations (A1, B1, B2, C4, & C5) in the three zones sited are directly in regions of high predicted aquifer 
low potential and the regions should take advantage of alternative water storage facilities to reduce pressure on 
boreholes and take control of water scarcity, especially in during dry periods.

c.	 The physical surveys show that 63% of the boreholes found in the villages were not productive. In comparison, only 
67% were recorded productive in the semi-urban area, while the geophysical investigation conducted in the regions 
shows the challenges of borehole failure may be largely attributed to poor pre-investigation about the condition of 
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the regional groundwater potential. Thus, geophysical recommendations for groundwater development should be 
strictly adhered to when selecting a site for groundwater exploration.

d.	 The geophysical investigation shows that only two stations (A3 and C2) of seventeen stations indicate poor regional 
aquifer transmissivity and hydraulic conductivity, which may have a direct impact on the regional aquifer recharge 
process. Thus, alternative high water storage facilities to cushion the effect of unfavourable climate phenomena

e.	 The physicochemical tests on the sample water show a high content of HMs (0.011 mg/l–2.012 mg/l), which vary 
significantly across the three water sources with the rivers showing the highest, followed by HDW and least in the BH 
water. The high-content HMs are presumed to have significantly influenced regional public health, especially that of 
children.

f.	 More than 50% of sources of water supply rely on surface water (rivers) and hand-dug wells in rural and semi-urban 
regions of Northern Nigeria, which have been compromised by the presence of HMs causing water pollution and 
exposing the villagers to health hazards. The results of the physicochemical analysis show that the river water sup-
plies left a huge question mark on the quality of water available for the villagers because the river source is highly 
interconnected with the regional groundwater systems.

g.	 Identifying aquifer-promising zones with a high protective capacity index shows high capacity is critical to groundwa-
ter development. However, this may not be enough to secure the future of regional water resource management in 
the face of the growing scarcity of quality water, which has significantly impacted the socio-economic development 
of rural and semi-urban inhabitants.

h.	 Regions with flow paths, where the rock formations are fractured (fractured aquifers) within a depth of 30 m and 
above are considered good for groundwater development, but if the flow paths occur at overburdened layers over-
lying the water-bearing units, the region may be avoided for groundwater exploration due to high susceptibility to 
surface contaminants.

i.	 The modeled longitudinal conductance, transmissivity and hydraulic conductivity values for the study area vary 
between 0.1 moh–0.4 moh, 0.54 m2∕h—15.85 m2∕h , and 0.95 m/day–9.19 m/day, respectively, reflect the nature of 
the regional aquifer, which suggest a prolific and highly permeable aquifer with a high degree of rechargeability.

j.	 Regardless of the high aquifer potential, regional groundwater systems will be much more successful in areas with 
proper waste management systems. This study identifies areas where the protective capacity index is high and should 
be expected to fight against regional water scarcity and municipality challenges.

k.	 Based on the information gathered from the geophysical data and physicochemical data, more than 50% of the 
people living within a 200 m radius of dumpsite are vulnerable to HM exposure, which often has more toxic effects 
on pregnant women, children, and the elderly.

l.	 All the stakeholders and decision-makers in waste and water resource management must look beyond providing 
water, and focus on effective water treatment/resource management and environmental education with a concerted 
effort to improve adequate knowledge of regional groundwater systems and capacity development. To secure the 
water future in Northern Nigeria, especially in rural and semi-urban areas, ultimate attention should be paid to the 
hydrological investigation to ascertain the potential of regional groundwater before sitting boreholes.
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