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Abstract: In this study, an integrated geotechnical and geophysical investigation of 
the second cemetery in Benin City was conducted. The primary objective was to 
determine the hydraulic properties of the underlying formation to assess the potential 
transmission of necroleachate. Eight vertical electrical soundings (1-D VES) and 
two dipole-dipole profiling lines along two transverse sections were carried out. For 
the dipole-dipole profiling, ABEM Terrameter SAS 300C was employed, while the 
VES investigation utilized the Schlumberger array. The resistivity data collected 
during the field study were interpreted using DIPROWIN software version 4.01 
while the geotechnical properties such as moisture content and bulk density were 
conducted in accordance with BS1377: part 2: 1990 and BS EN 1997-2:2007. 
According to the dipole-dipole results, the leachate plume was identified in the 
subsurface soil at a depth range of 5 to 20 meters. This presence is likely attributed 
to the high level of porosity, facilitating the infiltration and percolation of 
necroleachate into the underlying soil. The VES results revealed four geoelectric 
layers: topsoil, lateritic soil, a weathered layer (composed of clay), and medium to 
coarse sand. The overburden exhibited a thickness range of 0.7762m to 0.8074m, 
resistivity ranging from 57.318Ωm to 2831.4Ωm, and depth ranging from 0.7762m 
to 1.5836m. The third geoelectric layer, identified as clay, had an average thickness 
of 11.48 meters at a depth of 13.06 meters, with a resistivity of 203.52Ωm. Apart 
from acting as a seal against the vertical penetration of leachate into the underlying 
aquifer, the clay also serves as a filter for leachate resulting from the decomposition 
of dead bodies.  
Keywords: Vertical Electrical Sounding, Dipole-Dipole profiling, Aquifer 
vulnerability, necroleachate contamination, Cemetery activities 
 

Introduction 
Safe water is defined as water that meets the national standards for drinking water quality 

(NSDWQ) (Adeyeye & Abulude, 2004). Access to safe drinking water is crucial for poverty reduction 
and serves as a strategic measure to prevent the spread of waterborne and sanitation-related diseases 
(Kudesia & Kudesia, 2008; Eugeniusz et al., 2017). Groundwater, constituting about 30% of the 
world’s readily available fresh water supply, is a major water source (Asadi et al., 2007). It meets the 
needs of approximately 30% of the global population (Asadi et al., 2007). Although water exists in 
three different states, the water that is available to man usually comes from two main sources viz; 
surface water and groundwater. Groundwater, simply put, is water located beneath the ground surface 
in soil pore spaces and rock formations' fractures. Its primary source is the infiltration of precipitation 
into the ground following rainfall (Eugeniusz et al., 2017), making aquifers reliant on rainfall for 
recharge. The reliance on groundwater arises from challenges associated with surface water, such as 
scarcity and pollution (Debels et al., 2005; Priyan, 2021; Sahoo & Khaoash, 2020). Despite instances 
of mediated contamination as groundwater traverses rock formations, anthropogenic influences have 
heightened groundwater's susceptibility to contamination (Sahoo & Khaoash, 2020). 

For many communities worldwide, groundwater serves as a crucial natural resource and the 
primary source of drinking water (Gleeson et al., 2016). However, various anthropogenic activities, 
including waste disposal practices associated with cemetery activities, pose a potential risk of 
contaminating groundwater resources (Üçisik & Rushbrook, WHO, 1998; Żychowski, 2012; 
Bastianon et al., 2000). In numerous urban areas, particularly in developing countries, cemeteries are 
often situated in locations where groundwater supplies are vulnerable to contamination, often adjacent 
to residential areas (Lautz et al., 2020; Trick et al., 2005). In Nigeria, cemetery operations frequently 
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proceed without proper management procedures, leading to the release of leachate from decomposed 
organic matter and other waste items into the environment. Groundwater contamination resulting from 
cemetery activities can have severe consequences for both the ecosystem and public health (Trick et 
al., 2005). This raises significant concerns regarding the susceptibility of aquifers to contamination 
due to cemetery activities, particularly in metropolitan areas where the demand for water is substantial 
(Abu-Bakr & El-A., 2020; Bon et al., 2020; Ekanem, 2020; Ekanem et al., 2019; Aleke et al., 2018). 

The most potentially sensitive receiver of contaminants from graves is identified as groundwater. 
The decomposition of deceased individuals and funeral items in cemeteries introduces biological 
contaminants, such as bacteria and viruses, into the environment (Dian, 2004). Studies indicate that the 
ecology may suffer due to poorly placed cemeteries and a lack of measures to prevent the transfer of 
contaminants into the underlying aquifer (Kabiru et al., 2019). Aquifer protection hinges on the 
permeability of the underlying medium, influencing the transmission of contaminants into subordinate 
aquifer units (Egbai et al., 2019; Oseji and Egbai, 2019a). The rate and amount of leachate intrusion 
are primarily determined by how easily contaminants can travel through the subsurface strata beneath 
the cemetery and its surroundings. While less permeable clayey materials act as a geological barrier 
restricting the transport of contaminants, permeable sandy materials facilitate the easy entry of 
contaminants, as reported by Olla et al., 2015; Ayuk et al., 2013; Awoniyi, 2013. To assess the impact 
of nearby cemeteries on the underlying aquifer system, understanding the subsurface soil profile is 
crucial (Omosuyi & Oseghale, 2012). It's essential to note that cleaning up and restoring an aquifer to 
its original, pristine form is often challenging once it has been polluted (Thirumalaivasan 6 
Karmegam, 2001). Therefore, conducting an aquifer vulnerability assessment is crucial to locate 
potential contamination risk points around cemeteries. 

The concept of aquifer vulnerability is based on the idea that groundwater may be protected to 
some extent from human influences by the physical environment, particularly in terms of contaminants 
penetrating the subsurface. Aquifer vulnerability combines the strata's potential for attenuation with 
the saturated zone's hydraulic inaccessibility to the entry of contaminants (Foster, 1998; Eluwole & 
Ademilua, 2014). To prevent contamination of underlying groundwater supplies, attention might be 
focused on restricting land use in susceptible zones (Omosuyi & Oseghale, 2012; Awoniyi, 2013). In 
addition, understanding the direction of leachate flow from decomposing corpses can be a solution to 
groundwater contamination. Once the flow direction is established, government and relevant agencies 
should prevent residents along this path from locating boreholes. Geophysical approaches, including 
electrical resistivity imaging, have shown promise in evaluating aquifers' susceptibility to 
contamination and locating potential hotspots in the aquifer systems' subsurface geology (Oseji & 
Egbai, 2019b; Oseji et al., 2019a; Thirumalaivasan & Karmegam, 2001; Anomohanran, 2011). 
Geophysical approaches serve as effective tools for assessing and defining pollution plumes, 
observing their changes over time, and facilitating the monitoring of aquifer vulnerability to 
contamination. Many researchers in the field of environmental engineering have utilized geophysical 
approaches. For instance, Olla et al., (2015) employed the resistivity approach to evaluate Oleh's 
groundwater potential. Similarly, Oseji and Egbai (2019a) utilized the resistivity method to assess 
groundwater prospects and the vulnerability of the overburdened aquifer in Oleh, Delta State, Nigeria. 
In Irawarea, Lagos State, Ayolabi et al. (2013) employed the resistivity method to investigate the 
aquifer unit and groundwater quality. Others, such as Oseji et al. (2018), used the resistivity approach 
to examine groundwater quality and the impact of several open dumpsites on aquifer preservation in 
Sapele, Delta State, Nigeria. In Agbor-NTA and its surroundings, Egbai et al. (2019) employed the 
resistivity method to study the aquifer's capacity to withstand damage. Additionally, in Issele-Uku, 
Delta State, Nigeria, Oseji and Egbai (2019a) conducted an aquifer characterization using geoelectric 
survey data. 

Groundwater contamination from cemetery activities poses significant environmental and public 
health concerns globally. Assessing the vulnerability of aquifers to such contamination is crucial for 
effective groundwater management and protection. Integrated geophysical and geotechnical 
techniques play a pivotal role in this assessment, offering detailed insights into subsurface conditions 
and pollutant transport pathways. Geophysical methods, including Vertical Electrical Sounding (VES) 
and Electrical Resistivity Tomography (ERT), are commonly employed to characterize subsurface 
geological formations around cemetery sites. These techniques provide data on soil resistivity, which 
correlates with geological features such as clay content and permeability. By mapping subsurface 
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structures and identifying potential pollutant pathways, geophysical surveys help in understanding 
how contaminants from cemetery leachates migrate through the aquifer. Complementing geophysical 
approaches, geotechnical investigations yield essential data on soil properties like hydraulic 
conductivity, porosity, and moisture content. These parameters influence the movement and 
attenuation of contaminants in the subsurface. Integrated analysis of geophysical and geotechnical data 
enables researchers to assess the vulnerability of aquifers to contamination more comprehensively. 

Although, the target of this study is to assess the susceptibility of aquifers to leachate 
contamination from cemetery activities in Benin City, Edo State, Nigeria using electrical resistivity 
datasets. It also aims to contribute to the development of appropriate management methods for 
minimizing hazards associated with such activities and provides valuable insights into the potential 
effects of cemetery activities on groundwater resources. 
 
Leachate Plume Contamination in Relation with Electrical Resistivity Measurement  

Geophysical techniques play a crucial role in studying both surface and subsurface contamination 
caused by various pollutants. Leachates exhibit notable electrical conductivity due to the dissolved 
salts they contain (Cristina et al., 2012). Given their high ion concentrations and low resistance in rock 
formations, the electrical resistivity technique is valuable for mapping and locating leachate 
contamination levels within cemeteries. The transport of pollutants introduced into the environment 
across porous channels involves four fundamental processes, namely, adsorption, convection, 
diffusion, and mechanical dispersion. Numerous scholars in the study of soil/groundwater 
contamination have highlighted these processes (Abdullahi et al., 2011; Jegede et al., 2012). 
Adsorption influences the behavior of contaminants in the soil and is considered a primary transport 
factor regulating pollutant distribution in soil and water-based environments (Ganiyu et al., 2015). 
Attenuation can occur through processes such as dilution, absorption, ion exchange, precipitation, 
oxidation/reduction reactions, and breakdown processes, and the efficacy of these processes depends 
on geological and climatic factors, as well as the quality of the leachates involved. Subsurface 
weathering and attenuation processes contribute to reducing the potential effects of leachates (Giang et 
al., 2018; Ayolabi et al., 2013). By applying the electrical resistivity approach to geophysical surveys, 
one can obtain information about the leachate flow direction and Ohm's law can be used to determine 
the subsurface resistivity since the apparent resistivity is invariably the sum of all the subsurface flux. 
The following is the basic tenet of Ohm's law: 

          (1) 
Where; V is the voltage (v), I; is the current (amp). In this instance, R is not resistance but 

resistivity; the main reason being that, in contrast to resistance, which is purely dependent on the 
dimensions of the material, resistivity can actually be linked to density, an essential property. The 
definition of resistivity is; 

             (2) 

          (3) 

For a hemispherical surface, A  

V            (4) 

           (5) 

          (6) 

           (7) 

The potential generated at point M can be estimated as follows;  

V IR=
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           (8) 

           (9) 

          (10) 

Similarly, the potential generated at point N can be estimated as follows;  
          (11) 

Cumulatively,  

       (12) 

Where;  
; is the resistivity of the soil 

I; is intensity of current applied to the soil by electrodes AB (mA), 
dV; is differential potential between electrodes MN (mV), 
 
Materials and Methods 
Description of Study Area 

The study area is the second cemetery in Benin City, Edo State, Nigeria. Benin City, the capital of 
Edo State, is one of the largest cities in Nigeria, situated in the southern part of the country. It is 
positioned between latitude 6°20′17″ N and longitude 5°37′32″ E, with an elevation of 88 meters 
above sea level. Benin City experiences two main seasons: the wet season (March to October) and the 
dry season (October to March). The city is predominantly inhabited by the Bini-speaking people of 
Edo ethnic nationality, with a population of 1.15 million persons according to the last national census 
in 2006. The projected population of the city, using the National Population Commission’s growth rate 
of 3.5% per annum for urban centers, is estimated to reach 5.5 million by the year 2050. There are 
three main public cemeteries in the city: 1st Cemetery, 2nd Cemetery, and 3rd Cemetery. For this 
study, the 2nd Cemetery was selected. Figure 1 depicts a 3D-study area map, illustrating the location 
of the cemetery.  

   

 

 

   

 
Figure 1. Second cemetery 



J. Int. Environmental Application & Science,  Vol. 19(3): 121-150 (2024) 
Research Paper 

125 

Geology of the Study Area 
The modified geological map of Edo State, presented in Figure 2, shows Benin City and other 

locations. The Benin region is underlain by sedimentary formations of the South Sedimentary Basin 
(Ikhile, 2016), extending from the west across the entire Niger Delta area and southward beyond the 
present coastline. This formation consists of over 90% sandstone with shale intercalations. It is 
characterized by coarse-grained, gravelly, locally fine-grained, poorly sorted, and sub-angular to well-
rounded sediment, bearing lignite streaks and wood fragments (Idehai & Egai, 2014). The general 
geology is marked by reddish topsoil composed of ferruginized or literalized clay sand. 

 
Figure 2 Geology of Benin Formation 
 
Data Collection Procedure 

The ABEM Terrameter SAS 300C (Figure 3), GPS for coordinate and elevation measurements, 
DIPRO application version 4.01 iterative software programs for 2-D resistivity inversion, winRESIST 
software version 1.0 (a computer-assisted 1-D forward modeling tool), and Surfer Software program 
for contouring were utilized to conduct the VES and ERT resistivity survey around the second 
cemetery in Benin City. A combination of geophysical and geotechnical approaches was employed to 
delineate the geological formation of the subsurface soil around the cemetery, map pollution of the 
subsoil, and determine the hydraulic properties (mean apparent resistivity, longitudinal conductance, 
hydraulic conductivity, transverse resistance, conductivity, and transmissivity) of the underlying soil 
(Orakwe et al., 2018; Ugwuanyi et al., 2015; Obiora et al., 2016). The electrical resistivity approach 
involving both 1-D vertical electrical sounding (VES) and 2-D dipole-dipole profiling techniques was 
adopted for the geophysical investigation while the geotechnical properties such as moisture content 
and bulk density were determined in line with BS1377: part 2: 1990 and BS EN 1997-2:2007. 

 
Figure 3. ABEM Terrameter SAS 300C 
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Two transverse lines (TR1-TR2) running in the NE-SW direction, as observed in Figure 4, 
were established along which 2-D imaging was conducted. Data acquisition for the 2-D imaging was 
performed using the dipole-dipole array with a dipole length (a) ranging between 0 and 100m and 
expansion (n) varying from 1-5m according to Orakwe et al. (2018), Lashkaripour and Nakhaei 
(2005), and Gemail et al. (2011). To monitor the current and voltage for each electrode pair, four 
electrodes were driven into the ground to a depth of 1m using a hammer and a steel pin with a spacing 
distance of 10m and insulating wires were used to link the electrodes to the resistivity meter (Kearey 
et al., 2002; Hubbard & Rubin, 2006; Iserhien-Emekeme et al., 2004). Direct current was sent into the 
ground through a pair of current electrodes (A and B), while another pair of potential electrodes (M 
and N) measured the potential difference created. During this process, the apparent resistance (Ra) of 
the penetrated geologic materials was read from the crystal display of the resistivity meter (Ogundana 
et al., 2020). The geometrical coefficient (G) of the electrode location for a dipole-dipole array was 
determined based on the distance between the electrodes using the equation: 
 

         (13) 

 
Figure 4. Google earth image of 2nd cemetery showing the two transvers for 2-D imaging 
 
The apparent resistivity (ρa) was calculated by multiplying the apparent resistance (Ra) by the 
geometric factor G, given by the expression in equation (15) (Kearey et al., 2002; Hubbard & Rubin, 
2006; Iserhien-Emekeme et al., 2004). 
 

          (14) 
The DIPRO application version 4.01 was employed to invert the 2-D Dipole-Dipole data into 2-D 
resistivity profiles. These profiles were crucial for examining subsurface features and identifying 
probable contamination hotspots. Eight (8) Vertical Electrical Sounding (VES) stations (Figure 5) 
were conducted using the Schlumberger array, with a maximum current output of 2 amps and a 
maximum voltage output of 600 volts. Depth sounding curves generated from the VES stations were 
quantitatively interpreted using winRESIST software version 1.0. This computer-assisted 1-D forward 
modeling tool utilizes the partial curve matching technique for data interpretation. To investigate the 
geotechnical properties of the soil within the cemetery location, five boreholes were drilled. Fifteen 
profile soil samples (PSS1 – PSS15) were collected at depths of 0m, 1m, and 3m, respectively. These 
samples, stored in black polyethylene bags, were analyzed for specific gravity, moisture content, bulk 
density, particle size distribution, porosity, and permeability using standard methods and equations 
presented as follows; 
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Figure 5. 2-D Resistivity structure based on FEM modeling of transverse 1 (2nd cemetery) 

          (16) 

         (17) 

           (18) 

          (19) 

           (20) 

Where: 
ρ bulk density of soil in g/cm3 
ρd dry density of soil in g/cm3 
ρw density of water, taken as 1.0 g/cm3 
Gs specific gravity of soil 
w moisture content in % 
e void ratio 
S degree of saturation in % 
g acceleration due to gravity, taken as 9.81 m/s2  

 Unit weight of soil in kN/m2 
 
Results and Discussion 
The results of this study provide valuable insights into the vulnerability of the aquifer system to 
leachate contamination from cemetery activities in the study area.  
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Geotechnical Properties  
Table 1 summarizes the geotechnical characteristics examined for the topsoil. The natural 

moisture content (NMC) ranges from 4.76% at 0m and 1m depth in BH3 to a maximum value of 
56.77% at 3m depth in BH5, showing an increase with depth. Despite the majority of samples 
displaying low moisture content, with a mean value of 18.46 ± 4.33%, there is an observed trend of 
increasing moisture content with depth.  

Dry density and bulk density values also increased with depth mirroring the pattern of natural 
moisture content. For example, bulk density varied from 1.62gcm-3 to 1.98gcm-3, while dry density 
ranged from 1.04gcm-3 to 1.88gcm-3. Notably, the density values from BH5 were lower than those 
from BH1, BH2, BH3, and BH4, indicating a strong water-holding capacity in the soil of this area, 
consistent with the high moisture content readings in BH5.  

Porosity values for BH1, BH2, BH3, and BH4 ranged between 28.55% and 46.43%, while BH5 
exhibited a higher range between 49.66% and 58.72%. In the particle size distribution study at a 
maximum depth of 3m, most soil samples contained less than 10% fines, which decreased with depth, 
and more than 80% sand. This aligns with the coefficient of uniformity findings, indicating that the 
topsoil has a very low level and was less than 8 for the majority of the examined soil samples. 
 
Table 1. Descriptive statistics of topsoil geotechnical properties 

Parameter N Min Max Mean  
Specific Gravity 
Moisture Content 
Permeability 
Coefficient of Uniformity 
Porosity 
Void Ratio 
Bulk Density 
Dry Density 

15 
15 
15 
15 
15 
15 
15 
15 

2.44 
4.76 

1.3E-4 
1.33 

28.55 
0.37 
1.62 
1.04 

2.72 
56.77 
4.7E-4 
12.65 
58.72 
1.78 
1.98 
1.88 

2.66 ± 0.13 
18.46 ± 4.33 

2.78E-4 ± 1.086E-4 
4.022 ± 2.992 
37.09 ± 7.99 
0.55 ± 0.31 

2.03 ± 0.209 
1.88 ± 0.354 

Dipole-Dipole Investigation 
Figure 4 provides a Google Earth image of second cemetery displaying the two transverse lines 

used for resistivity measurements. Resistivity data from transverse 1 is presented in Tables 2a and 2b, 
with the corresponding 2-D dipole-dipole profile maps in Figures 6 and 7. Similarly, resistivity data 
for transverse 2 is outlined in Table 3, and the corresponding 2-D dipole-dipole profile maps are 
depicted in Figures 8 and 9.  

 
Figure 6. 2-D Resistivity structure with contours based on FEM modeling of transverse 1 (2nd Cemetery) 
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Table 2a. Dipole-Dipole data of transverse 1 obtained from the field (2nd Cemetery) 
Electrode position  

P1 
 

P2 
Geometric 

Factor 
Resistance 

Ω 
Apparent Resistivity 

Ωm C1 C2 
0 10 20 30 188.52 1.386 261.28872 
  30 40 754.08 0.386 291.07488 
  40 50 1885.2 0.14 263.928 
  50 60 3770.4 0.044 165.8976 
  60 70 6598.2 22.2 146480.04 
10 20 30 40 188.52 1.862 351.02424 
  40 50 754.08 0.434 327.27072 
  50 60 1885.2 1.03 1941.756 
  60 70 3770.4 0.02 75.408 
  70 80 6598.2 0.095 626.829 
20 30 40 50 188.52 1.744 328.77888 
  50 60 754.08 0.29 218.6832 
  60 70 1885.2 0.09 169.668 
  70 80 3770.4 0.236 889.8144 
  80 90 6598.2 0.029 191.3478 
30 40 50 60 188.52 4.83 910.5516 
  60 70 754.08 0.26 196.0608 
  70 80 1885.2 0.072 135.7344 
  80 90 3770.4 0.081 305.4024 
  90 100 6598.2 0.148 976.5336 
40 50 60 70 188.52 1.153 217.36356 
  70 80 754.08 0.541 407.95728 
  80 90 1885.2 0.085 160.242 
  90 100 3770.4 0.029 109.3416 
  100 110 6598.2 0.027 178.1514 
50 60 70 80 188.52 1.035 195.1182 
  80 90 754.08 0.245 184.7496 
  90 100 1885.2 0.007 13.1964 
  100 110 3770.4 0.062 233.7648 
  110 120 6598.2 0.036 237.5352 
60 70 80 90 188.52 0.136 25.63872 
  90 100 754.08 0.018 13.57344 
  100 110 1885.2 0.011 20.7372 

 
Figure 7. 2-D Resistivity structure based on FEM modeling of transverse 2 (2nd cemetery) 
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Table 2b. Dipole-Dipole data of transverse 1 obtained from the field (2nd Cemetery) 
Electrode position  

P1 
 

P2 
Geometric 

Factor 
Resistance 

Ω 
Apparent Resistivity 

Ωm C1 C2 
  110 120 3770.4 0.106 399.6624 
  120 130 6598.2 0.155 1022.721 

70 80 90 100 188.52 1.288 242.81376 
  100 110 754.08 0.235 177.2088 
  110 120 1885.2 0.007 13.1964 
  120 130 3770.4 0.142 535.3968 
  130 140 6598.2 0.072 475.0704 

80 90 100 110 188.52 1.597 301.06644 
  110 120 754.08 0.401 302.38608 
  120 130 1885.2 0.074 139.5048 
  130 140 3770.4 0.771 2906.9784 
  140 150 6598.2 0.037 244.1334 

90 100 110 120 188.52 1.772 334.05744 
  120 130 754.08 0.975 735.228 
  130 140 1885.2 0.2 377.04 
  140 150 3770.4 0.032 120.6528 
  150 160 6598.2 0.081 534.4542 

100 110 120 130 188.52 0.063 11.87676 
  130 140 754.08 0.108 81.44064 
  140 150 1885.2 0.046 86.7192 
  150 160 3770.4 0.086 324.2544 
  160 170 6598.2 0.038 250.7316 

110 120 130 140 188.52 1.36 256.3872 
  140 150 754.08 0.251 189.27408 
  150 160 1885.2 0.05 94.26 
  160 170 3770.4 0.129 486.3816 
  170 180 6598.2 0.119 785.1858 

120 130 140 150 188.52 1.12 211.1424 
  150 160 754.08 0.266 200.58528 
  160 170 1885.2 0.13 245.076 
  170 180 3770.4 0.073 275.2392 
  180 190 6598.2 0.188 1240.4616 

130 140 150 160 188.52 1.408 265.43616 
  160 170 754.08 0.113 85.21104 
  170 180 1885.2 0.048 90.4896 
  180 190 3770.4 0.028 105.5712 
  190 200 6598.2 0.106 699.4092 

140 150 160 170 188.52 1.206 227.35512 
 

 
Figure 8. 2-D Resistivity structure with contours based on FEM modeling of transverse 2 (2nd Cemetery) 
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Table 3. Dipole-Dipole data of transverse 2 obtained from the field (2nd Cemetery) 
Electrode position  

P1 
 

P2 
Geometric 

Factor 
Resistance 

Ω 
Apparent  

ResistivityΩm C1 C2 
0 10 20 30 188.52 0.16 30.1632 

  30 40 754.08 0.05 37.704 
  40 50 1885.2 1.08 2036.016 
  50 60 3770.4 0.07 263.928 
  60 70 6598.2 0.06 395.892 

10 20 30 40 188.52 0.22 41.4744 
  40 50 754.08 0.19 143.2752 
  50 60 1885.2 0.05 94.26 
  60 70 3770.4 0.03 113.112 
  70 80 6598.2 0.025 164.955 

20 30 40 50 188.52 0.21 39.5892 
  50 60 754.08 0.05 37.704 
  60 70 1885.2 0.03 56.556 
  70 80 3770.4 0.011 41.4744 
  80 90 6598.2 0.39 2573.298 

30 40 50 60 188.52 0.24 45.2448 
  60 70 754.08 0.22 165.8976 
  70 80 1885.2 0.13 245.076 
  80 90 3770.4 0.035 131.964 
  90 100 6598.2 0.28 1847.496 

40 50 60 70 188.52 1.609 303.32868 
  70 80 754.08 1.001 754.83408 
  80 90 1885.2 0.661 1246.1172 
  90 100 3770.4 0.557 2100.1128 

50 60 70 80 188.52 1.04 196.0608 
  80 90 754.08 1.416 1067.77728 
  90 100 1885.2 0.698 1315.8696 

60 70 80 90 188.52 2.75 518.43 
  90 100 754.08 0.077 58.06416 

70 80 90 100 188.52 0.324 61.08048 
 

 
Figure 9: Google earth image of 2nd cemetery showing the established points for VES analysis 

 
Observations from the profile maps indicate that the surface of the study area has resistivity 

ranged of 34Ωm to 180Ωm which increases with depth. Leachate plumes, observed at depths of 5 to 
20 meters, have traveled horizontally approximately 70m to 120 meters in a northeastern (NE) 
direction. The topsoil in this horizontal direction was observed to be contaminated with necroleachate 
from cemetery activities. For transverse 2, the topsoil resistivity data which ranged from 48.8Ωm to 
77.1Ωm also increases with depth. Necroleachate was detected at depth of 0 to 10 meters, having 
traveled horizontally 20m to 30 meters with a resistivity range of 7.98Ωm to 26.8Ωm.  
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The 2-D dipole-dipole profile map confirms the northeast (NE) direction of leachate movement. 
The outcome indicates the presence of a necroleachate plume at depths of 5 to 20 meters and 0 to 10 
meters as illustrated in Figures 5, 6, 7, and 8. Both traverses pinpoint the cemetery operations as the 
source of the leachate plume, specifically exposing the activities at a depth of 5 to 20 meters for  
traverse 1 and the presence of the plume from the surface to a depth of 0 to 10 meters for traverse 2 
indicate significant subsurface contamination. Necroleachate resulting from the decomposition of dead 
bodies contains heavy metals and other toxic substances due to the decay of coffin material 
(Spongberg & Becks, 2000; Jonker & Olivier, 2012). Traverse 1 exposes the actual activities at a 
depth of 5 to 20 meters, while traverse 2 indicates the presence of the leachate plume from the surface 
(topsoil) to a depth of 0 to 10 meters. 
 
Vertical Electrical Sounding 

To gain insights into the vulnerability of the aquifer around second cemetery to necroleachate 
contamination and determine the geoelectric layer that characterizes the aquifer, 1-D geophysical 
technique known as Vertical Electrical Sounding (VES) was employed. The technique is valuable for 
estimating the thickness of loose horizontal overburden over hard rocks in river valleys and 
groundwater projects. The Google Earth image in Figure 9 displays second cemetery and the selected 
VES locations while Tables S1a to S8a present the VES data acquired from the field survey. From the 
VES data, it was observed that resistivity values increase with depth. The geoelectric resistivity model 
parameters presented in Table 4 were estimated using the VES field data while the summary of the 
computed electrical properties of the aquifer is presented in Table 5. In addition, the lithology of the 
aquifer and the layer inversion model based on the VES is presented in Tables S1b to S8b and Figures 
10 to 17 respectively. 

 
Figure 10. Layered Inversion Model and Lithology of VES point 1 

 
Figure 11. Layered Inversion Model and Lithology of VES point 2 
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Table 4. Summary of VES interpretation results 

 
Figure 12. Layered Inversion Model and Lithology of VES point 3 

Number of 
Transverse 

points 

Apparent 
Resistivity 

Thickness Longitudinal 
conductance (S, Ω-1) 

Transverse 
Resistance (TR, Ωm2) 

Coordinates 
points 

VES 1 325.25 0.8144 0.00250392 264.8836 Coordinate: 
 N 06° 20.436'  
E 005° 36.517' 

Elevation: 156m 

156.80 0.9907 0.00631824 155.34176 
320.10 4.0772 0.01273727 1305.11172 
326.71 4.6280 0.014165468 1512.01388 
4968.6 47.489 0.009557823 235953.845 

VES 2 1429.2 0.4093 0.000286384 584.97156 Coordinates: 
 N 06° 20.458' 
E005° 36.466' 

Elevation: 91m 

159.94 1.1307 0.007069526 180.844158 
237.63 1.6857 0.007093801 400.572891 
510.53 28.190 0.055217127 14391.8407 
2169.2 28.717 0.013238521 62292.9164 

VES 3 571.66 0.2999 0.000524613 171.440834 Coordinate:  
N 06° 20.402',  
E 005° 36.406', 
Elevation: 80m 

76.303 1.1437 0.014988926 87.2677411 
65.864 3.6249 0.055036135 238.7504136 
204.63 3.0164 0.014740752 617.245932 
3833.5 44.318 0.011560715 169893.053 

VES 4 173.73 0.5259 0.003027111 91.364607 Coordinate 
N 06°20.458',  
E 005°36.411' 

Elevation: 80m 

15.394 0.6334 0.041145901 9.7505596 
911.33 4.1935 0.004601516 3821.66235 
339.84 7.1136 0.020932203 2417.48582 
515.92 8.4352 0.016349822 4351.88838 

VES 5 101.53 0.5977 0.00588693 60.684481 Coordinate: 
 N 06° 20.427' 
E 005° 36.435' 
Elevation: 87m 

25.138 1.1042 0.043925531 27.7573796 
6329.2 12.602 0.001991089 79760.5784 
543.87 31.752 0.058381599 17268.96024 

VES 6 62.530 1.4313 0.022889813 89.499189 Coordinate: 
N 06° 20.407' 

E 005° 36.477' 
Elevation: 77m 

27.522 2.6639 0.096791658 73.3158558 
3373.8 14.838 0.004398008 50060.4444 
689.79 32.032 0.046437322 22095.35328 

VES 7 597.75 0.4689 0.000784442 280.284975 Coordinate 
N 06° 20.294', 

E 05° 36.544', 
Elevation: 85m 

118.20 1.8959 0.016039763 224.09538 
84.635 5.5560 0.0656466 470.23206 
189.14 8.3891 0.044353918 1586.714374 
933.02 38.493 0.04125635 35914.73886 

VES 8 544.91 0.3451 0.000633316 188.048441 Coordinate: 
N 06° 20.502, 

E 005° 36.551' 
Elevation: 94m  

43.205 0.8516 0.019710682 36.793378 
338.78 3.2896 0.009710136 1114.450688 
71.048 2.4381 0.034316237 173.2221288 
9954.3 32.021 0.003216801 318746.6403 



J. Int. Environmental Application & Science,  Vol. 19(3): 121-150 (2024) 
Research Paper 

134 

Table 5. Summary of Electrical Properties of Aquifer 
Sounding 

points 
Mean Apparent 

Resistivity 
(Ωm) 

Mean 
Thickness 

(m) 

Conductivity 
(δ, Ωm-1) 

Longitudinal 
conductance 

(S, Ω-1) 

Transverse 
Resistance 
(TR, Ωm2) 

Hydraulic 
Conductivity 

(K) 

Transmissivity 
(Tr, m2/day) 

VES 1 1219.49 11.599 0.0008200 0.009511 14144.8645 0.51069 5.92349331 
VES 2 901.3 12.026 0.001109 0.013343 10839.0338 0.67709 8.14268434 
VES 3 950.39 10.48 0.001052 0.011027 9960.0872 0.64441 6.7534168 
VES 4 1242.78 7.602 0.0008046 0.006117 9447.61356 0.50176 3.81437952 
VES 5 1749.93 11.5139 0.0005714 0.006580 20148.5190 0.36463 4.198313357 
VES 6 1038.41 12.741 0.0009630 0.012270 13230.3818 0.5933 7.5592353 
VES 7 384.55 10.9605 0.0026004 0.028502 4214.86027 1.49871 16.42661096 
VES 8 2190.45 7.7891 0.0004565 0.003556 17061.6341 0.29572 2.303392652 

 

 
Figure 13. Layered Inversion Model and Lithology of VES point 4 

 
Figure 14. Layered Inversion Model and Lithology of VES point 5 

 
Figure 15. Layered Inversion Model and Lithology of VES point 6 
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Figure 16. Layered Inversion Model and Lithology of VES point 7 

 
Figure 17. Layered Inversion Model and Lithology of VES point 8 

 
Figure 18. Typical hydrogeophysical sounding curve of VES 1 

 
Figure 19. Typical hydrogeophysical sounding curve of VES 2 
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Figure 20. Typical hydrogeophysical sounding curve of VES 3 

 
Figure 21. Typical hydrogeophysical sounding curve of VES 4 

 
Figure 22. Typical hydro-geophysical sounding curve of VES 5 

 
Figure 23. Typical hydro-geophysical sounding curve of VES 6 
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Figure 24. Typical hydrogeophysical sounding curve of VES 7 

 
Figure 25. Typical hydrogeophysical sounding curve of VES 8 
 

 
Figure 26. Apparent Resistivity contour map of second cemetery 
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Figure 27. Transverse Resistance contour map of second cemetery 
 

 
Figure 28. Transmissivity contour map of the study area. 
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Figure 29. Vulnerability map based on Integrated Electrical Conductivity (IEC) 

 
Figure 30. Second cemetery elevation map 
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Figure 31. Second cemetery soil map 

 
Figure 32. Second cemetery drainage density map 



J. Int. Environmental Application & Science,  Vol. 19(3): 121-150 (2024) 
Research Paper 

141 

 
Figure 33. Second cemetery, Benin City 

 
Figure 34. curve number around the vicinity of cemetery in Benin City 
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Figure 35. Flow of groundwater around second cemetery 
 
The VES summary result is presented as follows 

1. VES at Location S1: The modeling revealed six geoelectric layers, including clay and sand, with 
resistivity ranging from 325.25Ωm to 4968.6Ωm. The average thickness of the clay layer was 
4.6280m, and the sand layer had a thickness of 4968m, extending to an undetermined depth. 

2. VES at Location S2: Similar to S1, this VES showed six geoelectric layers, with clay and sand, 
resistivity ranging from 159.94Ωm to 2169.2Ωm. The average thickness of the clay layer was 
1.6857m, and the sand layer varied from 28.19m to 28.717m, extending to an undetermined depth. 

3. VES at Location S3: Six geoelectric layers were identified, with clay and sand, resistivity ranging 
from 65.864Ωm to 3833.5Ωm. The average thickness of the clay layer was 3.0164m, and the sand 
layer had a thickness of 44.318m, extending to an undetermined depth. 

4. VES at Location S4: This VES revealed six geoelectric layers, including clay and sand, resistivity 
ranging from 15.394Ωm to 7144.5Ωm. The average thickness of the clay layer was 7.1136m, and the 
sand layer varied from 8.4352m to 24.709m, extending to an undetermined depth. 

5. VES at Location S5: Modeling indicated five geoelectric layers, with the third and fourth layers 
being sand. Resistivity ranged from 25.138Ωm to 6329.2Ωm. The thickness of the sand layers varied 
from 12.602m to 31.752m, extending to a depth of 46.056m. 

6. VES at Location S6: Similar to S5, this VES showed five geoelectric layers, with the third and 
fourth layers being sand. Resistivity ranged from 7.522Ωm to 689.79Ωm. The thickness of the sand 
layers varied from 14.838m to 32.032m, extending to a depth of 50.966m. 

7. VES at Location S7: Six geoelectric layers were identified, with clay and sand, resistivity ranging 
from 597.75Ωm to 933.02Ωm. The average thickness of the clay layer was 8.3891m, and the sand 
layer had a thickness of 38.493m, extending to an undetermined depth. 
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8. VES at Location S8: This VES revealed six geoelectric layers, with the fifth and sixth layers being 
sand. Resistivity ranged from 43.205Ωm to 2905.2Ωm. The thickness of the sand layers was 
32.021m, extending to an undetermined depth. 

The typical hydro-geophysical sounding curves of the VES are presented in Figures 18 to 25. The 
presence of clay layers just below the topsoil suggests effective prevention of leachate penetration into 
the subsurface. The clay acts as both a seal and a filter for leachate resulting from decomposition, 
potentially containing pollution to the topsoil. These findings contribute to the understanding of the 
aquifer's vulnerability to necroleachate contamination, indicating the importance of the geological 
composition in preventing downward leachate migration. 
 
Geophysical Interpretation and Maps 
The apparent resistivity contour map, illustrated in Figure 26, serves as a visual representation of the 
spatial distribution of apparent resistivity values across the study area. Contour lines connect points 
with similar resistivity values, highlighting variations and anomalies in subsurface resistivity. 
Analyzing this map provides insights into geological features, subsurface structures, and 
hydrogeological characteristics. 
 High Apparent Resistivity: Indicates materials with low electrical conductivity, such as dry or 

compacted soil, clay, or bedrock. These materials impede electrical current flow, suggesting 
higher resistivity. 

 Potential Porous or Fractured Media: Areas with high resistivity may signify porous or fractured 
formations, indicating lower water content or higher air-filled voids. Examples include sandy or 
gravely formations, fractured bedrock, or zones with low moisture content. 

The Transverse Resistance Contour Map, depicted in Figure 27, is a valuable tool in groundwater 
studies, environmental investigations, geotechnical engineering, and mineral exploration. It provides 
insights into subsurface lithology, geological structures, groundwater flow patterns, and areas of 
interest. 
 High Transverse Resistance: Corresponds to areas with higher resistivity, such as clay or bedrock, 

restricting electrical current flow. 
 Low Transverse Resistance: Indicates zones of lower resistivity, suggesting sandy or water-

bearing formations. 
The Transmissivity Contour Map (Figure 28) offers information on areas with greater potential for 
groundwater flow and recharge. This map helps identify permeable aquifer layers and areas conducive 
to groundwater movement. 
 High Transmissivity Zones: Associated with greater groundwater flow potential, indicating 

permeable and thicker aquifer layers. 
 Low Transmissivity Areas: Suggest reduced groundwater flow, pointing to less permeable or 

thinner aquifer sections. 
Alignment of transmissivity contours with topography or regional geological features provides 
insights into dominant flow pathways and potential groundwater discharge areas. These maps 
collectively contribute to a comprehensive understanding of subsurface conditions, aiding in effective 
groundwater management and environmental protection strategies. 

Aquifer Vulnerability Assessment  
The basic connection between an aquifer's sensitivity and electrical conductivity is based on the 
fundamental idea known as the clay content of the substance. Clay content affects electrical resistance 
or conductivity and is connected to soil hydraulic conductivities (Schenk et al., 2020; Simsek et al., 
2006). In general, low hydraulic conductivities and high clay contents are correlated with low 
electrical resistivity’s and high electrical conductivities (Sen et al., 1988). The aquifer vulnerability 
index (AVI), which is a widely used measure to determine how vulnerable an aquifer is to surface 
contamination, is like the notion of vulnerability assessment. With the unsaturated layers, this 
technique measures groundwater vulnerability. The aquifer's hydraulic resistance (C) was calculated 
using 

           (21) 
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Where; ki and hi are the hydraulic conductivity and the thickness of the layer above the aquifer zone. 
The hydraulic conductivity (ki) can be replaced by the electrical conductivity ( ) or the resistivity ( ) 
to calculate the hydraulic resistance (C) which is called Integrated Electrical Conductivity, IEC 
(Intrinsic Electrical Conductivity) (Röttger et al., 2005) or a Geophysical Based Protection Index 
(GPI) as proposed by Casas et al. (2008). The IEC can be used to assess the aquifer vulnerability by 
measuring the conductivity of the unsaturated zone, which provides an indication of the ease with 
which contaminants can travel through the subsurface to reach the aquifer. This method relies on the 
principle that materials with higher clay content and lower hydraulic conductivity will have higher 
electrical conductivity, thus indicating a higher vulnerability to contamination. 

         (22) 

Equation (22) can be rewritten as; 
         (23) 

Where;  

From the inversion of resistivity sounding, the resistivity (i) and thickness (hi) of each layer 
above the aquifer were determined. The estimated IEC unit is either Siemens (S) or ohm-1 (1). For all 
levels above the groundwater table in the study region, the vulnerability index or integrated 
conductivity was determined. Table 6 presents the estimated IEC of the aquifer. The estimated IEC 
index indicates that the aquifer's vulnerability lies between 0.003556 and 0.028502S. The aquifer was 
determined to be extremely sensitive to contamination based on the vulnerability criteria shown in 
Table 7. A vulnerability map was created and presented in Figure 29 to show the precise locations in 
the research area that fall under this extremely risky region. Aquifer vulnerability issues are likely to 
affect places like Erhunmwunse Street, Great Armies Church, Aghedo Street, and Second Cemetery 
Road, according to the map. 
 
Table 6. Estimated IEC of aquifer around second cemetery 

VES Points Mean Apparent  
Resistivity (Ωm) 

Mean Thickness  
(m) 

Conductivity 
(δ, Ωm-1) 

Computed IEC 
(S) 

VES 1 1219.49 11.599 0.0008200 0.009511 
VES 2 901.3 12.026 0.001109 0.013337 
VES 3 950.39 10.48 0.001052 0.011025 
VES 4 1242.78 7.602 0.0008046 0.006117 
VES 5 1749.93 11.5139 0.0005714 0.006579 
VES 6 1038.41 12.741 0.0009630 0.01227 
VES 7 384.55 10.9605 0.0026004 0.028502 
VES 8 2190.45 7.7891 0.0004565 0.003556 

 
Table 7. Vulnerability assessment criteria base on IEC method 

Degree of vulnerability Vulnerability index (mS) 
Extremely High 
High 
Moderate 
Low 
Extremely Low 

<500 
500-1000 
1000-2000 
2000-4000 
>4000 

 
Table 8. Curve number value around the vicinity of cemetery in Benin City 

S/N Soil Codes FAO Soil Code Soil Type HYDGRP CN 
1 Lf60-2b 1484 Sandy_Clay_Loam C 86 
2 Lf61-2a 1485 Sandy_Clay_Loam C 86 
3 Nd15-1a 1552 Sandy_Loam C 86 
4 Nd20-1a 1558 Sandy_Loam B 79 
5 Nd17-1a 1554 Sandy_Loam B 79 
6 Nd18 1555 Loam C 86 
7 Nd21 1559 Sandy_Clay_Loam C 86 
8 Ge-2/3a 1193 Clay_Loam C 86 
9 Nd18-1a 1556 Sandy_Loam B 79 
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Table 9. FAO user soil table 

 
 
Environmental Implications of Cemetery Activities 

The comprehensive study conducted on the second cemetery in Benin City, Edo State, Nigeria, 
reveals significant environmental implications associated with cemetery activities. The findings from 
geophysical surveys, soil analysis, and hydrological assessments provide insights into the pollution 
and potential risks to the surrounding environment. 
 
1. Apparent Soil Pollution: 

 Both dipole-dipole and vertical electric sounding (VES) studies indicate apparent soil 
pollution around the cemetery. 

 Necroleachate, a contaminant resulting from the decomposition of bodies, is identified as a 
likely source of pollution. 

 The topsoil in the vicinity of the cemetery is observed to be heavily contaminated, raising 
concerns for people, vegetation, and the built environment. 

2. Elevation and Runoff: 
 Elevation map (Figure 30) indicates that the cemetery is situated at a higher elevation than 

nearby residential areas. 
 This elevation difference poses a risk as contaminants, including necroleachate, can be washed 

downhill into surrounding locations due to gravity. 
 Soil erosion around cemeteries is noted as a contributing factor to the rapid spread of 

contaminants. 
3. Soil Characteristics: 

 Soil mapping (Figure 31) reveals a sandy-clay-loamy nature near the cemetery, validating the 
adequacy of VES results. 

 The presence of clay in the third geoelectric layer, with a considerable thickness, confines 
contaminants to the topsoil. 

4. Drainage Density and Runoff: 
 Drainage density map (Figure 32) show the susceptibility of the cemetery to runoff, with 

higher drainage density indicating increased runoff potential. 
 Limited vegetation around the cemetery contributes to higher runoff and the transportation of 

contaminants into neighboring areas. 
5. Curve Number and Flooding Susceptibility: 

 The curve number map (Figure 33) indicates a high curve number of 86.0 for the area around 
the cemetery, signifying high flooding susceptibility. 
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 Despite the thick layer of clay, gradual percolation of contaminants into the aquifer remains a 
concern, emphasizing the need for further investigation. 

6. Groundwater Flow Direction: 
 Groundwater flow direction map (Figure 34) reveals that necroleachate from the second 

cemetery is flowing in a north-easterly direction. 
 Boreholes near Erhumwunse Street in the second cemetery are reported to be free from 

necroleachate, suggesting a localized impact. 
 
Conclusion 
The geophysical evaluation underscores the importance of understanding subsurface conditions for 
effective groundwater management. The evaluation of aquifer susceptibility near cemeteries in Benin 
City, Edo State, Nigeria, through geophysical techniques has provided valuable insights into the 
subsurface conditions and potential risks associated with groundwater contamination. The key findings 
from the vertical electric sounding (VES) and dipole-dipole study are summarized below: 

 Both VES and dipole-dipole studies confirm the pollution of the topsoil near cemeteries in 
Benin City. 

 The presence of contaminants, including necroleachate, is identified as a significant 
concern for the environment. 

 The VES results reveal the existence of four distinct geoelectric layers in the subsurface 
near cemeteries. These layers include topsoil, lateritic soil, a weathered layer dominated 
by clay, and medium- to coarse-grained sand. 

 The identification of subsurface layers and their resistivity, thicknesses, and depths 
contributes to a better understanding of the aquifer's vulnerability. 

 The predominance of clay in the weathered layer acts as a barrier, preventing leachate 
from penetrating deeper into the subsurface. 

 Clay serves a dual purpose as both a seal and a filter, limiting the downward movement of 
contaminants and mitigating groundwater contamination. 

The study concludes that the thick layer of clay just below the topsoil effectively prevents leachate 
from entering the aquifer and the broader ecosystem thus enhancing the sustainability of groundwater 
resources in the vicinity of cemeteries. 
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