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Groundwater quality around waste disposal sites is increasingly threatened by contaminant migration through permeable
subsurface formations, particularly in basement terrains. This study evaluated groundwater contamination around hospital
waste disposal sites in Katsina, Nigeria, using integrated electrical resistivity and hydrochemical techniques. A cross-
sectional field and laboratory design was adopted. Based on their proximity to garbage disposal areas, four sampling
locations (S1-S4) were chosen. Vertical Electrical Sounding (VES) using a Schlumberger array and a digital resistivity
meter was used for subsurface study. Atomic Absorption Spectrophotometry (AAS) was used to measure heavy metals
(Pb, Cd, Fe, Zn, and Cu). Statistical analysis (ANOVA and Pearson correlation) and pollution indices (CF, PLI, and WQI)
were used. Three subsurface layers were identified by the resistivity measurements; the second layer at S2 (38.6 + 3.7
QOm) and S4 (41.7 £ 3.9 QOm) had noticeably low resistivity values, indicating conductive zones linked to leachate infiltration.
Elevated EC (1325 + 110 uS/cm), TDS (845 + 70 mg/L), and nitrate (52.6 £ 5.1 mg/L) at S2 exceeded WHO guidelines,
according to hydrochemical analysis. Permissible limits were also surpassed by heavy metals, especially Pb (0.032 +
0.004 mg/L) and Cd (0.009 + 0.001 mg/L). S2 was rated as extremely poor (168.4) and S4 as poor (152.7) by the Water
Quality Index. The association between geophysical anomalies and pollution levels was confirmed by significant inverse
correlations between resistivity and EC (r = -0.82), TDS (r = —-0.79), and Pb (r = -0.74). Waste-derived contamination has
a major effect on groundwater in the research area, especially in shallow weathered aquifer zones. For identifying pollution
channels and evaluating groundwater quality, the combination of electrical resistivity and hydrochemical techniques
proved to be quite successful. Regular groundwater monitoring and better waste management techniques are advised.

Keywords: Katsina, water quality index, hydrochemistry, leachate, heavy metals, electrical resistivity, and groundwater
contamination

1.0 Introduction

For the supply of water for homes, farms, and industries, groundwater is an essential resource, especially in semi-arid
and developing areas where surface water is scarce. Due to growing population pressure and poor municipal water
infrastructure, groundwater is heavily relied upon in northern Nigeria. However, groundwater systems in these settings are
extremely susceptible to pollution, particularly in regions impacted by uncontrolled anthropogenic inputs and waste
disposal operations. In crystalline basement terrains, where groundwater is mostly found in worn and fractured zones that
provide little natural defence against pollution migration, the susceptibility is further increased (Adiat et al., 2013;
Eyankware et al., 2022).

Because electrical resistivity methods are sensitive to changes in subsurface lithology, porosity, fluid content, and ionic
concentration, they are frequently used in groundwater exploration and environmental investigations. High resistivity
readings usually imply competent, dry, or unfractured basement rocks, whereas low resistivity anomalies are frequently
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linked to clay-rich formations or pollution plumes enriched with dissolved ions (Keller & Frischknecht, 1966; Dewashish et
al., 2014). Studies in crystalline basement terrains have demonstrated the effectiveness of resistivity methods in
delineating groundwater potential zones, aquifer characteristics, and contamination pathways (Adeniyi et al., 2013;
Anomohanran, 2013; Ibrahim et al., 2023). Additionally, it has been demonstrated that integrated methods that combine
hydrogeological parameters with geoelectric data enhance the precision of groundwater vulnerability assessments
(Agoubi et al., 2018; Babasola & Nmoka, 2025).

The weathered layer is the main aquifer in basement complex areas, and its thickness, resistivity, and continuity are
important factors that determine the presence of groundwater and its vulnerability to contamination. The infiltration of
leachates from waste disposal sites into these shallow aquifers poses significant environmental and public health
concerns. Groundwater systems in urban and industrial settings are especially vulnerable to growing anthropogenic
stresses, according to Facazio et al. (2002). Similarly, research conducted in Nigeria has demonstrated that garbage
discharge, hydrocarbon pollution, and other human activities can have a substantial impact on groundwater quality
(Okiongbo & Akpofure, 2012; Ohwoghere-Asuma et al., 2020; Okagbare et al., 2025). The study's objectives are to identify
subsurface pollution zones, evaluate the quality of groundwater, and establish correlations between hydrochemical
parameters and geophysical anomalies.

2.0 Literature Review

Since hydrochemical analysis offers immediate proof of groundwater quality and pollutant levels, it continues to be a
crucial addition to geophysical studies. Pollution is indicated by parameters like electrical conductivity (EC), total dissolved
solids (TDS), nitrate, chloride, and dissolved oxygen; heavy metals like lead (Pb), cadmium (Cd), and iron (Fe) are
especially problematic because of their toxicity and environmental persistence. Neurological and systemic toxicity have
been associated with elevated amounts of these metals (Jaishankar et al., 2014; Castro-Gonzéalez & Méndez-Armenta,
2008). Additionally, prior research has shown that emerging pollutants and wastewater discharge can drastically change
groundwater quality and aquatic systems (Akpor & Muchie, 2011; AL Falahi et al., 2022).

There is still little knowledge about groundwater contamination near hospital waste disposal facilities in Katsina State,
Nigeria, despite advancements in hydrogeophysical research. There is a significant risk of groundwater contamination by
leachate migration due to the complicated makeup of medical waste, which includes chemical residues, heavy metals,
and medications. In order to assess groundwater contamination near hospital waste disposal sites in Katsina, this study
combines hydrochemical and electrical resistivity techniques.

3.0 Materials and Methods
3.1 Study Area

The investigation was conducted in Kastina State, Nigeria, within zones influenced by waste disposal activities associated
with medical and municipal sources. The area is underlain predominantly by Precambrian basement complex geology,
characterised by a thin topsoil layer, an underlying weathered/fractured zone, and a competent crystalline basement. The
majority of groundwater is found in worn and fractured strata, which are extremely susceptible to contamination because
of their shallow depth and comparatively high permeability. To capture spatial variability in contamination levels, sampling
locations (S1-S4) were carefully chosen based on proximity to trash disposal facilities and active groundwater abstraction
stations.

3.2 Sampling Structure and Research Design

Geophysical and hydrochemical methods were combined in a cross-sectional, integrated methodological approach.
Subsurface electrical characteristics and groundwater quality parameters might be correlated because of the way the
study was set up. To improve data reliability and statistical robustness, all measurements and sample analyses were
carried out in duplicate at four representative locations.

3.3 Geophysical Investigation (Electrical Resistivity Survey)

Subsurface characterisation was carried out using the Vertical Electrical Sounding (VES) technique with the Schlumberger
electrode configuration. Field measurements of apparent resistivity were obtained using a digital resistivity meter at
progressively increasing electrode spacings to probe deeper subsurface layers. To determine the genuine resistivity
values, layer thicknesses, and depths, the collected data were first subjected to partial curve matching and then refined
using computer-assisted iterative inversion. Established geophysical principles were used to evaluate the resistivity data:
high resistivity values indicate compact, dry, or crystalline formations, whereas low resistivity zones are suggestive of
conductive materials like clay, saturated zones, or polluted plumes. Delineating the weathered layer, which acts as the
main aquifer and a possible route for pollutant transport, was given special attention.

3.4 Groundwater Sampling and Preservation

Pre-cleaned 1 L high-density polyethene bottles were used to collect groundwater samples from boreholes within the study
area. Each bottle was properly cleaned with groundwater before sampling to remove any possible contamination. To stop
metal adsorption and precipitation, samples meant for heavy metal analysis were promptly acidified with pure nitric acid

(HNO3) to a pH below 2. After being collected, all samples were kept at 4°C in ice-packed containers and sent to the lab
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for examination within a day.
3.5 Determination of Physicochemical Parameters

Standard analytical procedures were used to measure physicochemical parameters, including pH, electrical conductivity
(EC), total dissolved solids (TDS), nitrate (NO3"), chloride (CI7), and dissolved oxygen (DO). A calibrated multiparameter
probe was used to detect temperature and pH in situ. A digital conductivity meter was used to test EC and TDS.
Spectrophotometric techniques were used to measure the concentration of nitrate, and argentometric titration was used
to measure the content of chloride. An electrochemical probe approach was used to measure the amount of dissolved
oxygen. To guarantee accuracy, every device was calibrated before use.

3.6 Heavy Metal Analysis

Lead (Pb), cadmium (Cd), iron (Fe), zinc (Zn), and copper (Cu) were among the heavy metals that were examined in
groundwater samples. Nitric acid was used in typical acid digestion processes to break down the samples. Atomic
Absorption Spectrophotometry (AAS) was used to measure the metal concentrations. Certified standard solutions were
used to create calibration curves, and reagent blanks, duplicate samples, and recovery checks were used to ensure
quality.

3.7 Evaluation of Pollution and Water Quality Indices

Contamination factor (CF), pollution load index (PLI), and water quality index (WQI) were calculated using recognised
methods in order to quantitatively evaluate groundwater contamination. The ratio of the measured concentration to
background or allowable limits was used to compute the contamination factor. The water quality index was calculated by
adding the weighted contributions of each parameter, whereas the pollution load index was calculated as the geometric
mean of the contamination components. Groundwater quality was categorised, and its suitability for residential use was
assessed using these indices.

3.8 Statistical and Correlation Analysis

All data were expressed as mean * standard deviation. Statistical analysis was performed using SPSS software (version
25). One-way analysis of variance (ANOVA) was applied to determine significant differences among sampling locations at
a confidence level of 95% (p < 0.05). Duncan's multiple range test was used for post hoc comparisons. Relationships
between electrical resistivity readings and hydrochemical parameters were assessed using Pearson correlation analysis,
with a focus on finding correlations between geophysical anomalies and pollution indicators.

4.0 Results

A consistent three-layer geoelectric structure consisting of topsoil, a weathered/fractured layer, and a competent basement
was found in all sampling locations, according to the resistivity measurements. Highly conductive zones were indicated by
the second layer's noticeably lower resistivity values, especially at S2 (38.6 £ 3.7 Qm) and S4 (41.7 £ 3.9 Om). These low
resistivity readings indicate that the weathered layer contains leachate-contaminated groundwater at depths between
roughly 5.2 and 6.6 meters. Conversely, lower contamination influence is indicated by comparatively greater resistivity
values at S3 (52.1 £ 4.5 Qm). According to Table 4.1, the most affected zones are S2 and S4, and the spatial variation in
resistivity shows heterogeneity in subsurface pollution.

Table 4.1: Subsurface Electrical Resistivity Characteristics and Lithological Interpretation

Location | Layer | Resistivity Thickness Depth to Base | Lithological Interpretation
(Qm) (m) (m)
S1 1 120.5 + 8.2 1.2 1.2 Sandy topsoil
453 £ 4.1¢ 4.6 5.8 Weathered/fractured zone (possible leachate
infiltration)
3 310.7 £ 15.62 Competent basement rock
S2 1 98.4 + 7.5 1.0 1.0 Sandy-clayey topsoil
2 38.6 + 3.7¢ 5.2 6.2 Highly conductive zone (contaminated
aquifer)
3 280.2 £ 12.3b Fresh basement
S3 1 135.8 £ 9.1 14 14 Dry sandy topsoil
2 52.1+4.5b 4.9 6.3 Weathered zone
3 350.6 + 18.2a Basement rock
S4 1 110.2 + 6.8ap 1.1 1.1 Topsoil
2 41.7 £ 3.9 5.5 6.6 Conductive layer (leachate plume)
3 295.4 £ 14.7° — — Basement rock

Note: Values are Mean + SD. Different superscripts indicate significant differences at p < 0.05.
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Significant differences were found in the hydrochemical data between sampling locations. S2 (1325 + 110 uS/cm; 845 +
70 mg/L) and S4 (1205 + 95 uS/cm; 780 + 60 mg/L) had the highest electrical conductivity and total dissolved solids, both
of which exceeded suggested limits and indicated higher ionic content. The nitrate content at S2 (52.6 + 5.1 mg/L) was
marginally higher than the allowable limit, indicating anthropogenic pollution. All locations had consistently low dissolved
oxygen levels, with S2 having the lowest (2.9 + 0.3 mg/L), suggesting poor water quality and potential organic pollution.
According to Table 4.2, S2 and S4 showed the most damaged hydrochemical conditions overall.

Table 4.2: Hydrochemical Characteristics of Groundwater Samples

Parameter S$1 S2 S3 S$4 WHO Standard
pH 6.45+0.21 | 6.28 + 0.18¢ | 6.72 £ 0.252 | 6.39 £ 0.19> | 6.5-8.5

EC (uS/cm) 980 + 75b 1325 + 1102 | 870 + 65¢ 1205 + 952 | 1000

TDS (mg/L) 610 + 520 845 + 702 540 + 48¢ 780 + 602 500

Nitrate (mg/L) 385+4.2> | 526+5.12 [ 29.7+3.8c |47.3+452 |50

Chloride (mg/L) | 185 £ 20b 265 + 289 150 + 18¢ 240 + 222 250

DO (mg/L) 3.8+0.4b 2.9+0.3c 4.2 +£0.52 3.1+0.4¢ 25

Elevated quantities of heavy metals were found at multiple places, especially at S2 and S4. In most places, lead
concentrations exceeded the WHO limit of 0.01 mg/L, ranging from 0.012 + 0.001 mg/L (S3) to 0.032 £ 0.004 mg/L (S2).
Additionally, at S2 (0.009 + 0.001 mg/L) and S4 (0.007 + 0.001 mg/L), cadmium levels were higher than allowed. S2
recorded iron values of 0.85 + 0.08 mg/L, which were much higher than the suggested limit. In contaminated areas, zinc
and copper levels were higher but still within safe bounds. According to Table 4.3, these findings point to serious heavy
metal pollution, especially in regions impacted by waste disposal operations.

Table 4.3: Heavy Metal Concentrations in Groundwater (mg/L)

Metal | S1 S2 S3 S4 WHO Limit
Pb 0.018 £ 0.002¢ | 0.032 + 0.0042 | 0.012 £ 0.001¢ | 0.028 + 0.0032 | 0.01

Cd 0.004 + 0.001¢ | 0.009 + 0.0012 | 0.003 £+ 0.001¢ | 0.007 + 0.0012 | 0.003

Fe 0.52 + 0.06p 0.85 £ 0.082 0.48 £ 0.05¢ 0.79 £ 0.07a 0.30

Zn 1.12 £ 0.10P 1.85+0.152 0.98 £+ 0.08¢ 1.62 +0.132 3.00

Cu 0.24 £ 0.03p 0.41 £ 0.042 0.18 £ 0.02¢ 0.36 £ 0.032 2.00

The degree of groundwater contamination was further demonstrated by the pollution indices. S2 (168.4) and S4 (152.7)
were rated as "very poor" and "poor" by the Water Quality Index, respectively, meaning that the groundwater at these sites
is not fit for direct consumption. While S3 (95.8) was categorised as "moderate," indicating comparatively higher water
quality, S1 (112.6) likewise fell into the "poor" category. Overall, pollution is confirmed by Pollution Load Index values
more than 1 at every location, with S2 having the highest value (2.31). Together, these indices reveal that the research
area's groundwater quality has declined significantly, as Table 4.4 illustrates.

Table 4.4: Groundwater Quality and Pollution Indices

Location | Contamination Factor (CF) | Pollution Load Index (PLI) | Water Quality Index (WQI) | Classification
S1 1.82 1.45 112.6 Poor

S2 2.95 2.31 168.4 Very Poor

S3 1.35 1.12 95.8 Moderate

S4 2.61 2.05 152.7 Poor

Strong inverse correlations between resistivity and important hydrochemical parameters, including electrical conductivity
(r = -0.82), total dissolved solids (r = -0.79), nitrate (r = -0.68), and lead (r = -0.74), were found by correlation analysis.
This suggests that higher pollutant concentrations are correlated with lower resistivity levels. On the other hand, significant
positive relationships were found between EC, TDS, and heavy metals (e.g., EC—Pb: r = 0.84), indicating a shared source
of pollution. As demonstrated in Table 4.5, these correlations confirm the efficacy of combining geophysical and
hydrochemical techniques in groundwater pollution investigations.

Table 4.5: Correlation Matrix Between Resistivity and Hydrochemical Parameters

Parameter | Resistivity | EC TDS | Nitrate | Pb
Resistivity | 1.00 -0.82* | -0.79* | -0.68* | -0.74*
EC -0.82* 1.00 | 0.91* | 0.76* 0.84*
TDS -0.79* 0.91* |1.00 |O0.72* 0.81*
Nitrate -0.68* 0.76* | 0.72* | 1.00 0.69*
Pb -0.74* 0.84* | 0.81* | 0.69* 1.00

Note: Correlation is significant at p < 0.05.
5.0 Discussion

According to the geophysical investigation, a uniform three-layer geoelectric structure consisting of topsoil, a
weathered/fractured layer, and a fresh basement was found throughout the research region . In crystalline basement
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terrains, where groundwater is mostly limited to the weathered and fractured zones, this stratigraphic pattern is typical
(Anomohanran, 2013; Eyankware & Aleke, 2021). The second layer's comparatively low resistivity readings, especially at
S2 and S4, point to highly conductive zones that may indicate leachate penetration or elevated ionic concentration in the
aquifer system. This finding is in line with the ideas presented by Keller and Frischknecht (1966), according to which
subsurface conductivity rises as the concentration of dissolved ions increases. The geophysical examination revealed a
consistent three-layer geoelectric structure with topsoil, a weathered/fractured layer, and a fresh basement throughout the
study area. This stratigraphic pattern is common in crystalline basement terrains, where groundwater is primarily restricted
to the weathered and fractured zones (Anomohanran, 2013; Eyankware & Aleke, 2021). The relatively low resistivity
readings in the second layer, particularly at S2 and S4, suggest highly conductive zones that could be signs of increased
ionic concentration in the aquifer system or leachate penetration. This result is consistent with the theories put forth by
Keller and Frischknecht (1966), which state that subsurface conductivity increases with dissolved ion concentration.

The hydrochemical data, which show elevated EC and TDS values at S2 and S4, indicating increased dissolved ionic
content, support the geophysical findings. These metrics are commonly acknowledged as markers of groundwater
contamination, especially from human sources such as waste dumping and wastewater discharge (Akpor & Muchie, 2011).
Since nitrate is frequently linked to leachate from decaying organic waste and sewage penetration, the elevated nitrate
concentration seen at S2 provides additional evidence of contamination (Facazio et al., 2002). Pb, Cd, and Fe
concentrations exceeded suggested limits in several sites, according to heavy metal studies. These metals' presence
indicates both potential geogenic contributions from basement rock weathering and contamination from waste sources.
Nonetheless, the spatial distribution of higher metal concentrations suggests a significant human influence, especially in
the vicinity of trash disposal zones. Castro-Gonzalez and Méndez-Armenta (2008) stressed the potential for heavy metals
to bioaccumulate and present significant health hazards, whereas Jaishankar et al. (2014) emphasised the toxicological
significance of heavy metals.

The calculated pollution indices offer a thorough evaluation of the quality of groundwater. Groundwater at S2 and S4
was rated as poor to extremely poor by the Water Quality Index, meaning it was unfit for drinking without treatment. This
result is in line with earlier research that found groundwater degradation in regions affected by industrial activity and waste
disposal (Ekesiobi et al., 2026; Okagbare et al., 2025). The existence of contamination is further confirmed by Pollution
Load Index values greater than unity in every location. The significant inverse association between resistivity and
hydrochemical parameters like EC, TDS, nitrate, and Pb is one of the study's main conclusions. This association validates
the integration of geophysical and hydrochemical approaches by confirming that zones of low resistivity correspond to
areas of high pollutant concentration. Studies that combine resistivity surveys with groundwater quality assessment have
found similar associations (Ohwoghere-Asuma et al., 2020; lkpe et al., 2025; Umueni et al., 2026).

The results also highlight the significance of the worn layer as a pathway for pollutants. Because of its porosity and
shallow depth, this layer is very susceptible to leachate penetration. This finding aligns with hydrogeological models of
basement terrains, where overburden features and structural discontinuities are closely associated with aquifer
susceptibility (Adiat et al., 2013; Jimoh et al., 2023). Additionally, according to AL Falahi et al. (2022) and dos Santos et
al. (2025), the presence of pharmaceutical residues and emerging contaminants in aquatic systems indicates that hospital
waste disposal sites may contribute complex chemical pollutants in addition to heavy metals to groundwater systems. This
emphasises the necessity of thorough monitoring and management techniques.

Conclusion

Both geophysical and hydrochemical tests in this study show that groundwater near hospital waste disposal facilities in
Katsina, Nigeria, is heavily contaminated. Elevated amounts of dissolved ions and heavy metals were correlated with low
resistivity zones found in the worn aquifer, indicating leachate infiltration and declining groundwater quality. When it came
to identifying contamination channels and evaluating groundwater sensitivity, the combination of electrical resistivity and
hydrochemical techniques proved to be very successful. The results show that in order to conserve aquifer systems, better
waste management technigues, groundwater monitoring, and preventative actions are required. It is advised to take
immediate action to reduce possible health and environmental concerns, such as treating contaminated groundwater
sources and disposing of garbage in a controlled manner.
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