


Original Research Article 

Groundwater Quality and Health Risk Assessment Around Waste Electrical and Electronic Equipment (WEEE) Dumps in Benin 



Abstract
Introduction: Groundwater represents the main source of drinking water. However, this natural resource is sometimes exposed to anthropogenic pollution.
Aims: This study aims to assess the metal contamination of wells located near Waste Electrical and Electronic Equipment (WEEE) dumps in three cities in Benin (Cotonou, Abomey-Calavi, and Natitingou), and to evaluate the health risks to local populations.
Methodology:  Water samples were collected at distances of 0, 50, and 100 metres from the sites and analysed. Eight heavy metals including arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc (Zn) were quantified using Microwave Plasma-Atomic Emission Spectrometry (MP-AES). Water quality was evaluated using the Metal Index (MI) and Heavy Metal Pollution Index (HPI), while non-carcinogenic and carcinogenic risks were estimated via Health Risk Assessment methodologies.
Results:  The results indicated several heavy metals present at concentrations far exceeding WHO guideline values; for instance, cadmium reached 0.48 mg/L in Cotonou, approximately 160 times the recommended 0.003 mg/L. Lead concentrations peaked at 0.76 mg/L in Natitingou, significantly surpassing the 0.01 mg/L threshold. Iron levels were recorded at 8.76 mg/L versus a guideline of 0.3 mg/L. The MI and HPI indices confirmed marked metal pollution, with HPI values reaching 8,698 in Cotonou. Health risk assessment revealed Hazard Indices (HI) well above 1 for both adults and children, alongside Cancer Risks (CR) exceeding 10⁻⁴, with children in Natitingou exhibiting a CR of 2.29 × 10⁻³ (USEPA, 2011). 
Conclusion: The quality of the studied well waters is a significant public health concern, underlining the urgent need to strengthen ecological management of WEEE and groundwater monitoring.
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1. Introduction
Groundwater is among the most essential resources for human survival. However, this vital resource is increasingly threatened by both anthropogenic and natural contamination. Among the most concerning pollutants are heavy metals, noted for their persistence, toxicity, and bioaccumulative potential (Sbai et al., 2024). Heavy metals may originate from natural geological processes, such as rock weathering or mineral dissolution, but excessive concentrations in groundwater predominantly arise from human activities.
In numerous developing countries, heavy metal concentrations frequently exceed recommended quality thresholds, rendering these elements primary contaminants of aquifers (Adeyemi & Ojekunle, 2021). Their presence is attributed to both natural phenomena and increasing anthropogenic pressures (Mthembu et al., 2022). While some play essential biological roles, metals such as copper (Cu), iron (Fe), lead (Pb), chromium (Cr), cadmium (Cd), nickel (Ni), arsenic (As), and zinc (Zn) are regularly detected in groundwater worldwide, including in Limpopo Province, South Africa (Durowoju et al., 2020) and Za-Kpota, Benin (Ahlonsou et al., 2024). Their persistence, non-biodegradability, and tendency to bioaccumulate pose serious concerns (Tchounwou et al., 2012). Chronic exposure, even at low doses, may result in carcinogenic, mutagenic or teratogenic effects (Jaishankar et al., 2014). Prolonged cadmium intake has been linked to bone lesions, renal dysfunction, and increased cancer risk (Belabed et al., 2018), whereas groundwater with excessive iron has been associated with fatigue and joint inflammation (Ahmed et al., 2019).
Additional pollution sources include industrial effluents, mining activities, fertiliser and pesticide use, and improper solid waste management. Open-air dumps, especially those containing electronic waste, pose particular risks, as metals like lead, cadmium, copper, and zinc gradually leach into aquifers (Liu et al., 2025). The health effects of heavy metal contamination in drinking water are well documented: lead affects neurological development, particularly in children, while cadmium can damage kidneys and bones (WHO, 2021). Hexavalent chromium is a confirmed carcinogen; nickel and copper, although biologically necessary in trace amounts, become toxic at elevated levels (WHO, 2021). Mercury, in both organic and inorganic forms, presents serious threats to renal, neurological, and cognitive development (Emmanuel et al., 2022). Beyond human health, groundwater heavy metal contamination harms soil quality, agricultural productivity, and causes bioaccumulation through aquatic and terrestrial food chains, indirectly increasing human exposure via food and drinking water (Sbai et al., 2024).
Several assessment tools exist to evaluate pollution extent. The Heavy Metal Pollution Index (HPI) is widely used to consolidate complex water quality data into a single value, facilitating interpretation (Sanad et al., 2024; Anitha et al., 2021). It aids in conveying scientific results to non-specialists (Shankar et al., 2019) and involves standardised steps such as metal selection, concentration normalisation, weighting, and sub-index aggregation (Badeenezhad et al., 2023). Numerous studies have demonstrated HPI’s effectiveness for assessing groundwater quality in diverse contexts (Hartiningsih et al., 2024; Eldaw et al., 2020; Majumdar et al., 2024). Indices like the Metal Index (MI) and HPI provide integrated views of water quality relative to studied metals and highlight zones with critical standard exceedances (Sbai et al., 2024). Complementarily, Health Risk Assessment (HRA) frameworks calculate Chronic Daily Intake (CDI), Hazard Quotient (HQ), Hazard Index (HI), and Cancer Risk (CR) to quantify population threats. These methods typically show children face higher risks than adults due to lower body mass and higher relative water consumption (Emmanuel et al., 2022). Frequently, HQ and HI values exceed safety limits prescribed by international agencies, while CR values reveal notable carcinogenic risks, particularly from cadmium and lead. Recent investigations in arid regions such as Xining, China, have revealed the spatial and temporal variability of contamination complicates sustainable water resource management.
In Benin, groundwater is extensively used for domestic purposes in urban and rural settings, as well as for agriculture and livestock (Boukari et al., 2018). Central regions exhibit a minimum recharge estimate of approximately 1.09 × 10⁹ m³/year, insufficient in densely populated areas (Kpegli et al., 2024). Urban expansion and farming practices in Za-Kpota (southern Benin) contribute to deterioration of well and borehole water quality (Ahlonsou et al., 2024). Simultaneously, WEEE management is rapidly developing in West Africa, with Benin marked by limited regulation and significant waste generation (UNEP, 2011). Surveys reveal repairers, households, and waste reclaimers are at environmental and health risk (Topanou et al., 2025). WEEE disposal sites frequently lie adjacent to densely populated districts, exposing residents using nearby wells to potential metal contamination. Previous studies have documented cadmium, lead, copper, and zinc contamination in wells and boreholes consumed by local populations in urban Benin (Dovonou et al., 2014; Azokpota et al., 2022). These investigations highlight links between anthropogenic pollution, domestic and agricultural activities, and groundwater deterioration. Yet, no comprehensive study integrating pollution indices (MI, HPI) with health risk assessment (HRA) has been conducted in these areas. Existing work mainly quantifies metal levels in selected municipalities (e.g. Godomey, Za-Kpota) (Dovonou et al., 2014; Azokpota et al., 2022). Assessing well water quality and identifying the health risks posed by heavy metals constitute a critical step for guiding public policies on ecological WEEE management, water resource protection, and public health.

2. Materials and Methods
2.1 Study Area
The study was conducted in three Benin cities such as Cotonou, Abomey-Calavi, and Natitingou (Figure 1) where WEEE dumps are located. These zones were selected due to the proximity of residential areas to dumpsites, facilitating potential heavy metal transfer into groundwater.
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Figure 1: Location of Sampling Sites

2.2 Sampling
Well water samples were collected in March 2025 at distances of 0 m (immediately adjacent to the site), 50 m, and 100 m from the dumpsites. In total, 33 samples were collected. Samples were taken in clean polyethylene bottles previously rinsed with distilled water. Physicochemical parameters, specifically pH and conductivity, were measured in situ using calibrated portable devices. The samples were subsequently transported to the laboratory at 4 °C in a cooler to prevent any alteration prior to analysis.

2.3 Chemical Analysis
2.3.1 Quantification of Heavy Metals
The heavy metals analysed (arsenic, cadmium, chromium, copper, iron, nickel, lead, and zinc) were quantified using Microwave Plasma-Atomic Emission Spectrometry (MP-AES). This technique relies on the excitation of atoms within a plasma and the measurement of photons emitted at characteristic wavelengths. Calibration was performed using standard solutions covering the expected concentration ranges. Quality control procedures included blank samples. Detection limits were on the order of a few micrograms per litre for the metals analysed.

2.4 Statistical Analysis
2.4.1 Statistical Treatment of Concentrations
Data were processed using R version 4.3. Descriptive statistics (mean, median, minimum, maximum, standard deviation) characterised the distribution of metals. Comparisons between cities and distances were conducted using the Kruskal-Wallis test followed by Dunn’s post hoc tests. Correlations between metals were examined via Spearman’s method and visualised through a correlation matrix. Principal Component Analysis (PCA) was undertaken to identify associations between metals and potential pollution sources.

2.4.2 Pollution Indices
2.4.2.1 Metal Index (MI)
The Metal Index (MI) is an aggregate indicator used to assess the degree of contamination of water by multiple metals simultaneously. It is based on a comparison between measured concentrations and WHO guideline values (2017). A higher MI indicates poorer water quality. An MI exceeding 1 is generally interpreted as evidence of pollution (Rajkumar et al., 2020).

Where:
= Measured concentration of metal (mg/L)
= WHO guideline value for metal (mg/L)

2.4.2.2 Heavy Metal Pollution Index (HPI)
The Heavy Metal Pollution Index (HPI) is a more sensitive synthetic indicator than the MI, integrating both measured values and relative weights assigned to each metal based on its guideline limit. An HPI below 100 indicates good water quality, while an HPI exceeding 100 signals concerning contamination (Herojeet et al., 2020; Latif et al., 2025).



Where:
= Measured concentration of metal (mg/L)
= WHO guideline value for metal (mg/L)
= Ideal value (here 0 for all metals)
= Weight assigned to metal , the inverse of the WHO guideline

2.4.3 Health Risk Assessment (HRA)
The human health risk assessment was conducted following the methodology of the US Environmental Protection Agency (USEPA, 1989, 2011) and adapted in recent studies on metal contamination of water (Shehu et al., 2022). It includes estimation of Chronic Daily Intake (CDI), calculation of non-carcinogenic risks (Hazard Quotient [HQ] and Hazard Index [HI]), and carcinogenic risk (Cancer Risk [CR]). HQ and HI are defined by USEPA as indicators of non-carcinogenic risk (USEPA, 1989). CR is calculated using cancer slope factors provided by the Integrated Risk Information System (IRIS) (USEPA, 2011).

2.4.3.1 Chronic Daily Intake (CDI)
CDI expresses the chronic daily dose ingested by an individual based on metal concentration in water and consumption habits:

Where:
= Concentration of metal (mg/L)
= Daily water ingestion rate (2.5 L/day for adults; 0.78 L/day for children)
= Exposure frequency (365 days/year)
= Exposure duration (70 years for adults; 6 years for children)
= Body weight (70 kg for adults; 15 kg for children)
= Averaging time (ED × 365 days for non-carcinogenic effects; lifetime for carcinogenic effects)

2.4.3.2 Hazard Quotient (HQ)
HQ assesses the non-carcinogenic risk of an individual metal:


Where:
= Reference dose (mg/kg/day) for each metal (values from USEPA, 2011)
A value of HQ > 1 indicates potential non-carcinogenic risk.

2.4.3.3 Hazard Index (HI)
HI is the sum of HQs for all metals, indicating combined risk:

HI > 1 denotes a concerning combined risk.

2.4.3.4 Cancer Risk (CR)
CR estimates the probability of developing cancer due to chronic exposure to a metal and is calculated as:

Where is the cancer slope factor. Acceptable CR values are ; values between and are considered acceptable; CR values indicate elevated risk. Notably, cancer slope factors are unavailable for all metals; thus, CR was not calculated where absent. For chromium, only the hexavalent (Cr VI) form, a recognised carcinogen, was considered (USEPA, 2011).

3. Result and Discussion
3.1. Results
The analysis of heavy metals in water samples from Cotonou, Abomey-Calavi, and Natitingou revealed significant variations in concentrations depending on site and metal. Table 1 summarises average concentrations by city. Complete descriptive statistics are provided in Table A1 (Appendix).
Table 1: Summary Table (mean concentrations in mg/L by city and metal)
	Haevy metal
	Abomey-Calavi 
(Mean)
	Cotonou 
(Mean)
	Natitingou 
(Mean)
	WHO Standart (2017)

	As
	0.0000
	0.0007
	0.0017
	0.01

	Cd
	0.123
	0.481
	0.204
	0.003

	Cu
	0.053
	0.751
	6.391
	2.0

	Fe
	0.609
	2.133
	8.763
	0.3

	Pb
	0.108
	0.230
	0.761
	0.01

	Zn
	0.348
	1.080
	4.263
	3.0

	Ni
	0.0013
	0.0175
	1.050
	0.07

	Cr
	0.055
	0.0376
	0.0097
	0.05


The analysis reveals widespread metal contamination, with concentrations exceeding World Health Organization (WHO) guideline values. Arsenic (As) remains low and well below the WHO limit of 0.01 mg/L, indicating no significant contamination. In contrast, cadmium (Cd) exceeds the permissible limit of 0.003 mg/L across all cities, reaching a mean maximum of 0.48 mg/L in Cotonou. Lead (Pb) also surpasses the guideline value of 0.01 mg/L, with levels up to 0.76 mg/L in Natitingou and 0.23 mg/L in Cotonou, posing a considerable public health risk. Iron (Fe) displays very high concentrations in all locations, particularly in Natitingou, where it reaches 8.76 mg/L compared with the 0.3 mg/L standard.
In Natitingou, the situation is particularly alarming: in addition to elevated levels of iron, cadmium, and lead, there is substantial copper (Cu) contamination, averaging 6.39 mg/L, with 67% of samples exceeding the threshold of 2 mg/L. Nickel (Ni) is detected in 100% of samples, with a mean concentration of 1.05 mg/L far above the 0.07 mg/L guideline and is recognised as carcinogenic. Zinc (Zn) also reaches 4.26 mg/L, exceeding the recommended limit of 3 mg/L.
In Abomey-Calavi, the main concerns relate to chromium (Cr), with 87% of samples surpassing the WHO limit of 0.05 mg/L and a mean concentration of 0.055 mg/L, alongside high levels of iron (80% of samples), as well as cadmium and lead. In Cotonou, exceedances primarily involve cadmium, lead, and iron, with isolated cases of elevated copper and chromium. Arsenic and zinc generally remain below regulatory thresholds, except for a few critical cases observed in Natitingou.
Kruskal-Wallis Test confirm that heavy metal concentrations vary significantly across the studied cities (p.adj < 0.05), with large effect sizes (ε² ≥ 0.234), indicating substantial spatial differences (Table 2).
Table 2: Results of the Kruskal-Wallis Test (Comparison among Cities)
	Métal
	Statistique χ²
	ddl
	p-valeur ajustée
	Significativité
	ε² (taille d’effet)
	Magnitude

	As
	9.012
	2
	0.011
	*
	0.234
	Large

	Cd
	17.924
	2
	1.46e-04
	***
	0.531
	Large

	Cr
	21.382
	2
	3.04e-05
	***
	0.646
	Large

	Cu
	21.710
	2
	3.04e-05
	***
	0.657
	Large

	Fe
	21.468
	2
	3.04e-05
	***
	0.649
	Large

	Ni
	21.891
	2
	3.04e-05
	***
	0.663
	Large

	Pb
	21.468
	2
	3.04e-05
	***
	0.649
	Large

	Zn
	21.468
	2
	3.04e-05
	***
	0.649
	Large



The Kruskal–Wallis test (Table 2) indicates highly significant differences (p < 0.001) for cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc (Zn), all of which exhibit large effect sizes. Arsenic (As) shows moderately significant variation across cities. The Dunn post hoc tests reveal that, for most metals, concentrations in Cotonou and Natitingou are significantly higher than those recorded in Abomey-Calavi, whereas no significant differences are observed between Cotonou and Natitingou. This suggests comparable pollution levels in these two cities. Conversely, Abomey-Calavi appears to be the least contaminated location, although some exceedances (notably for Cd, Pb, and Fe) are still evident.
Table 3 : Results of Dunn's post-hoc tests (comparison between cities)
	Metal
	Comparaison
	Statistic Z
	p-ajusted
	Significance

	As
	Abomey-Calavi vs Cotonou
	2.141
	0.048
	*

	
	Abomey-Calavi vs Natitingou
	2.633
	0.025
	*

	
	Cotonou vs Natitingou
	1.396
	0.163
	ns

	Cd
	Abomey-Calavi vs Cotonou
	4.211
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	0.796
	0.426
	ns

	
	Cotonou vs Natitingou
	-1.635
	0.153
	ns

	Cr
	Abomey-Calavi vs Cotonou
	-3.801
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	-3.619
	<0.001
	***

	
	Cotonou vs Natitingou
	-1.425
	0.154
	ns

	Cu
	Abomey-Calavi vs Cotonou
	3.754
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	3.726
	<0.001
	***

	
	Cotonou vs Natitingou
	1.559
	0.119
	ns

	Fe
	Abomey-Calavi vs Cotonou
	3.814
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	3.619
	<0.001
	***

	
	Cotonou vs Natitingou
	1.417
	0.156
	ns

	Ni
	Abomey-Calavi vs Cotonou
	3.664
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	3.843
	<0.001
	***

	
	Cotonou vs Natitingou
	1.727
	0.084
	ns

	Pb
	Abomey-Calavi vs Cotonou
	3.814
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	3.619
	<0.001
	***

	
	Cotonou vs Natitingou
	1.417
	0.156
	ns

	Zn
	Abomey-Calavi vs Cotonou
	3.814
	<0.001
	***

	
	Abomey-Calavi vs Natitingou
	3.619
	<0.001
	***

	
	Cotonou vs Natitingou
	1.417
	0.156
	ns


*ns: Non significant
Table 3 presents the results of the Dunn post hoc comparisons by city. The analysis of this table reveals that As, concentrations are significantly higher in both Cotonou and Natitingou compared with Abomey-Calavi, while no significant difference is detected between Cotonou and Natitingou. Cadmium Cd, only the contrast between Abomey-Calavi and Cotonou is significant. In contrast, Cr, Cu, Fe, Ni, Pb, and Zn show strong and consistent differences between Abomey-Calavi and the two other cities, with no significant differences between Cotonou and Natitingou. These patterns reinforce the conclusion that Abomey-Calavi is relatively less affected by heavy-metal contamination.
The comparisons across distances from the waste disposal sites (0 m, 50 m, and 100 m), shown in table 4, indicate that none of the metals display significant variation with increasing distance (p > 0.05). This suggests either a relatively homogeneous dispersion of contaminants within the groundwater or a limitation linked to the small number of samples, especially in Natitingou.
Table 4: Dunn's post-hoc tests (comparison between distances)
	Metal
	Comparaisons (0–50–100 m)
	p-ajusted
	Significance

	As
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.39
	ns

	Cd
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.39
	ns

	Cr
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.54
	ns

	Cu
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.70
	ns

	Fe
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.53
	ns

	Ni
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.75
	ns

	Pb
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.53
	ns

	Zn
	0 vs 50 m ; 0 vs 100 m ; 50 vs 100 m
	> 0.53
	ns


*ns: Non significant
The principal component analysis (PCA) plot presented in Figure 2 further highlights the distinct metallic composition of well water across the three cities. 
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Figure 2: PCA Plot of Sampling Sites
The analysis of the PCA reveals differences in well-water metal composition among the three cities. The first dimension (Dim1), which accounts for 73.9% of the total variance, is primarily associated with metals that are strongly correlated (Fe, Cu, Ni, Pb, Cd, and Zn). Samples positioned at higher values along Dim1 correspond to areas where these metals are present at elevated concentrations. Abomey-Calavi samples cluster around lower Dim1 values, indicating generally low levels of contamination. Cotonou samples occupy intermediate Dim1 values, reflecting moderate concentrations of correlated metals, whereas Natitingou samples display the highest Dim1 values, signifying greater concentrations of these metals. The PCA confirms that the correlated metals strongly influence the data structure, positioning Abomey-Calavi as the least affected area, Cotonou as intermediate, and Natitingou as the most contaminated.
Table 5: Metal Index (MI) by City
	
City
	Sample size
	median
	mean
	min
	max
	% Polluted Samples (MI ≥ 1)

	Abomey-Calavi
	15
	39,8
	55,1
	18,1
	132
	100 %

	Cotonou
	15
	172
	192
	69,2
	468
	100 %

	Natitingou
	3
	120
	193
	66,7
	393
	100 %


MI < 1: water considered acceptable with respect to metals; MI ≥ 1: water considered polluted by metals.
The Metal Index (MI), calculated according to WHO standards, indicates widespread metal contamination, as all samples exceeded the threshold of 1. Summarised by city, Cotonou is the most impacted locality, with a median MI of 172 and extreme values up to 468. Natitingou also exhibits high levels (median 120; maximum 393), while Abomey-Calavi presents lower indices, though still substantially above the potability threshold (median 39.8; maximum 132). Overall, 100% of the wells studied are classified as polluted according to this indicator. A more detailed distance-based analysis from the waste disposal sites (Table A2, Appendix) shows no clear spatial gradient. In Abomey-Calavi, a moderate decrease in MI is observed from 0 m (68.8) to 100 m (27.5), suggesting a slight attenuation effect. In Cotonou, values remain very high across all distances, indicating diffuse contamination of the groundwater. In Natitingou, although sample numbers are limited, indices remain elevated at all distances, peaking at 50 m (MI = 393), reflecting widespread contamination. These results demonstrate that groundwater quality is compromised across all study sites, with the greatest severity observed in Cotonou and Natitingou and to a lesser extent in Abomey-Calavi.
Table 6: Heavy Metal Pollution Index (HPI) by City (WHO, 2017)
	City
	Sample size
	Median
	Moyen
	Min
	Max
	%Samples ≥100

	Cotonou
	15
	8698
	9751
	3326
	24222
	100 %

	Natitingou
	3
	3322
	5353
	1812
	10925
	100 %

	Abomey-Calavi
	15
	1782
	2583
	641
	6612
	100 %



The Heavy Metal Pollution Index (HPI), based on WHO guideline values, reveals critical pollution levels across all samples (HPI ≥ 100). Median HPI values are highest in Cotonou, followed by Natitingou and then Abomey-Calavi. Distance-based analysis (0-50-100 m) shows no clear gradient. The HPI indicates extreme contamination in all wells studied: in Cotonou, the median HPI reaches 8698 with a maximum of 24,222, confirming widespread metal pollution; Natitingou also displays very high values (median 3322; maximum 10,925). Abomey-Calavi, though less affected, remains substantially above the acceptable threshold (median 1782; maximum 6612). Even at 100 m from the disposal sites, HPI values exceed 100 at all locations. A slight decrease with distance is observed in Abomey-Calavi, but values remain critical, whereas Cotonou and Natitingou show persistently extreme values, confirming diffuse and persistent contamination of the groundwater.
Table 7: Health Risk Assessment (HRA) by City
	City
	Median Adult HI
	Median Child HI
	Median Adult CR
	Median Child CR

	Cotonou
	33,2
	48,3
	2,74 × 10⁻⁴
	2,57 × 10⁻⁴

	Natitingou
	13,6
	19,9
	2,29 × 10⁻³
	2,29 × 10⁻³

	Abomey-Calavi
	6,65
	9,68
	3,31 × 10⁻⁴
	3,37 × 10⁻⁴


The non-carcinogenic risk assessment indicates that the Hazard Index (HI) substantially exceeds the critical threshold of 1 in all cities studied. Among adults, median HI values reach 33.2 in Cotonou, 13.6 in Natitingou, and 6.65 in Abomey-Calavi. Children consistently exhibit higher indices, with median values of 48.3, 19.9, and 9.68, respectively. These results demonstrate that exposure to heavy metals via well-water consumption poses a significant health risk, particularly for children.
With regard to carcinogenic risk, median Cancer Risk (CR) values range from 2.74 × 10⁻⁴ in Cotonou, 2.29 × 10⁻³ in Natitingou, and 3.31 × 10⁻⁴ in Abomey-Calavi for adults. In children, comparable magnitudes are observed, with, for instance, a CR of 2.57 × 10⁻³ in Natitingou. All values exceed the tolerable risk threshold of 1 × 10⁻⁴ established by the EPA, indicating a high carcinogenic risk primarily associated with arsenic and hexavalent chromium.
Distance-based analysis relative to waste disposal sites does not reveal a consistent trend. In Abomey-Calavi, adult HI decreases from 12.1 to 4.37 between 0 m and 100 m, suggesting a localized attenuation effect. In Cotonou, values remain elevated and relatively stable regardless of distance. In Natitingou, a pronounced peak is observed at 50 m, where the adult HI reaches 48.7 and the child CR exceeds 2 × 10⁻³, reflecting particularly intense groundwater contamination.
These findings indicate that well-water consumption in the three cities poses both non-carcinogenic and carcinogenic health risks, with heightened vulnerability among children and particularly severe exposure in Cotonou and Natitingou.
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Figure 3: Carcinogenic Risk by City and Distance
Figure 3 illustrates that, across the three cities studied, populations are exposed to carcinogenic risks that substantially exceed the thresholds considered acceptable for drinking water. In Abomey-Calavi, calculated values for adults are approximately 3 × 10⁻⁴, indicating that daily exposure to this water may increase the lifetime probability of developing cancer. For children, the values are slightly lower but still remain above the recommended limit. Even at these relatively moderate levels, the heightened vulnerability of children renders the situation concerning.
In Cotonou, observed levels are comparable. Adult risks remain close to those in Abomey-Calavi, while children’s risks vary between 10⁻⁵ and 10⁻⁴. Notably, contamination extends beyond the immediate vicinity of the waste disposal sites, affecting populations who rely on this water on a daily basis.
Natitingou presents a particularly alarming scenario. Adult values exceed 3 × 10⁻³, and children are exposed to especially high risks. Even at increasing distances from the disposal sites, risk levels remain above internationally recognised acceptable thresholds. Such concentrations indicate chronic exposure, which may significantly elevate the long-term probability of developing certain cancers.
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Figure 4: Hazard Index by City and Distance
The assessment of the Hazard Index (HI; Figure 4) demonstrates that all well-water samples examined exhibit values substantially exceeding the safety threshold of 1. In Abomey-Calavi, the highest HI values are observed in wells located in close proximity to the waste disposal sites, reaching approximately 12 for adults and 18 for children. These values decline progressively with distance, reaching around 4 for adults and 6 for children at 100 m, suggesting a partial attenuation of contamination. In Cotonou, HI values remain elevated regardless of distance, with median values ranging from 30 to 35 for adults and 40 to 50 for children, indicating diffuse contamination of the aquifer that is not solely dependent on proximity to the waste sites. Natitingou presents a distinctive pattern, with relatively moderate values at 0 m (approximately 9 for adults and 13 for children), a pronounced peak at 50 m (around 35 for adults and 70 for children), followed by a decline at 100 m. This distribution may reflect local variations in pollution dynamics or groundwater flow. Overall, these findings indicate a substantial non-carcinogenic risk to populations, with children consistently exhibiting higher exposure than adults.
3.2. Discussion
The results of this study reveal significant contamination of trace metals in well water located near waste disposal sites in three cities in Benin: Cotonou, Abomey-Calavi, and Natitingou. Concentrations of several heavy metals markedly exceed the guideline values established by the World Health Organization (WHO, 2017), confirming a high risk to local populations. For reference, the WHO recommends maximum values of 0.01 mg/L for arsenic and lead, 0.003 mg/L for cadmium, 0.05 mg/L for chromium, 2 mg/L for copper, and 0.07 mg/L for nickel. Our results show frequent, and in some cases extreme, exceedances for cadmium, lead, copper, iron, and nickel. These findings align with recent WHO (2021) concerns regarding health risks associated with exposure to waste from electrical and electronic equipment (WEEE), particularly for children, who are more vulnerable.
Arsenic concentrations in our samples are generally low and close to the limit of 0.01 mg/L; however, its presence remains concerning due to its carcinogenic properties. The WHO (2017) classifies arsenic as a confirmed human carcinogen, responsible for skin, lung, and bladder cancers. In India, Rajkumar et al. (2020) reported concentrations up to 0.03 mg/L in aquifers near industrial zones. Compared to these values, the concentrations observed in our study are lower but still significant given the carcinogenic risk associated with chronic low-level exposure.
Cadmium emerges as one of the most concerning metals, with a mean concentration of 0.47 mg/L in Cotonou, vastly exceeding the guideline value of 0.003 mg/L. This level is considerably higher than those reported in the literature, such as 0.01-0.08 mg/L in India (Rajkumar et al., 2020) and 0.005 mg/L in bottled water in Albania (Shehu et al., 2022). Cadmium is nephrotoxic and bioaccumulative, with chronic exposure causing renal damage and bone fragility (WHO, 2021).
Lead also represents a major contaminant, with maximum concentrations of 0.33 mg/L in Cotonou, thirty-three times above the WHO limit. Comparable concentrations have been reported in Pakistan (up to 0.27 mg/L; Latif et al., 2025) but are higher than those observed in the Mandakini River, India (0.04-0.12 mg/L; Arora et al., 2025). Lead is particularly hazardous because no safe exposure threshold exists, especially for children, where it induces irreversible neurotoxic effects, cognitive delays, behavioural disorders, and reduced IQ. In adults, it is associated with cardiovascular disorders and hypertension. The WHO (2021) emphasises that children exposed to WEEE are especially susceptible due to their developing nervous systems and higher intestinal absorption.
Chromium concentrations reach a maximum of 0.06 mg/L, close to the WHO guideline of 0.05 mg/L. Speciation is critical, as trivalent chromium (Cr III) is an essential trace element, whereas hexavalent chromium (Cr VI) is carcinogenic. Shehu et al. (2022) reported 0.01–0.04 mg/L in bottled water in Albania, associated with CR > 10⁻⁴. Cr VI exposure is linked to gastrointestinal and lung cancers, as well as chronic dermatitis.
Copper levels are extremely high in Natitingou, with a maximum of 13.8 mg/L, nearly seven times the WHO guideline. High concentrations can cause gastrointestinal disturbances, nausea, vomiting, and, with chronic exposure, hepatic damage. Iron, though not highly toxic, was found at extreme levels, reaching 18 mg/L in Natitingou, which far exceeds values reported in India (0.5–2.4 mg/L; Rajkumar et al., 2020; 1.8 mg/L; Arora et al., 2025). Excess iron can lead to organ deposits (hemochromatosis) affecting liver, pancreas, and cardiovascular health. Nickel was detected at up to 2.26 mg/L, over thirty times the WHO limit, and is implicated in allergic skin reactions and digestive system cancers. Zinc concentrations reached 8.7 mg/L, nearly three times the WHO guideline of 3 mg/L; while essential in trace amounts, excessive zinc can cause gastrointestinal issues and interfere with copper and iron metabolism. Comparable elevated zinc levels have been reported by Gad et al. (2024), though lower than those observed in Natitingou.
Pollution indices confirm the severity of contamination. The Metal Index (MI) exceeds 30 across all cities, indicating highly polluted water. In Cotonou, the Heavy Metal Pollution Index (HPI) averages over 9,000, orders of magnitude higher than reported in other countries, such as Punjab, India with 120-280 by (Herojeet et al., 2020), Egypt  in range of 200–400 found  by (Gad et al., 2024), Pakistan with 150–350) highlighted by (Latif et al., 2025), and India  with a value greater than 500 reported by (Rajkumar et al., 2020), reflecting the exceptional intensity of pollution near WEEE disposal sites.
Health risk assessment demonstrates that HI values exceed 1 in all cases, confirming significant non-carcinogenic risk. Median adult HI values range from 6.65 in Abomey-Calavi to 33.2 in Cotonou, with a maximum of 48.7 in Natitingou. Children exhibit higher values, ranging from 9.68 to 70.8. Previous studies reported lower HI values (5-10, 15-25; 5-12) found respectively by (Heroje et al.; 2020; Shehu et al., 2022; Gad et al., 2024). The elevated values in this study indicate a substantially higher non-carcinogenic risk in Benin.
Carcinogenic risk, expressed as CR, frequently exceeds the USEPA threshold of 10⁻⁴. In Natitingou, values reach 2 × 10⁻³, more than ten times the critical limit. Median CR values are 2.7 × 10⁻⁴ in Cotonou and 3.3 × 10⁻⁴ in Abomey-Calavi. Comparisons with other studies (2 × 10⁻⁴–8 × 10⁻⁴; up to 6 × 10⁻⁴) confirm the particularly concerning situation in Benin (Shehu et al., 2022; Latif et al., 2025).
Beyond numerical values, the associated health effects are significant: cadmium causes renal and bone damage; lead induces irreversible neurocognitive impairment; arsenic and Cr VI are carcinogenic; nickel provokes allergic and digestive cancers; and excessive copper, zinc, and iron, while essential in trace amounts, can lead to gastrointestinal and hepatic disorders. The (WHO, 2021) emphasises children’s heightened vulnerability to WEEE-associated contaminants, which may compound overall morbidity.
These findings underscore the urgent need for improved WEEE management and protection of drinking water resources in Benin. Chronic exposure at these contamination levels may significantly increase the incidence of renal, neurological, and carcinogenic diseases. International experience demonstrates that populations exposed to heavy metals suffer enduring health and socio-economic impacts unless pollution sources are effectively controlled.
4. Conclusion
In light of the findings above, the study demonstrates significant heavy-metal contamination of well water in Cotonou and Abomey-Calavi, with concentrations exceeding recommended limits for heavy metals including lead, copper, and iron. Even lower concentrations of cadmium and nickel pose cumulative toxicological risks. Pollution indices, particularly the MI and HPI, classify water quality as severely polluted across all sites, with values far exceeding those reported in other countries. Health risk assessment confirms high non-carcinogenic risks, especially for children (HI > 1), and unacceptable carcinogenic risks (CR > 10⁻⁴, reaching 10⁻³ ) in some locations. These results highlight the urgent need for environmental monitoring and management strategies to limit population exposure to these hazardous contaminants.
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Appendix 
Table A1 : Descriptive statistics of heavy metal concentrations (mg/L) (Abomey-Calavi)
	Distance (m)
	Heavy metal
	Mean
	Median
	Min
	Max
	Standard deviation

	0
	As
	0.0000
	0.000
	0.000
	0.000
	0.0000

	0
	Cd
	0.1574
	0.159
	0.063
	0.324
	0.1057

	0
	Cu
	0.0172
	0.000
	0.000
	0.055
	0.0250

	0
	Fe
	0.7560
	0.760
	0.350
	1.470
	0.4528

	0
	Pb
	0.1196
	0.120
	0.087
	0.177
	0.0365

	0
	Zn
	0.4188
	0.422
	0.225
	0.761
	0.2172

	50
	Cd
	0.1320
	0.096
	0.054
	0.317
	0.1055

	50
	Fe
	0.6480
	0.490
	0.320
	1.440
	0.4507

	50
	Pb
	0.1110
	0.099
	0.085
	0.174
	0.0359

	50
	Zn
	0.3670
	0.293
	0.209
	0.746
	0.2159

	100
	Cd
	0.0794
	0.051
	0.026
	0.217
	0.0783

	100
	Fe
	0.4240
	0.300
	0.200
	1.010
	0.3329

	100
	Pb
	0.0930
	0.083
	0.075
	0.140
	0.0267

	100
	Zn
	0.2596
	0.201
	0.151
	0.541
	0.1600



Table A1 : Descriptive statistics of heavy metal concentrations (mg/L) (Cotonou)
	Distance (m)
	Heavy metal
	Mean
	Median
	Min
	Max
	Standard deviation

	0
	As
	0.0012
	0.000
	0.000
	0.003
	0.0016

	0
	Cd
	0.4744
	0.485
	0.276
	0.784
	0.2102

	0
	Cu
	0.8630
	0.411
	0.299
	2.119
	0.7717

	0
	Fe
	2.1060
	2.150
	1.260
	3.430
	0.8976

	0
	Pb
	0.2276
	0.231
	0.160
	0.333
	0.0714

	0
	Zn
	1.0676
	1.089
	0.662
	1.701
	0.4297

	50
	Cd
	0.5050
	0.358
	0.205
	1.203
	0.3984

	50
	Cu
	0.5670
	0.575
	0.143
	0.903
	0.2753

	50
	Fe
	2.2380
	1.610
	0.960
	5.210
	1.6965

	50
	Pb
	0.2382
	0.188
	0.136
	0.476
	0.1357

	50
	Zn
	1.1302
	0.830
	0.516
	2.558
	0.8150

	100
	Cd
	0.4626
	0.462
	0.160
	0.841
	0.2636

	100
	Cu
	0.8240
	0.411
	0.000
	2.311
	0.9078

	100
	Fe
	2.0560
	2.050
	0.770
	3.670
	1.1228

	100
	Pb
	0.2238
	0.223
	0.121
	0.353
	0.0897

	100
	Zn
	1.0434
	1.041
	0.425
	1.817
	0.5387



Table A1 : Descriptive statistics of heavy metal concentrations (mg/L) (Natitingou)
	Distance (m)
	Heavy metal
	Mean
	Median
	Min
	Max

	0
	As
	0.0030
	0.003
	0.003
	0.003

	0
	Cd
	0.0660
	0.066
	0.066
	0.066

	0
	Cu
	1.6830
	1.683
	1.683
	1.683

	0
	Fe
	2.8800
	2.880
	2.880
	2.880

	0
	Pb
	0.2900
	0.290
	0.290
	0.290

	0
	Zn
	1.4400
	1.440
	1.440
	1.440

	50
	Cd
	0.4210
	0.421
	0.421
	0.421

	50
	Cu
	13.7800
	13.780
	13.780
	13.780

	50
	Fe
	18.0000
	18.000
	18.000
	18.000

	50
	Pb
	1.5000
	1.500
	1.500
	1.500

	50
	Zn
	8.7000
	8.700
	8.700
	8.700

	50
	Ni
	2.2690
	2.269
	2.269
	2.269

	100
	Cd
	0.1250
	0.125
	0.125
	0.125

	100
	Cu
	3.7100
	3.710
	3.710
	3.710

	100
	Fe
	5.4100
	5.410
	5.410
	5.410

	100
	Pb
	0.4920
	0.492
	0.492
	0.492

	100
	Zn
	2.6500
	2.650
	2.650
	2.650

	100
	Ni
	0.6080
	0.608
	0.608
	0.608























Table A2 : Heavy Metal(MI) Pollution index by city and distance
	City
	Distance (m)
	Sample size
	Median
	Mean

	Min 

	Max 

	% polluted samples (MI ≥ 1)

	Abomey-Calavi
	0
	5
	68,8
	68,2
	32,1
	132
	100 %

	Abomey-Calavi
	50
	5
	44,8
	58,6
	28,8
	129
	100 %

	Abomey-Calavi
	100
	5
	27,5
	38,4
	18,1
	91,0
	100 %

	Abomey-Calavi (total)
	–
	15
	39,8
	55,1
	18,1
	132
	100 %

	Cotonou
	0
	5
	194
	190
	114
	309
	100 %

	Cotonou
	50
	5
	145
	201
	86,4
	468
	100 %

	Cotonou
	100
	5
	185
	185
	69,2
	331
	100 %

	Cotonou (total)
	–
	15
	172
	192
	69,2
	468
	100 %

	Natitingou
	0
	1
	66,7
	66,7
	66,7
	66,7
	100 %

	Natitingou
	50
	1
	393
	393
	393
	393
	100 %

	Natitingou
	100
	1
	120
	120
	120
	120
	100 %

	Natitingou (total)
	–
	3
	120
	193
	66,7
	393
	100 %



Table A3: Assessment of health risks by city and distance
	City
	Distance (m)
	Adult median HI
	Child Median Hi
	Adult  median CR 
	Child  median CR

	Abomey-Calavi
	0
	12,1
	17,5
	3,09 × 10⁻⁴
	3,04 × 10⁻⁴

	Abomey-Calavi
	50
	7,57
	11,0
	3,26 × 10⁻⁴
	3,22 × 10⁻⁴

	Abomey-Calavi
	100
	4,37
	6,36
	3,37 × 10⁻⁴
	3,33 × 10⁻⁴

	Cotonou
	0
	38,0
	55,3
	2,74 × 10⁻⁴
	2,74 × 10⁻⁴

	Cotonou
	50
	26,8
	39,0
	2,57 × 10⁻⁴
	2,57 × 10⁻⁴

	Cotonou
	100
	34,5
	50,3
	3,09 × 10⁻⁴
	3,09 × 10⁻⁴

	Natitingou
	0
	9,01
	13,1
	3,59 × 10⁻³
	3,59 × 10⁻³

	Natitingou
	50
	48,7
	70,8
	2,29 × 10⁻³
	2,29 × 10⁻³

	Natitingou
	100
	13,6
	19,9
	0
	0
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