Integrated Physicochemical and Microbiological Assessment of Shallow water (how many meters?) in Agbangnizoun (Southern Benin)

Abstract
Aim: This study aimed to assess (In what way? Qualitative? Quantitative? Both?)  the physicochemical and bacteriological quality of shallow well water in the commune of Agbangnizoun and to evaluate spatial variability using an integrated Pollution Index.
Study Design: This work was conducted as a cross-sectional field study based on groundwater (complicated here, due to the title. Review this) sampling during the dry season.
Place and Duration of Study: The study was carried out in the commune of Agbangnizoun, southern Benin, and sampling was performed during the dry season (December 2023 to March 2024).
Methodology: Twenty-seven shallow wells were sampled and analyzed for pH, electrical conductivity, major ions, total hardness, and fecal indicator bacteria using standard physicochemical and microbiological methods (From where? Review this). A Pollution Index based on standardized parameter scores was calculated, and heatmap analysis was used to visualize spatial variability.
Results: The groundwater showed predominantly acidic conditions, with a mean pH of 5.86, and low to moderate mineralization dominated by calcium and magnesium (Revise this in line with IUPAC standards).. Nitrate (Revise this in line with IUPAC standards).  concentrations exceeded 25 mg/L in most wells, indicating significant anthropogenic influence. All samples were contaminated with fecal indicator bacteria, with Escherichia coli concentrations ranging from 20 to 290 CFU/100 mL. The Pollution Index revealed strong spatial heterogeneity, with wells W6–W9 mainly affected by elevated sulfate and nitrate levels, while well W26 showed dominant bacteriological contamination.
Conclusion: Shallow well water in Agbangnizoun is highly vulnerable to both chemical and bacteriological pollution and is unsuitable for direct consumption without treatment. The combined use of the Pollution Index and (How did you get here??)  heatmap analysis provides an effective tool for identifying pollution hotspots and supporting groundwater management in rural settings.
Keywords: Well water quality; Groundwater pollution; Fecal contamination; Nitrates; Pollution Index; Agbangnizoun, Southern Benin

1. INTRODUCTION
Access to safe drinking water remains a major public health challenge in many rural areas of sub-Saharan Africa, where populations largely depend on shallow groundwater resources such as hand-dug wells for domestic supply(Lapworth et al. 2017; Liddle et al. 2015). In Benin, despite national efforts to improve access to improved water sources, a substantial proportion of rural households continue to rely on traditional wells that are often poorly protected and highly vulnerable to contamination(Hounsounou et al. 2017; VODOUNOU and DENONSI 2018). These groundwater resources are exposed to both natural hydrogeochemical processes and increasing anthropogenic pressures associated with population growth, agricultural intensification, and inadequate sanitation infrastructure(Zhang et al. 2024)
The quality of groundwater in shallow aquifers (Please specify the depth so that you have an idea of what happens at this vertical distance in dry weather) is controlled by complex interactions between geological formations, recharge conditions, land use, and human activities. In crystalline basement settings, common in southern Benin, groundwater chemistry is often characterized by low to moderate mineralization, acidic pH, and dominance of calcium–magnesium bicarbonate facies resulting from the weathering of silicate and carbonate minerals(Egbueri et al. 2025; Tossou et al. 2017). However, the shallow depth of these aquifers and their limited natural protection make them particularly sensitive to surface-derived pollutants, including nitrates from agricultural inputs and fecal microorganisms originating from latrines, livestock, and domestic wastewater(Wamsley 2014; Ward 2020).
Nitrate contamination of groundwater has emerged as a widespread issue in rural African settings and is commonly used as an indicator of anthropogenic influence in aquifers(Elisante and Muzuka 2017). Elevated nitrate levels in drinking water are associated with adverse health effects, notably methemoglobinemia in infants and potential long-term gastrointestinal disorders(Brender 2020; Chaudhary et al. 2025). In parallel, microbiological contamination of groundwater represents a critical health concern, as the presence of fecal indicator bacteria such as Escherichia coli, total coliforms, and fecal streptococci signals the possible occurrence of pathogenic microorganisms and an increased risk of waterborne diseases(Oon et al. 2023)
Previous studies conducted in various regions of Benin have reported both chemical (This involves what chemicals? Or with minerals? There are doubts to be clarified) and bacteriological degradation of well water quality, often linked to insufficient protection of water points, proximity to sanitation facilities, and inappropriate water handling practices (please, one example) (Marc et al. 2017). However, these studies are generally site-specific, and data remain scarce for several rural communes, including Agbangnizoun. Moreover, few investigations (How much is in evidence here?) have attempted to integrate physicochemical and microbiological information into a unified framework that allows spatial comparison of groundwater quality and identification of the most impacted water points.
In this context, the present study aims to (i) assess the physicochemical and bacteriological quality of well water used by local populations in the commune of Agbangnizoun, (ii) identify the main hydrochemical characteristics and potential sources of contamination (Direct? Indirect? Punctual? Diffuse?), and (iii) evaluate the spatial heterogeneity of groundwater pollution through the development of a relative Pollution Index (PI) based on standardized parameters. By combining conventional hydrochemical analysis, microbiological indicators, and multivariate visualization tools, this work provides a comprehensive assessment of groundwater quality and contributes to improving local water resource management and public health protection strategies.
2. MATERIALS AND METHODS
2.1 Study Area Description
Located between 1°50' and 2°05' East longitude and 7°00' and 7°10' North latitude, the commune of Agbangnizoun is one of the nine (09) communes in the department of Zou according to the latest territorial division. It covers an area of 244 km² and is bounded to the North by the communes of Abomey and Djidja (Zou), to the South by the commune of Lalo (Couffo), to the East by the communes of Bohicon and Zogbodomey (Zou), and to the West by the commune of Klouékanmè, Couffo department (Fig.1). It comprises 10 districts and 53 villages and urban neighborhoods. It is located 16 km from the departmental capital (Abomey), approximately 151 km from Cotonou, and spans a maximum edge-to-edge distance of 22 km in length(HOUNLELOU et al. 2022).
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Fig. 1: Map of some wells in the commune of Agbangnizoun
2.2 Study Sampling
A total of 54 samples were collected during the dry season (December 2023 to March 2024), comprising 27 samples for physico-chemical analysis and 27 samples for bacteriological analysis. These samples were taken from 27 wells numbered W1 to W27 to cover the entire commune and obtain an accurate overview of the physico-chemical and bacteriological quality. To obtain a representative sample from the well, collections were made using the container employed by the well owners, i.e., with the small bucket they customarily use to draw water. After drawing water from the well, sampling was performed following the method applied during borehole water sampling. For physico-chemical analysis, 1L polyethylene bottles, previously cleaned and rinsed with distilled water, were used. After drawing water from the well, the bottle was rinsed thoroughly with the sample before proceeding with collection. For bacteriological analysis, 500mL borosilicate glass bottles, previously sterilized in an autoclave at 121.1°C for 15 minutes, were used. After drawing water from the well, the sample was collected; the bottles were not completely filled to allow aerobic microbes potentially present in the water to survive until analysis. To avoid any contamination of the water by ambient air during sampling, a burner was used. Finally, once sampling was completed, the water samples were placed in a cooler containing ice pack, transported to the laboratory, and stored at 4°C.


 Table 1: Samples coding
	Localities
	Well Code
	Localities
	Well Code
	Localities
	Well Code

	Wanli
	W1
	N'gbénoudo
	W10
	Zounme centre
	W19

	Gbozou 2
	W2
	Dovokpè
	W11
	Dodji
	W20

	Tanta 1
	W3
	Adingnigon centre
	W12
	Zoungoudo centre
	W21

	Ahissatogon
	W4
	Fondanou
	W13
	Zoungoudo centre2
	W22

	Danli
	W5
	Aïmèvo
	W14
	Akodebakou centre
	W23

	Abodéslamè
	W6
	Aglali
	W15
	Avali
	W24

	Kinmin
	W7
	Zounme centre
	W16
	Abigo
	W25

	Vodjè 2
	W8
	Dodomè
	W17
	Tohouéta
	W26

	Agbozoundji
	W9
	kinkpèslamè
	W18
	Adjahakpa /akohoun
	W27


2.3 Physicochemical and Bacteriological Analyses
2.3.1 Physicochemical analyses
Water temperature, electrical conductivity (EC), and pH were measured in situ at each sampling point using a calibrated portable multi-parameter meter (ADWA AD8000).All remaining physicochemical parameters were determined in the laboratory following standard analytical procedures recommended by Rodier (KAHOUL and TOUHAMI 2014).Sodium (Na⁺) and potassium (K⁺) concentrations were measured by flame photometry, while calcium (Ca²⁺) and magnesium (Mg²⁺) were determined by complexometric titration with EDTA(Lal et al. 2025; Karita and Kaneta 2016).  Major anions were analyzed using the following methods: colorimetric determination for sulfates (SO₄²⁻), cadmium reduction for nitrates (NO₃⁻), argentometric titration for chlorides (Cl⁻), and acid titration with 0.01 N HCl for bicarbonates (HCO₃⁻).
2.3.2 Bacteriological analyses
Bacteriological analyses were conducted to assess fecal contamination of the well waters using indicator microorganisms rather than attempting a comprehensive inventory of microbial species. The selected indicators, total coliforms, Escherichia coli, and intestinal enterococci are commonly used in drinking water quality monitoring due to their association with fecal pollution and potential health risks.
Microbiological analyses were performed according to AFNOR standards using the membrane filtration method. For total viable microorganisms, the pour-plate technique was applied on Tryptone Glucose Yeast Extract Agar (TGEA). After preparation of decimal dilutions, samples were incubated under standardized conditions, and results were expressed as colony-forming units (CFU), accounting for dilution factors(Hadji Feyrouz 2020).
Total coliforms and E. coli were enumerated using the multiple-tube fermentation technique, including presumptive tests for total coliforms and confirmatory tests for E. coli (Gunawardane and Priyadarshani 2025). Results were interpreted using the MacGrady statistical tables to estimate bacterial concentrations per 100 mL of water.
Intestinal enterococci were determined through a two-step procedure involving a presumptive test on Rothe medium and a confirmatory test on Eva Litsky medium. Incubation was carried out at 37 °C for 24–48 h. Positive results were identified by turbidity and characteristic pellet formation, and concentrations were quantified using MacGrady tables(Kabore et al. 2018).
2.3.3 Pollution Index and heatmap analysis
Groundwater pollution was assessed using a composite Pollution Index (PI) integrating physicochemical and bacteriological parameters (pH, E. coli, total coliforms, fecal streptococci, Cl⁻, SO₄²⁻, NO₃⁻, and total hardness). All variables were standardized using z-score normalization:

where represents the value of parameter in well , and and are the corresponding mean and standard deviation.
Because pH reflects deviation from neutrality rather than monotonic pollution, it was treated separately using a centered absolute deviation:

corresponding to the midpoint (7.5) and half-width (1.5) of the recommended range (6.5–8.5).
The Pollution Index was calculated as:

where  is the number of parameters. Higher PI values indicate greater relative pollution. A heatmap of standardized scores was generated to visualize spatial contrasts and identify dominant pollution drivers among wells.
3. RESULTS AND DISCUSSION
3.1 RESULTS



The physicochemical and microbiological characteristics of the well waters analyzed in the municipality of Agbangnizoun are presented in Table 2. 



Table 2: Average Values of physico-chemical and microbiological parameters of the studied Well Waters
	Wells
	CE
(μS/cm)
	T(°C)
	pH
	Ca2+ (mg/L)
	Mg2+
(mg/L)
	Na+
(mg/L)
	K+
(mg/L)
	HCO3-
(mg/L)
	CO32- mg/L
	Cl-
(mg/L)
	SO42-
(mg/L)
	NO3-
(mg/L)
	E. coli
(UFC/100Ml) 
	C.T
(UFC/100Ml)
	FS
(UFC/100mL)

	W1
	227
	28
	4.97
	56.6
	16
	18.5
	0.323
	27
	6
	16.89
	6.6
	23
	27
	8
	34.97

	W2
	208
	30
	7.1
	45
	16.7
	16.7
	0.32
	27
	6.5
	14.7
	5.8
	23
	20
	3
	17.1

	W3
	301
	23
	5.8
	30
	6.6
	6.6
	0.327
	10.29
	4
	34.7
	5.8
	47.5
	30
	3
	75.8

	W4
	259
	24
	4.97
	45
	23.4
	23.4
	0.27
	34
	9
	39.5
	5.8
	28.5
	29
	4
	34.97

	W5
	250
	25
	5.3
	23
	4.5
	4.5
	0.32
	40
	5
	45.8
	4.64
	41.5
	25
	5
	55.3

	W6
	235
	23
	4.97
	43.9
	6.8
	6.8
	0.068
	34
	6
	6.6
	35
	39.5
	35
	3
	14.97

	W7
	300
	24
	7.1
	34.5
	9.8
	9.8
	0.05
	35
	4
	4.7
	35.7
	29.5
	30
	4
	37.1

	W8
	209
	23
	5.3
	62.3
	16
	16
	0.068
	24
	10
	17.04
	25
	47.8
	29
	3
	85.3

	W9
	211
	31
	5.8
	45.6
	4.6
	4.6
	0.068
	20
	4
	24.64
	35.9
	47.5
	21
	31
	75.8

	W10
	279
	26
	4.97
	43.2
	19
	19
	0.327
	23
	9
	29.54
	5.8
	39.5
	29
	6
	24.97

	W11
	224
	27
	5.3
	34.2
	31
	31
	0.32
	15
	7
	37.54
	6.89
	27.5
	24
	17
	45.3

	W12
	292
	28
	7.4
	45.8
	30
	30
	0.325
	34
	4
	24.35
	5.6
	28.5
	22
	8
	67.4

	W13
	236
	27
	5.3
	55
	14.5
	14.5
	0.327
	23
	7
	37.67
	5.8
	37.4
	36
	47
	35.3

	W14
	300
	29
	5.3
	55.6
	17.8
	17.8
	0.32
	14
	6
	36.89
	6.09
	34.5
	30
	39
	55.3

	W15
	307
	30
	6.8
	42.3
	25.6
	25.6
	0.323
	15
	5
	25.72
	5.04
	45.5
	37
	10
	56.8

	W16
	278
	31
	4.94
	23
	24.5
	24.5
	0.32
	24
	4.2
	34.5
	3.89
	23.78
	28
	41
	44.94

	W17
	230
	28
	5.67
	30
	26.7
	26.7
	0.068
	33
	5.5
	25.5
	4.64
	34.5
	23
	28
	35.67

	W18
	221
	29
	7.2
	49.2
	29
	29
	0.327
	23
	10
	16.02
	5.05
	41.5
	22
	59
	27.2

	W19
	204
	24
	5.8
	35.4
	30.4
	30.4
	0.068
	31
	4.8
	24.8
	4.64
	39.5
	24
	54
	95.8

	W20
	220
	27
	6.2
	55
	30
	30
	0.323
	23
	8.7
	28.7
	5.8
	23.58
	20
	47
	96.2

	W21
	278
	28
	5.4
	55.6
	27.7
	27.7
	0.068
	21
	6.54
	36.54
	5.72
	34.5
	28
	38
	65.4

	W22
	278
	31
	5.3
	42.3
	19
	17.8
	0.32
	34
	9
	44.35
	6.89
	27.5
	28
	11
	75.3

	W23
	230
	28
	6.8
	43.9
	31
	25.6
	0.323
	40
	5
	37.67
	5.6
	28.5
	23
	48
	66.8

	W24
	221
	29
	4.94
	34.5
	30
	24.5
	0.32
	34
	6
	36.89
	5.8
	37.4
	21
	19
	84.94

	W25
	204
	24
	5.67
	62.3
	14.5
	26.7
	0.068
	35
	4
	45.72
	6.09
	34.5
	24
	14
	45.67

	W26
	220
	26
	7.2
	45.6
	17.8
	29
	0.068
	24
	10
	44.5
	5.04
	45.5
	290
	16
	87.2

	W27
	278
	27
	6.65
	43.2
	25.6
	30.4
	0.327
	34
	4
	45.5
	3.89
	23.78
	38
	27
	66.65

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




3.1.1 Physicochemical Characteristics of Well Water
The mean pH of the groundwater samples was 5.86 ± 0.71, ranging from 4.94 to 7.40. Among the 27 sampled wells, 19 exhibited pH values below 6.5, indicating predominantly acidic conditions. Electrical conductivity showed a mean value of 248.15 µS/cm, with values ranging from 204 to 307 µS/cm. The average water temperature was 27.04 °C, varying between 23 and 31 °C.
Cationic Composition: The concentrations of major cations showed the following mean values. Calcium (Ca²⁺) averaged 43.78 mg/L, with concentrations ranging from 23.0 to 62.3 mg/L. The highest Ca²⁺ concentrations (> 55.0 mg/L) were recorded in wells W1, W8, W14, W21, and W25. Magnesium (Mg²⁺) had a mean concentration of 20.32 mg/L, ranging from 4.5 to 31.0 mg/L. Sodium (Na⁺) concentrations averaged 21.00 mg/L (range: 4.5–31.0 mg/L). Potassium (K⁺) exhibited low concentrations, with a mean of 0.23 ± 0.09 mg/L and values ranging from 0.05 to 0.33 mg/L.
Anionic Composition: Nitrate (NO₃⁻) concentrations averaged 34.64 ± 8.92 mg/L, with values ranging from 23.0 to 47.8 mg/L. Twenty-two out of 27 wells exhibited nitrate concentrations exceeding 25 mg/L, with the highest levels observed in wells W3, W8, and W9. Chloride (Cl⁻) concentrations showed a mean of 30.26 mg/L, ranging from 4.7 to 45.8 mg/L. Bicarbonate (HCO₃⁻) concentrations averaged 27.08 mg/L, with values between 10.29 and 40 mg/L. Sulfate (SO₄²⁻) concentrations remained relatively low, with a mean of 9.57 mg/L and a range of 3.89 to 35.90 mg/L. Carbonate (CO₃²⁻) concentrations ranged from 4 to 10 mg/L, with a mean value of 6.31 mg/L.
Total Hardness (Fig. 2): Total hardness, expressed as CaCO₃ equivalent, ranged from 75.95 to 260.5 mg/L, with an average value of 192.74 mg/L. The highest hardness values (> 235.0 mg/L) were recorded in wells W18, W20, W21, and W23, whereas wells W3 and W5 exhibited the lowest hardness levels, although still exceeding 75.0 mg/L.
Characteristic ionic ratios (Fig. 2): The mean value of the (Na⁺ + K⁺)/Cl⁻ ratio was 0.83, with values ranging from 0.11 to 2.10. The NO₃⁻/Cl⁻ ratio showed a mean of 1.58, with 55.56% of the wells exhibiting ratios greater than 1. The SO₄²⁻/Cl⁻ ratio displayed a mean value of 0.74, while the average Ca²⁺/Mg²⁺ ratio was 2.86.
Hydrochemical Classification (Fig.3): The Piper diagram (Figure 2) indicates that the well waters are mainly distributed between two hydrochemical facies: sodium–potassium chloride or sodium sulfate facies, and calcium–magnesium chloride or calcium–magnesium sulfate facies. Most samples plot within the central field of the diagram, reflecting mixed cationic composition without a dominant single ion. A noticeable dispersion is observed along the cationic axis, with some samples tending toward the calcium (Ca²⁺) pole, while others shift toward the sodium (Na⁺) pole. On the anionic side, most samples cluster near the bicarbonate (HCO₃⁻) field. A distinct subgroup of samples, corresponding to wells with the highest chloride and nitrate concentrations, deviates toward the anionic sector dominated by chloride (Cl⁻) and nitrate (NO₃⁻).


Fig. 2: Characteristic ionic ratios (a) and Total hardness, expressed as CaCO₃ equivalent (b) 


[image: ]
Fig. 3: Classification of well water using Piper diagram
3.1.2 Results of Bacteriological Analyses
The microbiological analyses of well water samples, revealed a systematic presence of fecal contamination indicators in all sampled wells.
Escherichia coli (EC) was detected in all 27 samples, with concentrations ranging from 20.0 to 290.0 CFU/100 mL (mean: 36.78 ± 51.42 CFU/100 mL). The highest contamination level was observed in well W26 (290.0 CFU/100 mL). Total coliforms were also identified in every well, with concentrations varying between 3.0 and 59.0 CFU/100 mL (mean: 21.96 ± 16.03 CFU/100 mL; median: 17.0 CFU/100 mL). Fecal streptococci (FS) were detected in all samples, with concentrations ranging from 14.97 to 96.20 CFU/100 mL (mean: 55.86 ± 23.45 CFU/100 mL).
The fecal streptococci to Escherichia coli ratio (FS/EC) showed a mean value of 2.07 ± 1.15, with values ranging from 0.30 to 4.81 (Fig. 4). The distribution of this ratio indicates that 55.6% of the samples (15/27) exhibited SF/EC values greater than 2.0.


Fig. 4: Ratio Fecal streptococci to Escherichia coli (FS/EC)
3.1.3 Results of Pollution Index and heatmap analysis
The Pollution Index (PI), calculated as the mean of the absolute values of standardized scores, highlights a pronounced spatial heterogeneity in groundwater pollution across the study area (Fig.5). The highest PI values were recorded for wells W6 to W9, as well as W26, indicating a more intense overall level of contamination at these sites.
Cross-analysis with the heatmap reveals that elevated PI values in wells W6–W9 are primarily driven by high sulfate and nitrate concentrations, suggesting a dominant influence of physicochemical contamination. In contrast, well W26 is mainly characterized by marked bacteriological contamination, indicating a different pollution regime dominated by microbiological inputs.
Conversely, wells W1, W2, W12, W16, W17, W22, and W27 exhibit comparatively lower PI values, reflecting a generally better overall water quality relative to the other sampling points.
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Fig. 5. Heatmap of relative pollution levels across wells. Colors indicate relative pollution intensity, ranging from low pollution (violet–blue) to high pollution (green–yellow–red) (a) and Pollution Index (b).
3.2 DISCUSSION
3.2.1 Physicochemical quality of well water
The physicochemical results highlight several constraints that may affect the suitability of well water for human consumption and domestic uses in the municipality of Agbangnizoun. pH values indicate a predominance of acidic conditions, with the majority of samples exhibiting pH values below the range recommended by Beninese standards and World Health Organization (WHO) guidelines (6.5–8.5)(Cotruvo 2017).These findings are consistent with those reported in other regions of Benin and West Africa, where weakly buffered groundwater has been observed in shallow aquifers developed within weathered basement formations(Dansou and Odoulami 2015; Miriac et al. 2020). Acidic pH conditions may promote corrosion of hydraulic structures and influence the mobility of certain chemical elements in water(Wasim et al. 2018).
Electrical conductivity values reflect low to moderate mineralization, characteristic of aquifer systems fed by recent recharge and marked by limited water–rock interactions. Comparable conductivity ranges have been reported in similar hydrogeological settings across West Africa (Talabi et al. 2013), suggesting regional consistency in mineralization processes.
Nitrate concentrations represent one of the most sensitive chemical parameters observed in this study. Although measured values remain below the WHO guideline value of 50 mg/L(Cotruvo 2017; Sadler et al. 2016), a high proportion of wells exhibit nitrate concentrations exceeding 25 mg/L, a threshold frequently used as an indicator of anthropogenic influence in groundwater(Cámaro García and Dwyer 2021). This pattern suggests a significant contribution from agricultural and domestic activities, particularly the use of nitrogen-based fertilizers and the infiltration of wastewater, as reported in numerous rural areas of sub-Saharan Africa (Ebong et al. 2025). Such contamination may pose potential health risks, especially for vulnerable populations(Chébékoué 2008).
Other major anions (chlorides, sulfates, and carbonates) display relatively low concentrations and generally remain below the limit values established by national and international standards(Gbohaida et al. 2016; Cotruvo 2017). Nevertheless, their widespread presence across most wells reflects the combined influence of natural inputs and low-intensity anthropogenic contributions.
Cationic composition is dominated by calcium and magnesium, resulting in total hardness values ranging from moderately hard to hard water. Although water hardness does not constitute a direct health risk, it may cause domestic inconveniences such as scaling of equipment and increased detergent consumption(Mons et al. 2007). The Ca²⁺/Mg²⁺ ratio exceeding unity in most samples suggests a dominant contribution from calcium-bearing minerals, consistent with weathering processes affecting local geological formations(Promilton et al. 2025).
Ionic ratio analysis provides additional insights into the hydrochemical mechanisms governing groundwater composition. The (Na⁺ + K⁺)/Cl⁻ ratio, which is on average below unity, indicates a limited contribution from marine-derived salinity and highlights the predominance of continental processes(Lara et al. 2026). Elevated NO₃⁻/Cl⁻ ratios in several wells emphasize the relative importance of nitrate sources compared to chlorides. SO₄²⁻/Cl⁻ ratios, generally below unity, suggest a minor relative contribution of sulfates to overall mineralization, although a few wells exhibit distinct signatures that may reflect localized hydrochemical conditions.
Hydrochemical classification based on the Piper diagram reveals a predominance of calcium–magnesium bicarbonate facies, with mixed facies observed in some wells. This distribution indicates moderate hydrochemical evolution of groundwater, influenced by both natural rock weathering processes and localized anthropogenic inputs.
3.2.2 Bacteriological quality of well water
Bacteriological results reveal widespread fecal contamination of the studied well waters. The systematic detection of Escherichia coli, total coliforms, and fecal streptococci in all samples indicates that these waters do not meet the microbiological criteria for drinking water established by the WHO, which require the complete absence of fecal contamination indicators in 100 mL of water intended for consumption(Khan 2020; Salamandane et al. 2021).
This generalized contamination reflects the vulnerability of shallow groundwater to fecal inputs. Several factors may contribute, including insufficient physical protection of wells, frequent proximity of latrines and domestic pollution sources (often within 10 m), and water-drawing practices that promote secondary contamination. Local hydroclimatic conditions, particularly intense rainfall events, may further facilitate the rapid transfer of microorganisms to the groundwater through infiltration.
Analysis of the fecal streptococci to Escherichia coli ratio (FS/EC) provides additional information on the nature and persistence of contamination. High ratios observed in a significant proportion of wells are generally associated with older contamination or a predominance of animal-derived sources, given the greater environmental persistence of fecal streptococci(Houédakor et al. 2025). However, the coexistence of different ratio values across the study area suggests multiple contamination sources and diverse contamination dynamics.
3.2.3 Multi-parameter integration: contribution of the Pollution Index and heatmap
Beyond individual parameter analysis, integration of physicochemical and bacteriological results using the Pollution Index (PI) reveals pronounced spatial heterogeneity in groundwater quality across the study area. Elevated PI values observed in wells W6 to W9 and W26 indicate more severe overall degradation, confirming that the pressures identified are not uniformly expressed at the local scale.
Cross-analysis with the heatmap clarifies the relative contributions of individual parameters to overall pollution. In wells W6–W9, high PI values are primarily driven by elevated sulfate and nitrate concentrations, suggesting the dominance of anthropogenic dissolved inputs, in agreement with trends identified in the chemical analysis. In contrast, well W26 is characterized by a major contribution from bacteriological parameters, indicating heightened vulnerability to fecal contamination rather than mineralization processes.
Wells exhibiting lower PI values (W1, W2, W12, W16, W17, W22, and W27) display more balanced profiles, characterized by moderate scores across all considered parameters. This differentiation highlights the value of the integrated approach, which not only enables ranking of wells according to their relative pollution levels but also facilitates identification of the dominant factors responsible for water quality degradation.
In this context, the PI constitutes a relevant tool for synthesizing and spatially comparing groundwater quality, complementing conventional analyses and providing methodological support for prioritizing management and protection actions targeting the most vulnerable water points.
4. CONCLUSION
This study provides a comprehensive assessment of the physicochemical and bacteriological quality of well water used by populations in the commune of Agbangnizoun. The results indicate that, although most major inorganic parameters remain within national and international guideline values, several constraints compromise the suitability of these waters for direct human consumption. These include a widespread acidic pH, elevated nitrate concentrations in a significant proportion of wells, and moderate to high water hardness reflecting the influence of local geological formations.
The bacteriological analyses reveal a generalized fecal contamination of all sampled wells, evidenced by the systematic detection of Escherichia coli, total coliforms, and fecal streptococci. This widespread microbial pollution highlights the high vulnerability of shallow groundwater to surface-derived contamination and renders the studied water sources unsuitable for drinking without prior treatment. The SF/EC ratios further suggest the coexistence of persistent and possibly older contamination sources, alongside more recent fecal inputs depending on site-specific conditions.
The Pollution Index (PI), derived from standardized physicochemical and microbiological parameters, reveals marked spatial heterogeneity in groundwater quality across the study area. Wells W6–W9 and W26 exhibit the highest pollution levels, driven respectively by elevated sulfate–nitrate concentrations and pronounced bacteriological contamination, while several other wells show comparatively lower levels of overall pollution. This integrative approach proved effective in highlighting priority sites for intervention and in facilitating comparative analysis between wells.
It should be noted that the present study represents a snapshot of groundwater quality under specific hydrological conditions and does not account for seasonal variability, which may significantly influence both chemical composition and microbial dynamics. Future investigations should therefore incorporate multi-seasonal monitoring and a more detailed characterization of pollution sources. Nevertheless, the findings underscore the urgent need for improved protection of wells, enhanced sanitation practices, and the promotion of household-level water treatment to reduce health risks and ensure safer access to drinking water in Agbangnizoun.
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