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Abstract

This study explores the extent of leachate contamination and groundwater vulnerability in urban dumpsites, with a specific focus on the Ipata
area in Ilorin, Nigeria. The study employs a combination of 2D Electrical Resistivity Tomography (ERT), soil classification, and physicochemical
analyses to investigate the percolation of leachate into groundwater and its potential environmental and health implications. The ERT data unveiled
subsurface layers, highlighting the presence of decomposed topsoil down to approximately 1.2m. Beneath this layer, a low-resistivity zone (6.53 to
10.7 Ωm) indicated the potential risk of leachate percolation into groundwater. Soil classification revealed a shallow topsoil layer with insufficient
clay content to hinder leachate penetration, emphasizing the need for enhanced containment measures. Physicochemical analysis of leachate,
well water, and soil displayed variations in key parameters such as pH, electrical conductivity, total dissolved solids, and anion concentrations.
Leachate exhibited high pH and electrical conductivity, suggesting elevated total dissolved solids, while well water remained within acceptable
pH limits for drinking water. Heavy metal concentrations exceeded permissible WHO limits in topsoil, leachate, and well water, with cadmium
presenting a high ecological risk. The absence of persistent organic pollutants (POPs) in the samples indicates a current focus on heavy metals
as a primary concern. In conclusion, this study underscores the urgent need for proactive pollution abatement measures in urban dumpsites like
Ipata. Regular monitoring of surface and groundwater quality is essential to safeguard public health and the environment.
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1. Introduction

Leachate, particularly from dumpsites, poses a significant
threat to shallow aquifer contamination [1]. The migration of
leachate raises concerns for human health and the environment
due to its potential to contaminate aquifers and surface wa-
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ters over extended periods [2–5]. This is especially worrisome
when industrial waste is involved, as leachate often contains
harmful substances including fulvic acids, organic carbon, and
hazardous chemicals. Originally located outside metropolitan
areas, dumpsites have expanded due to urbanization and pop-
ulation growth, encroaching upon nearby land that now hosts
public or residential structures. Unconfined landfills pose a sig-
nificant threat to both surface water and groundwater resources
[2, 6–8]. In less developed countries like Nigeria, shallow
aquifers are crucial drinking water sources, exposing humans
to the percolation of contaminated leachate.

The decomposition byproducts of solid waste may perme-
ate the ground and seep into groundwater, especially in areas
with specific topography, hydrology, and rock types [1, 9].
Leachates can travel both vertically and horizontally, poten-
tially contaminating groundwater, surface water, soil, and rocks
[10]. Monitoring wells are an effective but expensive way to
study leach plume movement [11]. Considering that leachate
plumes often follow specific paths determined by subsurface
heterogeneity, geophysical techniques offer a more efficient ap-
proach. Geophysical methods, like 2D Electrical Resistivity
Tomography (ERT), are employed to investigate contaminant
plumes, locate preferential flow paths, and monitor injected
chemicals for remediation [12, 13]. ERT, a well-established
approach, aids in assessing contaminants, landfill studies, and
groundwater contaminant investigations [14–16]. It has been
used to detect pollution, identify geo-electric layers, confirm
geotechnical stability, and more [17–23].

While soil contamination often focuses on chemical as-
pects, integrating geophysical, geochemical, and sometimes
microbial analyses is essential [24–27]. Dumped waste at the
Ipata dumpsite mainly originates from commercial and resi-
dential activities Figure 1, containing pollutants like nutrients,
heavy metals, and organic materials. The inorganic components
may dissolve in groundwater due to interactions with geologi-
cal materials. Factors like local temperature and moisture con-
tent influence leachate composition and volume. pH plays a
crucial role in water quality and chemical reactions, affecting
metal toxicity and solubility [28]. Polycyclic Aromatic Hy-
drocarbons (PAHs) are significant organic contaminants, pos-
ing threats due to their persistence and harmful characteristics
PAHs help decipher hydrogeochemical processes underlying
groundwater chemistry changes.

The hydrological conditions near the Ipata dumpsite are
susceptible to contamination. Factors such as water move-
ment through rocks, recycling through irrigation, and nat-
ural/artificial recharge and discharge influence groundwater
chemistry. Water composition changes due to interactions with
lithological and stratigraphic features, leading to distinct hy-
drochemical facies. To protect those living near the dumpsite,
regular assessments of leachate migration to groundwater in the
Ipata area are crucial. This study aims to identify leachate con-
tamination, assess its depth in the auriferous zone, determine
soil’s contribution to leachate movement, and evaluate soil con-
tamination through physicochemical parameters and ecological
risk assessment.

Figure 1. Aerial View of Ipata area showing the Open Dumpsite, a
sample pit position, and some sample hand-dug wells.

1.1. Geological setting and Location of the Study Area

Geologically, the Ilorin area rests upon South-Western
Nigeria’s Precambrian Basement Complex, primarily com-
posed of metamorphic and igneous rock types Figure 2. The
waste dumpsite predominantly lies atop a migmatite-gneiss
complex within the southwestern basement, characterized by
varying thicknesses of weathered regolith [29]. This area is
within the Precambrian Basement Complex of Nigeria known
as Dahomeyan Shield that was part of rejuvenated rocks be-
tween the West African and Congo Cratons which belongs to
the pre-drift Pan African mobile belt [30]. The hydrological
context mirrors other Basement Complex regions, where water
availability is linked to clay-rich overburden and water-filled
joints, fractures, or faults in the underlying basement rocks,
possibly acting as groundwater conduits. The study site, Ipata,
spans latitudes 8° 29’ 40” N to 8° 30’ 50” N and longitudes 4°
33’ 00” E to 4° 34’ 50” E. Hosting the bustling Ipata market,
it accommodates around 1,622,438 inhabitants across an esti-
mated 295-square-mile area. The climate in Ilorin is Tropical
Savanna, characterized by distinct wet and dry seasons and mild
weather. Artificial drainage effectively manages water runoff in
the area. The temperature ranges from 33–34 °C (November to
January) and 34–53 °C (February to April). Mean monthly tem-
peratures average between 25–28.9 °C. Ilorin experiences vari-
able rainfall patterns, both in terms of time and location [29].

2. Methodology

2.1. Electrical Resistivity Survey and Soil Classification

The Electrical Resistivity method, utilizing the Wenner
Electrode configuration, was employed to investigate subsur-
face resistivity distribution with the aim of mapping lithologic
units around the Ipata dumpsite and identifying geologic struc-
tures conducive to leachate migration. The survey encompassed
four profiles within the dumpsite: three parallel profiles ori-
ented in the W-E direction and one perpendicular profile in the
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Figure 2. Geological map of Ilorin showing the study area.

N-S direction. The profiles spanned approximately 120–150 m,
adjusted according to the area’s topography and accessibility.
Utilizing a 2D resistivity imaging technique, the survey aimed
to illustrate lateral resistivity distribution within the dumpsite.
Electrode spacing ranged from 1.0 m to 10.0 m, with ABEM
SAS3000 digital electrical resistivity meter capturing the data.
The measured resistance was converted to apparent resistivity
using equation 1, involving the Wenner geometric factor (Gw).

ρa = 2πa.
∆V
I
= Gw.R, (1)

where ‘a’ is the electrode spacing at each point and ‘ρa’ is ap-
parent resistivity, and

Gw = 2πa. (2)

Subsequently, the apparent resistivity data sets underwent
a transformation into 2D inverse resistivity models through
the RES2DINV inversion code [31]. This code employs a
smoothness-restricted least squares approach to automatically

generate 2D resistivity models from the input data. In electri-
cal resistivity tomography (ERT), crucial information regarding
unknown parameters such as resistivity values and layer depth
is pivotal for inversion processing [31].

In conjunction with the resistivity survey, vertical pits were
manually excavated at anomalous points along the traverses.
These sampling locations were strategically positioned to en-
compass the dumpsite’s perimeter and other significant areas
Figure 3 a-d. Around 12 disturbed soil samples were collected
from the test-dug pits, with depths limited to 0 - 3.0 m. The
collected soil samples were placed in individual polythene sacs,
meticulously labeled for proper identification, and rid of impu-
rities following standard procedures. These soil samples were
then preserved and transported to the University of Ilorin Ge-
ology Departmental Laboratory for thorough testing and char-
acterization. Evaluations included natural moisture content, At-
terberg limit, linear shrinkage, and grain size analysis following
the British standard institute BSI 1377 (1990) soil classification
standard.
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Figure 3. Vertical pitting showing near-surface lithologic sequence be-
neath Ipata Market dumpsite around the dumpsite, non-degradable
waste materials (topsoil), and near-surface leachate.

2.2. Physicochemical properties test

The physico-chemical properties of the (surface and subsur-
face soil, leachate, and shallow well water) samples were as-
sessed using standard methods as outlined in APHA, 2005. For
elemental composition analysis via Atomic Absorption Spec-
troscopy, samples underwent preparation according to Anton
Pear’s multi-wave 3000 microwave digestion system adapta-
tion. Dissolution involved adding precisely 0.2 g of soil or 10
mL of water sample into digestion flasks, followed by the addi-
tion of concentrated nitric acid HNO3. Heating was employed
until near dryness, with further additions of hydrochloric acid
HCl and perchloric acid HClO4, followed by another round of
heating and the addition of concentrated HCl. The digested
samples were filtered and transferred into pre-cleaned 100 mL
polypropylene vials, diluted with distilled water for AAS anal-
ysis. The analysis covered elements such as As, Cr, Co, Fe, Mn,
Ni, Pb, Cd, Cu, and Zn. All chemical reagents utilized were of
laboratory grade.

Regarding polluted soil and water samples, they were pre-
pared for gas chromatography-mass spectrometry (GC/MS) fol-
lowing the modified USEPA method 827 ◦C. Weighing 5 g
of the sample 5 mL of extract, and 5 g of anhydrous sodium
sulfate, the mixtures were homogenized. The mixture was
transferred to pre-cleaned extraction tubes, where 40 mL of
dichloromethane was added. After standing for 30 minutes, the
tubes were shaken vigorously for another 30 minutes. Solids
settled, and solvent layers were filtered using paper filters. A
repetition of the procedure with 25 mL of dichloromethane fol-

lowed, with the combined extracts concentrated using a rotary
evaporator (Buchi Rotavapor R-114). After an exchange with
10 mL of n-hexane, the extracts were concentrated to 1 mL
for cleanup. Cleaned extracts were subjected to elution using
40 mL dichloromethane/hexane on a silica gel column. These
extracts were evaporated, redissolved in 1 mL n-hexane, and
analyzed for the 16 representative PAHs utilizing a Shimadzu
GC/MS QP 2010 model.

2.3. Soil Contamination

Metal concentrations of the selected study areas were as-
sessed to determine the levels of contamination of the study
locations. Table 1 shows the heavy metals concentration in top-
soil, Leachate and well water to determine the level of penetra-
tion of the contaminants. Contamination Factor (CF) indicates
contamination resulting from human activities of a single heavy
metal [32]. It is a ratio between the concentration of each heavy
metal in the soil and geochemical background value of such
metal. CF is calculated by equation (3).

CF =
Concentrationo f themetalinsoil

Backgroundvalue
(3)

The heavy metal geochemical background value (mg/kg)
used for this study are As = 13, Cr = 90, Fe =47,200, Pb =
85, Co = 20, Cd = 0.8, Zn = 140, Ni = 35, Cu = 36 and
Mn = 850 [33–35]. Contamination values are classified into
four: CF<1 (low contamination), 1<CF<3 (moderate contami-
nation), 3<CF<6 (considerable contamination) and CF>6 (very
high contamination) [33]. Pollution Load Index (PLI) is used to
evaluate the overall heavy metal pollution status of a particular
site and it is determined using equation (4) [36].

PLI = [CF1 ×CF2 × CF3 . . . . ×CFN]
1
N , (4)

where ‘N’ is the number of metals studied and CF is the con-
tamination factor. A PLI<1 indicates uncontaminated; PLI =
1 presents that only baseline levels of pollutants are present,
and PLI>1 is polluted [36]. Geo-accumulation Index (Igeo) es-
timates heavy metal load resulting from anthropogenic or ge-
ogenic inputs to the soil. It is determined using equation (5)
[37]

Igeo = log2

[ C
1.5B

]
, (5)

where: ‘C’ is heavy metal content in soil and ‘B’ is back-
ground value of each metal. The Igeo was classified into seven
classes: unpolluted (Igeo≤0), unpolluted to moderately pol-
luted (0<Igeo≤1), moderately polluted (1<Igeo≤2), moderately
to heavily polluted (2<Igeo≤3), heavily polluted (3<Igeo≤4),
heavily to extremely polluted (4<Igeo≤ 5) and extremely pol-
luted (Igeo>5) [35, 38, 39] Ecological Risk Factor (E) quantita-
tively expresses the potential ecological risk of a given single
contaminant [31] and is given as equation (6).

E = T ×CF, (6)

where T is toxic response factor of a particular heavy metal
(Arsenic = 10, Cadmium = 30, Chromium = 2, Cobalt = 2,
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Table 1. Heavy metal concentrations in topsoil, underground soil, and well
water of Ipata Market.

Sample
Location

Heavy Metals concentration
(mg/kg)SD

WHO limits

Sample A As 51.7±0.05 0.5
Top Soil Cd 12.3±0.004 0.8

Cr 21.7±0.003 100
Co 11.7±0.01 0.01
Cu 4.5±0.001 36
Fe 142.3±0.004 445
Mn 21.6±0.005 0.5
Ni 7.95±0.004 35
Pb 21.6±0.002 85
Zn 39.4±0.03 50

Sample B As 18.5±0.007 0.5
Leachate Cd 13.95±0.002 0.8

Cr 76.5±0.004 100
Co 13.6±0.001 0.01
Cu 42.7±0.004 36
Fe 681.7±0.004 445
Mn 52.2±0.002 0.5
Ni 11.6±0.003 35
Pb 43.7±0.004 85
Zn 72.3±0.001 50

Sample C As 11.1±0.004 0.5
Well Wa-
ter

Cd 0.1±0.004 0.8

Cr 1.43±0.014 100
Co 0.1±0.003 0.01
Cu 1.0±0.005 36
Fe 142.6±0.014 445
Mn 1.5±0.003 0.5
Ni 0.1±0.002 35
Pb 1.6±0.014 85
Zn 1.6±0.004 50

Cupper = 5, Iron = 1, Manganese = 1, Nickel = 5, Lead = 5
and Zinc = 1) [34, 35, 39, 40] and CF is the contamination fac-
tor. The ecological risk factors are classified as follows: E<40
- low potential ecological risk; 40 ≤E<80 - moderate poten-
tial ecological risk; 80≤ E<160 - considerable potential eco-
logical risk; 160≤E<320 - high potential ecological risk and
E≥320 - very high ecological risk [31]. Potential Ecological
Risk Index (RI) estimates the overall harmful effects of differ-
ent heavy metals in soil [31] using Equation 7. RI are classified
as: Low risk (RI<150), moderate risk (150≤RI<300), high risk
(300≤RI<600) and very high risk (RI≥600) [31, 41]

RI =
∑

E. (7)

3. Result and discussion

The results from the tomographic sections (Figures 4a – 4d)
exhibit three distinct images for each profile. These images in-
clude (a) the plot of measured (observed) apparent resistivity

pseudo-section, (b) the calculated apparent resistivity pseudo-
section, and (c) the resistivity model obtained after a specific
number of inversion program iterations. Additionally, the fig-
ures showcase the positions of shallow hand-dug wells, septic
tanks, and their corresponding locations on the profiles. The
sections highlighted distinctive zones of relatively low and high
resistivity.

Figure 4a portrays the resistivity model (west-east traverse
1) along the dumpsite with three distinct geo-electric layers:
topsoil, lateritic/weathered rock, and fresh basement rock. This
traverse is the closest to the dumpsite, extending approximately
150 m in the W – E direction. The profile intersects the dump-
site around 4 – 50 m. The resistivity values span from 2.08
to 221 Ω m. The upper segment of the profile (horizontal dis-
tance 1m to 110m) encompasses resistivity values ranging be-
tween 15.4 – 114Ωm. These values are attributed to the pres-
ence of non-degradable waste materials mixed with clayey sand
and clayey laterite, occurring to a depth of about 1.30 m. Be-
neath this layer lies a conductive zone exhibiting low resistiv-
ity values (2.08 – 7.9 Ωm) within lateral distances of 3 to 61
m, and at depths of 1.5 m – 4.8 m (dumpsite area). Within
the range of horizontal distance 62 to 113 m, resistivity values
between 15.4 and 58.3 Ωm are likely due to the presence of
clayey material. Notably, near the horizontal distance of about
100 m – 115 m, low resistivity values (2.08 – 4.06 Ωm) in-
dicate a typical shallow aquifer. Towards the profile’s end, at
approximately 113 m horizontal distance and a vertical depth
of 2.0 m to deeper levels, the resistivity values predominantly
exceed 200 Ωm, suggesting the presence of clay or a typical
weathered hard rock. Figure 4b showcases the model resis-
tivity section for Traverse 2, located about 20 m south of and
parallel to Traverse 1. The resistivity distribution throughout
the profile ranges from 4.4 to 69.8 Ωm. The resistivity vari-
ation reveals inhomogeneity within the upper layer, which is
approximately 3 m thick. However, the attributed presence of
non-degradable waste materials on Traverse 1 is discontinuous
on this Traverse. Within the range of horizontal distances 45
to 114 m, and at relative depths of 0.25 to 0.8 m (topsoil), a
low resistivity anomaly is observed, with resistivity values be-
tween 4.40 and 9.69 Ωm. This anomaly is attributed to a small
dumpsite and a septic tank along this section. Additionally, re-
sistivity values ranging from 14.4 to 31.7 Ωm in this layer are
indicative of clayey sand, which is underlain by a more resistive
layer, with resistivity values reaching about 70 Ωm. It signifies
clay lenses potentially acting as a barrier against leachate mi-
gration. This trend generally suggests an increase in resistivity
with depth across the profile. Traverse 4 Figure 4c is also par-
allel to and located about 15 m north of Traverse 1. It is within
the abattoir and hosts a mini dumpsite to the extreme. Its top
hard pan is characterized as a low-lying coarse-grained banded
rock outcrop with a resistivity range between 49.6 and 108Ωm.
At about 2 m deep, the resistivity values dropped to 7.02 and
15.3Ωm, which is attributable to the near-surface water table or
runoff within a slope. However, it is also underlain by weath-
ered/fresh basement rock with resitivity range above 200 Ωm.
Traverse 3 Figure 4d is in a N – S azimuth, the only perpendicu-
lar profile to others and at about 70 m away from the dumpsite.
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Table 2. Physicochemical parameters of well water, leachate and soil samples.
Parameters Well water Leachate Soil Standard values

for drinking water
Appearance Colourless Blackish Blackish -
Odor Odourless Sewage smell Sewage smell -
pH 7.66 7.78 7.50 *(6.5-8.5)
Turbidity (NTU) 0.88 5.17 -
Electrical conductivity
(µs/cm)

25.70 46.90 218.00 1000*(2500)

Chloride ion (mg/L) 7.20 8.08 6.60 250*
Sulphate (mg/L) 21.40 42.18 68.22 200 *(250)
Nitrate (mg/L) 0.98 2.90 5.10 45*(50)
Phosphate (mg/L) 0.001 0.06 1.18 (5)
Total acidity 0.44 1.00 0.24 -
Magnesium (mg/L) 0.80 1.00 1.42 (150)
Calcium (mg/L) 6.00 7.40 1.828 (200)
Available phosphorus
(%)

0.001 0.04 52.90 (1)

Total Nitrogen (%) 0.001 0.03 0.225 (10)
Total Dissolved Solid
(mg/L)

12.70 234.00 180.00 2000*(500)

Total Suspended Solid
(mg/L)

2.84 36.78 - (50)

Total Solid (mg/L) 15.54 270.78 - (300)
Carbonate (mg/L) 0.432 0.888 0.360 (200)
Bicarbonate (mg/L) 0.8784 1.8056 0.732 (150)
Organic matter (%) 0.3458 0.795 3.890 (2)
Total Organic Carbon
(TOC) (%)

0.20 0.46 2.25 (2)

Sodium ion (mg/L) 0.02 0.08 1.432 (200)
Potassium (mg/L) 0.01 0.06 2.084 (12)
Total Alkalinity (mg/L) 0.72 1.48 0.60 (200)
Cation Exchangeable ca-
pacity (mg/g)

- - 7.004 -

( ) =World Health Organization, 2009 (WHO) and * = United States Environment Protection Agency

Table 3. Contamination factor and Pollution Load Index of heavy metals in soils of Ipata market
Sample Contamination Factor PLI

As Cd Cr Co Cu Fe Mn Ni Pb Zn
Sample
A

3.98 15.38 0.24 0.59 0.13 0.003 0.025 0.23 0.25 0.28 0.18

Sample
B

1.42 17.44 0.85 0.68 1.19 0.014 0.061 0.33 0.51 0.52 0.43

Table 4. Ecological risk factor and potential ecological risk index of heavy metals in soil from Ipata market.
Sample Ecological Risk Factor RI Ecological

Risk
As Cd Cr Co Cu Fe Mn Ni Pb Zn

Sample A 39.8 461.4 0.48 1.18 0.65 0.003 0.025 1.15 1.25 0.28 506.22 High
Sample B 14.2 523.2 1.70 1.36 5.95 0.014 0.061 1.65 2.55 0.52 551.21 High

The top moisturized soil has low resistivity range within 2.08 –
7.9 Ωm and is underlain by weathered/fresh basement rock.

This is a statement that a study shPotential Ecological Risk
Index (RI) estimates the overall harmful effects of different

heavy metals in soil [31] using equation (7). RI are classified
as: Low risk (RI<150), moderate risk (150≤RI<300), high risk
(300≤RI<600) and very high risk (RI≥600) [31, 41].ould not
be considered scientific literature. This might be due to a va-
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Figure 4. (a) Resistivity model of traverse 1 along the dumpsite, showing the location of pit 1, a shallow hand-dug well and its water level, (b)
Resistivity model of traverse 1 along the dumpsite, showing the location of pit 1, a shallow hand-dug well and its water level, (c) Resistivity
model of Traverse 4 along the abattoir and dumpsite, showing the location of pit 4, a shallow hand-dug well and its water level at about 2.3 m, (d)
Resistivity model of Traverse 3 along the low land/slope, showing the imprint of water percolation beneath the sandfill topsoil.

riety of factors, including the presentation of erroneous results
and the inclusion of previously published results in a substan-
tially similar format. The details of article retracted shall not
be deleted from the online journal web-portal to preserve the
honesty of the record, but it is given notice of retraction. When
writers find significant scientific flaws, retractions are occasion-
ally issued by the authors; in other circumstances, the editors
determine that retraction is necessary. In every situation, the
retraction explains why such action was taken and who is to
blame.

3.1. Soil Permeability

The soil samples from pits 1 to 4 were analyzed for their
grain size composition. Gravel content was found to be 0% in
all samples. Sand content ranged from 7% (lowest in pit 3) to
58% (highest in pit 4). Silt content varied from 28% (lowest in
pit 3) to 45% (highest in pit 4), while clay content ranged from
12% (lowest in pit 4) to 65% (highest in pit 3) Figure 5. These
variations indicate uneven soil distribution and suggest poor
grading near the surface. The soil samples are classified us-
ing USCS soil classification as impervious to very-impervious
CL, ML, and CH, with fines (clay and silt) ranging from 12%

to 65%, highest at greater depths Figure 6. The fines content
exceeds the recommended ≥ 50% for clay liner materials, indi-
cating unsuitability for preventing leachate percolation near the
surface but effectiveness at deeper depths. Liquid limits ranged
from 18.92% (pit 1) to 54% (pit 3), generally suitable for low
hydraulic conductivity and leachate prevention. However, pit
1 fell slightly below the 20% recommended for liner materi-
als, indicating limitations near the surface. The recommended
maximum coefficient of permeability value is 1.0×10−7 cm/s
for landfill barrier soil sets a crucial standard for assessing the
suitability of soils to prevent leachate migration in a landfill
setting. From the permeability data obtained in pits 2, 3, and
4, it is evident that these locations exhibit varying degrees of
permeability, which has significant implications for their effec-
tiveness as barrier materials in landfill construction. In pit 2, the
permeability values range between 3.34×10−5 cm/s, 3.23×10−5

cm/s, and 3.13×10−5 cm/s for samples 1, 2, and 3, respectively.
These values, while higher than the recommended threshold,
are still within the category of low permeability. This sug-
gests that the soils in pit 2 possess some capacity to impede
leachate migration but may not provide an ideal barrier against
it. Therefore, the suitability of these soils as barrier materials is
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Figure 5. Grain size analysis stack for samples 1, 2 and 3 from (a) pit 1; (b) pit 2; (c) pit 3; and (d) pit 4.

Figure 6. Plasticity Chat for the soil samples: CL-inorganic clays of
low plasticity (impervious); ML-inorganic silt of low plasticity (im-
pervious); and CH-inorganic clays of high plasticity.

somewhat limited. In pit 3, the situation is more favorable for
landfill applications. The permeability values in this pit range
from 2.98×10−6 cm/s, 2.75×10−6 cm/s, to 2.52×10−6 cm/s for
samples 1, 2, and 3, respectively. These values fall within the
category of very low permeability, indicating that the soils in
pit 3 have a significantly higher potential to serve as a moderate

Figure 7. Geochemical analysis results, showing Igeo in both samples.

barrier against leachate migration. Consequently, this pit offers
a more promising option for landfill liner materials, especially
in areas where stringent leachate containment is necessary.

In contrast, pit 4 presents a mixed picture. The permeabil-
ity values range between 3.56×10−2 cm/s, 3.72×10−4 cm/s, and
3.52×10−5 cm/s for samples 1, 2, and 3, respectively. While
some values are extremely high and not suitable for barrier
materials, other values are in the medium to low permeability
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Figure 8. Chromatogram of (a) 9,19-Cyclolanostan-3-ol, acetate, (3.beta.)- (b) stigmast-4-en-3-one, (c) 1,2-Benzenedicarboxylic acid and (d) 2-
butoxyethyl butyl ester, from the topsoil and leachate.

range. This suggests that pit 4 may have layers of soil with vary-
ing permeability characteristics, making it less consistent as a
barrier material. Careful selection and assessment of specific
layers within pit 4 may be necessary to determine their suit-
ability for landfill applications. The permeability analysis indi-
cates that pit 3 offers the most promising soil characteristics for
use as landfill barrier material due to its very low permeability
values. Pit 2, while falling within the low permeability range,
may be considered as an option with certain limitations. Pit 4’s
suitability is more complex, requiring a detailed examination
of specific layers to identify potential barrier materials. Over-
all, the choice of soil for landfill liner construction should be
guided by the specific requirements of the site and the need for
effective leachate containment. Shrinkage values were gener-
ally low, suggesting minimal swelling potential. However, the
plasticity index and shrinkage limit relationship indicate some
areas with a high swelling potential, unsuitable for landfill lin-
ers. Permeability values varied across pits, with pit 3 exhibiting

very low permeability, making it a better liner for leachate pre-
vention compared to pits 2 and 4. Water levels in these shallow
wells are accessible without deep digging. However, the shal-
low well water levels are within the poorly graded and pervious
topsoil, indicating a limited ability to impede leachate migra-
tion.

3.2. Physicochemical parameters
The pH value is a crucial indicator of water quality, reveal-

ing the presence of acidity or alkalinity. It also influences chem-
ical reactions, including metal toxicity and solubility [34]. The
pH levels in Table 2 range from 7.50 to 7.78, well within the
acceptable pH range of 6.5 – 8.5 as recommended by WHO
(2008) and USEPA (2009) for drinking water. Leachate ex-
hibits the highest pH value, suggesting elevated levels of bi-
carbonates (1.8056 mg/l) and carbonates (0.888 mg/l) at the
site. This is positively correlated with the electrical conduc-
tivity (EC) values, with the soil sample having the highest EC
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(218 µs/cm) due to a greater number of ions. Notably, all EC
values for the three samples fall below the USEPA maximum
limit of 2500 µs/cm. The high pH in leachate indicates a sig-
nificant presence of total dissolved solids (TDS), aligning with
the observed TDS value for leachate (280 mg/l). Furthermore,
total suspended solids are more pronounced in leachate (36.78
mg/L) compared to well water (2.84 mg/L), indicating higher
turbidity in the leachate. Total organic carbon (TOC) remains
within the permissible limit (2%) for drinking water. Anions
analysis reveals that sulphate ions are the most concentrated in
the samples, while chloride, nitrate, and phosphate ions remain
relatively low across all samples. Elevated sulphate levels may
originate from domestic waste rich in sulphate ions. Sulphate
values for well water, leachate, and soil at the site are 21.40
mg/L, 42.18 mg/L, and 68.22 mg/L, respectively, all well be-
low the WHO/USEPA maximum limit of 250 mg/L for safe
drinking water.

3.3. Heavy Metals
In Figure 7, Cadmium (Cd) exhibited the highest Igeo val-

ues in both samples (3.36 and 3.56), while Iron (Fe) had the
lowest (-8.97 and -6.70). The elevated Igeo values for Cd in the
soil sample from Ipata market indicate significant soil pollution
with Cd, primarily due to anthropogenic activities. These find-
ings align with previous studies by Ohiagu et al. and Sulaiman
et al. [35, 42, 43]. Cd also displayed the highest Contamination
Factor (CF) values for both samples, while Fe had the lowest
CF values. Besides Cd and As, all other metals studied showed
minimal contamination at the site. Pollution Load Index (PLI)
values of 0.18 and 0.43, both below 1, classify the site as un-
contaminated Table 3. These results concur with Alahabadi &
Malvandi [36]. The potential ecological risk posed by the stud-
ied metals was assessed using Enrichment (E) and Risk Index
(RI). All measured metals, except Cd, showed low ecological
risk in both samples. Cd, on the other hand, posed a very high
ecological risk, resulting in a high potential ecological risk in-
dex for both samples Table 4. This aligns with findings from
[36, 44]. Two polyaromatic hydrocarbon compounds (from
topsoil and leachate) were identified, accounting for 100% of
the composition. They were identified as Stigmast-4-en-3-
one (74.99%) and 9,19-Cyclolanostan-3-ol, acetate, (3.beta.)-
(25.01%) and Phenol, 3,5-bis(1,1-dimethylethyl)- (87.07%)
and 1,2-Benzenedicarboxylic acid, 2-butoxyethyl butyl ester
(12.93%) Figures 8 a-b.

4. Conclusion

In an attempt to address the significant threat of leachate
from dumpsites to shallow aquifers and its potential impact
on human health and the environment. This study employs
geophysical methods, particularly 2D Electrical Resistivity To-
mography (ERT), soil classification, and various physicochem-
ical tests to assess soil and water quality. The ERT data pro-
vided information regarding the subsurface layers and possible
groundwater contamination beneath the decomposed topsoil to
about 1.2 m by hosting pervious rock/soil with a low resistiv-
ity value that ranges from 6.53 to 10.7 Ωm underlain by a thin

layer of about 0.5 m thick sandy-clay, suggesting a potential
risk of leachate percolation into groundwater. Soil classifica-
tion indicated a 1.0 m topsoil depth with insufficient clay con-
tent to impede leachate percolation because the percentage of
the obtained fines falls below the recommended values of the
specified liner clay materials. However, the limit of shrinkage
within the area shows that the samples have a low potential for
swelling, with values falling below <15%. The particle size
distribution results show a correlation between the plasticity in-
dex classifications. The shrinkage limit and permeability result
show that the soil has low–swelling potential with low perme-
ability values ranging from 2.510 to 3.7x10−4 cm/sec, and it is
within the range of 10.5 to 10.7 that classify the soil as low
permeable, suggesting a reduced risk of leachate penetration to
greater depths.

The assessment of physicochemical parameters in leachate,
well water, and soil has revealed variations in key indicators
such as pH, electrical conductivity, total dissolved solids, and
anion concentrations. Leachate, characterized by its high pH
and electrical conductivity, signifies the presence of elevated
total dissolved solids. The well water, although influenced by
leachate, generally falls within acceptable pH limits for drink-
ing water. However, the presence of sulfate ions indicates
potential contamination from domestic waste sources. Heavy
metal concentrations were found to exceed WHO permissible
limits in the topsoil, leachate, and well water. Pollution Load
Indices classified the site as uncontaminated, except for cad-
mium, which exhibited a high potential ecological risk. This
highlights the complex interplay between heavy metal contam-
ination and ecological impact. Also, the absence of listed per-
sistent organic pollutants (POPs) in the analyzed samples sug-
gests that, while heavy metals are a concern, the site does not
currently exhibit a significant presence of POPs. This implies
that the findings of this study underscore the urgent need for
proactive pollution abatement measures in urban dumpsites like
Ipata. Regular monitoring of surface water and groundwater
quality in and around dumpsites is imperative to safeguard pub-
lic health and environmental integrity. Additionally, the multi-
disciplinary methodologies employed in this research serve as a
valuable guide for future assessments of leachate contamination
in urban environments, contributing to effective waste manage-
ment practices and sustainable urban development.
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