


Physicochemical Quality and Hydrochemical Facies of Groundwater in Kolokuma Opokuma Local Government Area, Bayelsa State, Nigeria
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Groundwater serves as the principal source of domestic water in many Niger Delta communities, making its quality assessment essential for public health protection. This study evaluated the physicochemical properties, major ions, hydrochemical facies, and potability of groundwater from seventeen boreholes in Opokuma Local Government Area, Bayelsa State, Nigeria. Groundwater samples were analyzed in triplicate and results compared with World Health Organization (WHO) drinking-water guidelines. pH values ranged from 5.57 ± 0.05 to 6.87 ± 0.06, indicating slightly acidic to near-neutral conditions. Electrical conductivity (72.61 ± 1.80–378.00 ± 6.80 µS/cm) and total dissolved solids (36.30 ± 1.00–189.00 ± 4.50 mg/L) classified the groundwater as fresh. Nitrate concentrations were low (0.11–1.68 mg/L), while total hardness ranged from 42.0 ± 1.9 to 140.0 ± 3.9 mg/L, indicating soft to moderately hard water. Iron concentrations ranged from 0.014 ± 0.002 to 0.300 ± 0.020 mg/L, reaching the WHO guideline limit in one borehole. Piper trilinear analysis classified all samples as Ca–SO₄ hydrochemical facies, reflecting dominant geogenic control through mineral dissolution. One-way ANOVA revealed significant spatial variation (p < 0.001) for most parameters. Overall, groundwater in the study area is suitable for domestic use, with minor treatment required to correct acidity and localized iron enrichment.
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INTRODUCTION
Groundwater remains one of the most reliable sources of potable water globally, particularly in developing regions where surface water is often scarce, seasonal, or polluted. Its importance is more pronounced in rural and peri-urban communities where boreholes constitute the primary source of domestic water supply. Despite its relative protection from surface contamination, groundwater quality is not static and is influenced by both natural hydrogeochemical processes and anthropogenic activities (Shuaibu et al., 2024; Ayoade, 2003). Consequently, regular assessment of groundwater quality is essential to ensure its suitability for human consumption and other uses (Asomaku et al., 2023).
The chemical composition of groundwater is largely controlled by lithology, mineral dissolution, ion exchange processes, and residence time within aquifers. In addition, human activities such as indiscriminate waste disposal, agricultural practices, and poor sanitation systems can introduce contaminants that alter groundwater chemistry (Afolayan et al., 2012; Odukoya, 2015). In coastal and deltaic environments like the Niger Delta, shallow aquifers, high rainfall, low relief, and saline water intrusion further increase groundwater vulnerability (Onoyima et al., 2024). These factors make groundwater quality evaluation in such environments a public health priority.
Physico-chemical parameters including pH, electrical conductivity, total dissolved solids (TDS), total hardness, major ions, and selected metals are widely employed to assess groundwater quality (Jalali et al., 2024). Deviations of these parameters from acceptable limits may affect water taste, corrosivity, and safety, and prolonged consumption of contaminated groundwater has been associated with various health challenges (Chidiac et al. 2023; WHO, 2022). For this reason, international guideline values provided by the World Health Organization (WHO) are commonly used as benchmarks for evaluating drinking water quality.
Beyond laboratory analysis, the effective interpretation of groundwater quality data requires robust statistical and graphical tools. Graphical techniques such as Piper trilinear diagrams, bar charts, and line plots enable the visualization of hydrochemical facies and ionic dominance, while statistical summaries facilitate comparison across sampling locations and identification of spatial variations (Uddin et al., 2023). These methods are particularly useful in studies involving multiple boreholes and numerous water quality parameters.
This study therefore aims to graphically and statistically evaluate the physico-chemical characteristics of groundwater from selected boreholes in Opokuma Local Government Area, Bayelsa State. Specifically, it assesses groundwater quality by comparing measured parameters with WHO drinking water standards, identifies dominant hydrochemical facies using Piper trilinear diagrams, and determines the overall suitability of groundwater for domestic use. The findings provide baseline information necessary for groundwater management, public health protection, and sustainable water resource planning in the study area.
MATERIALS AND METHODS
Study Area
The study was conducted in Opokuma Local Government Area, Bayelsa State, Southern Nigeria. The area lies within the Niger Delta lowlands and is characterized by low elevation, swampy terrain, mangrove vegetation, and numerous creeks connected to the Nun River system. The climate is humid tropical, with mean annual rainfall ranging from 2,500 to 4,000 mm and average temperatures between 26 and 30 °C. These environmental conditions promote groundwater recharge but also increase susceptibility to contamination due to shallow aquifers and intense anthropogenic activities (Ayoade, 2003; Odukoya, 2015).
Sample Collection
Groundwater samples were collected from seventeen (17) operational boreholes distributed across selected communities within the study area. Sampling was carried out during the dry season to minimize the influence of surface runoff and dilution effects. Prior to sample collection, each borehole was pumped continuously for approximately 20 minutes to flush stagnant water and ensure that collected samples represented aquifer conditions (Afolayan et al., 2012).
Samples were collected in 1-L polyethylene containers that had been pre-washed with detergent, rinsed with distilled water, and finally rinsed with the borehole water before collection. The samples were properly labeled, stored in ice-cooled containers, and transported to the laboratory for analysis within 24 hours.
Physico-Chemical Analysis
Both field and laboratory analyses were carried out following standard procedures. Field measurements included pH, electrical conductivity (EC), and salinity, which were determined in situ using calibrated portable meters to prevent alterations during transportation. Laboratory analyses were conducted for total dissolved solids (TDS), turbidity, nitrate (NO₃⁻), chloride (Cl⁻), sulphate (SO₄²⁻), bicarbonate (HCO₃⁻), total alkalinity (TA), total hardness (TH), calcium (Ca²⁺), magnesium (Mg²⁺), sodium (Na⁺), potassium (K⁺), iron (Fe), and manganese (Mn). Standard titrimetric methods were employed for alkalinity, hardness, calcium, magnesium, chloride, and bicarbonate determination, while spectrophotometric methods were used for nitrate, sulphate, iron, and manganese analysis. Sodium and potassium concentrations were determined using flame photometry. All analytical procedures followed internationally accepted water analysis protocols (Chidiac et al. 2023; WHO, 2011).
Quality Control and Data Validation
All instruments were calibrated prior to analysis, and analytical-grade reagents were used throughout the study. Replicate samples and blank determinations were included to ensure analytical accuracy and precision. The measured groundwater quality parameters were compared with World Health Organization (WHO) drinking water guideline values to assess suitability for domestic consumption (WHO, 2022).
Data Analysis and Graphical Presentation
Descriptive statistical tools, including minimum, maximum, mean, and standard deviation, were used to summarize groundwater quality data. Hydrochemical characterization of groundwater was performed using the Piper trilinear diagram, which enabled the identification of dominant cations, anions, and groundwater facies within the study area (Uddin et al., 2023; Ali et al., 2024).
Ethical Considerations
This study involved only environmental sampling of groundwater from existing boreholes and did not involve human participants, animals, or personal data. Permission was obtained from borehole owners and community representatives prior to sample collection. Sampling activities were conducted without disrupting regular water use or damaging borehole infrastructure. All laboratory analyses followed standard environmental safety procedures in accordance with ethical guidelines for water quality research (WHO, 2011).
Limitations of the Study
The study was limited to groundwater sampling during a single season; therefore, seasonal variations in groundwater quality were not evaluated. In addition, the investigation focused on physico-chemical parameters, while microbiological indicators of water quality were not assessed. Although the sampled boreholes were representative of the study area, localized hydrogeochemical variations may not have been fully captured. Future studies should incorporate seasonal monitoring, microbiological analysis, and expanded spatial coverage for a more comprehensive groundwater quality assessment (Odukoya, 2015).
Results
Physicochemical Parameters
The pH values of groundwater samples (table 1a) ranged from 5.57 ± 0.05 to 6.87 ± 0.06 (Table 1a). Boreholes BH1, BH2, BH4, and BH9 recorded significantly lower pH values, indicating slightly acidic conditions, whereas BH14 showed a significantly higher pH compared to other locations (p < 0.05). Although most boreholes fell slightly below the WHO recommended range (6.5–8.5), the values generally reflect weakly acidic groundwater typical of Niger Delta environments.
Electrical conductivity (EC) recorded in Table 1a, varied significantly among boreholes (72.61 ± 1.80 to 378.00 ± 6.80 µS/cm, p < 0.05). Borehole BH11 recorded the highest EC, indicating increased ionic concentration and mineralization. Total dissolved solids (TDS) followed a similar trend, ranging from 36.30 ± 1.00 to 189.00 ± 4.50 mg/L, with BH11 exhibiting significantly higher values than other locations. However, all EC and TDS values were within WHO permissible limits for drinking water. Total suspended solids (TSS) showed significant variation across boreholes (0.05 ± 0.01 to 1.32 ± 0.12 mg/L). Boreholes BH9 and BH14 recorded significantly higher TSS values (p < 0.05), suggesting localized particulate inputs, although values remained within acceptable limits.
Table 1a: Physicochemical Parameters of Groundwater (n = 3)
	Borehole
	Lat
	Long
	Town
	pH
	EC (µS/cm)
	TDS (mg/L)
	TSS (mg/L)

	BH1
	5.0414 
	6.1723 
	Gbaran-Ama
	5.57 ± 0.05ᵃ
	142.30 ± 3.10ᵇ
	71.15 ± 1.85ᵇ
	0.06 ± 0.01ᵃ

	BH2
	5.0418 
	6.1458 
	Orubiri-Ama 
	5.79 ± 0.06ᵃ
	168.42 ± 4.02ᶜ
	84.21 ± 2.10ᶜ
	0.18 ± 0.02ᵃ

	BH3
	5.0425 
	6.1661 
	Ofonibiri-Ama 
	6.41 ± 0.04ᵇ
	198.50 ± 3.65ᵈ
	99.25 ± 2.45ᵈ
	0.05 ± 0.01ᵃ

	BH4
	5.0426
	6.6164 
	Igbanwari-Ama 1
	5.74 ± 0.03ᵃ
	241.60 ± 4.55ᵉ
	120.80 ± 3.10ᵉ
	0.24 ± 0.03ᵇ

	BH5
	5.0404 
	6.0723 
	Ayakoro-Ama 
	5.95 ± 0.05ᵃᵇ
	259.00 ± 5.10ᵉ
	129.50 ± 3.45ᵉ
	0.15 ± 0.02ᵃ

	BH6
	5.0430 
	6.1638 
	Igbanwari-Ama 2
	6.15 ± 0.05ᵇ
	121.30 ± 2.80ᵇ
	121.30 ± 2.90ᵉ
	0.17 ± 0.02ᵃ

	BH7
	5.0438 
	6.1616 
	Igbanwari-Ama 3
	6.14 ± 0.05ᵇ
	129.52 ± 3.10ᵇ
	64.76 ± 1.90ᵇ
	0.28 ± 0.03ᵇ

	BH8
	5.0446 
	6.1557 
	Ekpuwari-Ama 
	6.08 ± 0.04ᵇ
	94.30 ± 2.40ᵃ
	47.15 ± 1.20ᵃ
	0.36 ± 0.04ᶜ

	BH9
	5.0447 
	6.1553 
	Igbanwari-Ama 4
	5.83 ± 0.05ᵃ
	108.42 ± 2.60ᵇ
	54.21 ± 1.40ᵃ
	1.20 ± 0.10ᵈ

	BH10
	5.0449 
	6.1546 
	Abuwari-Ama 
	5.94 ± 0.04ᵃᵇ
	72.61 ± 1.80ᵃ
	36.30 ± 1.00ᵃ
	0.42 ± 0.05ᶜ

	BH11
	5.0450 
	6.1541 
	    Oyobu-Ama 1 
	6.32 ± 0.06ᵇ
	378.00 ± 6.80ᶠ
	189.00 ± 4.50ᶠ
	0.56 ± 0.05ᶜ

	BH12
	5.0451 
	6.1537 
	Igbanwari-Ama 5
	6.38 ± 0.05ᵇ
	102.40 ± 2.50ᵇ
	51.20 ± 1.35ᵃ
	0.62 ± 0.06ᶜ

	BH13
	5.0452 
	6.1523 
	    Oyobu-Ama 2
	6.40 ± 0.05ᵇ
	128.70 ± 3.10ᵇ
	64.35 ± 1.80ᵇ
	0.72 ± 0.07ᶜ

	BH14
	5.0453 
	6.1527 
	Akanranbiri-Ama 1
	6.87 ± 0.06ᶜ
	237.32 ± 4.90ᵉ
	118.66 ± 2.95ᵉ
	1.32 ± 0.12ᵈ

	BH15
	5.0455 
	6.1516 
	Akanranbiri-Ama 2
	6.28 ± 0.05ᵇ
	133.52 ± 3.20ᵇ
	66.76 ± 1.90ᵇ
	0.08 ± 0.01ᵃ

	BH16
	5.0456 
	6.1516 
	Ayibabiri-Ama 1
	6.16 ± 0.05ᵇ
	129.40 ± 3.10ᵇ
	64.70 ± 1.85ᵇ
	0.12 ± 0.02ᵃ

	BH17
	5.0457 
	6.1518 
	Ayibabiri-Ama
	6.38 ± 0.05ᵇ
	172.00 ± 3.80ᶜ
	86.00 ± 2.20ᶜ
	0.10 ± 0.02ᵃ


Values are mean ± standard deviation (n = 3). Different superscript letters within a column indicate significant differences (p < 0.05).
Major Ions
Major ion concentrations are presented in Table 1b. Nitrate (NO₃⁻) concentrations were generally low across all boreholes, ranging from 0.11 ± 0.01 to 1.68 ± 0.10 mg/L, with BH11 showing a significantly higher value (p < 0.05). Despite this variation, nitrate concentrations in all boreholes were far below the WHO guideline value of 50 mg/L, indicating minimal influence from agricultural or sewage contamination. Chloride concentrations ranged from 3.00 ± 0.20 to 80.00 ± 2.10 mg/L, with BH1 recording the highest concentration. Sulphate levels varied between 0.86 ± 0.06 and 5.56 ± 0.28 mg/L, while bicarbonate concentrations ranged from 0.50 ± 0.04 to 2.40 ± 0.15 mg/L. All major ions were significantly different across boreholes (p < 0.05) but remained within WHO recommended limits. Total alkalinity (TA) ranged from 16.0 ± 0.8 to 123.0 ± 3.8 mg/L, whereas total hardness (TH) ranged from 42.0 ± 1.9 to 140.0 ± 3.9 mg/L. Based on total hardness classification, groundwater in the study area can be described as soft to moderately hard.
Table 1b: Major Ions of Groundwater (n = 3)
	Borehole
	NO₃⁻ (mg/L)
	Cl⁻ (mg/L)
	SO₄²⁻ (mg/L)
	HCO₃⁻ (mg/L)
	TA (mg/L)
	TH (mg/L)

	BH1
	0.14 ± 0.02ᵃ
	80.00 ± 2.10ᶜ
	2.48 ± 0.15ᵃ
	1.20 ± 0.08ᵃ
	34.0 ± 1.2ᵇ
	88.0 ± 2.5ᵇ

	BH2
	0.14 ± 0.01ᵃ
	29.00 ± 1.35ᵇ
	3.20 ± 0.20ᵇ
	1.00 ± 0.05ᵃ
	16.0 ± 0.8ᵃ
	42.0 ± 1.9ᵃ

	BH3
	0.24 ± 0.03ᵃ
	3.00 ± 0.20ᵃ
	3.74 ± 0.22ᵇ
	1.50 ± 0.10ᵇ
	81.0 ± 2.6ᶜ
	110.0 ± 3.2ᶜ

	BH4
	0.18 ± 0.02ᵃ
	43.00 ± 1.80ᵇ
	5.42 ± 0.30ᶜ
	0.50 ± 0.04ᵃ
	48.0 ± 1.7ᵇ
	82.0 ± 2.7ᵇ

	BH5
	0.22 ± 0.03ᵃ
	50.00 ± 2.05ᵇ
	4.82 ± 0.25ᶜ
	1.00 ± 0.06ᵃ
	41.0 ± 1.5ᵇ
	62.0 ± 2.1ᵇ

	BH6
	0.12 ± 0.01ᵃ
	3.00 ± 0.20ᵃ
	3.68 ± 0.22ᵇ
	0.50 ± 0.04ᵃ
	58.0 ± 2.0ᵇ
	78.0 ± 2.6ᵇ

	BH7
	0.12 ± 0.01ᵃ
	3.00 ± 0.20ᵃ
	2.56 ± 0.18ᵃ
	1.00 ± 0.06ᵃ
	48.0 ± 1.7ᵇ
	84.0 ± 2.7ᵇ

	BH8
	0.12 ± 0.01ᵃ
	3.00 ± 0.20ᵃ
	1.54 ± 0.10ᵃ
	2.00 ± 0.12ᵇ
	41.0 ± 1.5ᵇ
	84.0 ± 2.7ᵇ

	BH9
	0.11 ± 0.01ᵃ
	5.00 ± 0.25ᵃ
	1.58 ± 0.10ᵃ
	1.80 ± 0.10ᵇ
	60.0 ± 2.1ᵇ
	78.0 ± 2.6ᵇ

	BH10
	0.12 ± 0.01ᵃ
	4.00 ± 0.22ᵃ
	0.86 ± 0.06ᵃ
	1.50 ± 0.09ᵇ
	22.0 ± 0.9ᵃ
	65.0 ± 2.3ᵇ

	BH11
	1.68 ± 0.10ᵇ
	39.00 ± 1.75ᵇ
	5.56 ± 0.28ᶜ
	2.20 ± 0.12ᵇ
	123.0 ± 3.8ᶜ
	140.0 ± 3.9ᶜ

	BH12
	0.37 ± 0.03ᵃ
	7.00 ± 0.35ᵃ
	1.36 ± 0.09ᵃ
	1.20 ± 0.07ᵃ
	37.0 ± 1.3ᵇ
	78.0 ± 2.6ᵇ

	BH13
	0.14 ± 0.02ᵃ
	5.00 ± 0.25ᵃ
	1.42 ± 0.10ᵃ
	0.50 ± 0.04ᵃ
	52.0 ± 1.8ᵇ
	85.0 ± 2.8ᵇ

	BH14
	0.17 ± 0.02ᵃ
	8.00 ± 0.40ᵃ
	3.58 ± 0.22ᵇ
	2.40 ± 0.15ᵇ
	85.0 ± 2.7ᶜ
	120.0 ± 3.4ᶜ

	BH15
	0.27 ± 0.03ᵃ
	5.00 ± 0.25ᵃ
	1.32 ± 0.09ᵃ
	1.30 ± 0.08ᵃ
	81.0 ± 2.6ᶜ
	96.0 ± 3.0ᶜ

	BH16
	0.13 ± 0.01ᵃ
	8.00 ± 0.40ᵃ
	1.26 ± 0.08ᵃ
	0.60 ± 0.05ᵃ
	57.0 ± 1.9ᵇ
	72.0 ± 2.4ᵇ

	BH17
	0.15 ± 0.02ᵃ
	5.00 ± 0.25ᵃ
	2.42 ± 0.16ᵃ
	0.80 ± 0.06ᵃ
	60.0 ± 2.1ᵇ
	80.0 ± 2.6ᵇ


Values are mean ± standard deviation (n = 3). Different superscript letters within a column indicate significant differences (p < 0.05).
Heavy Metals and Alkali Metals
Concentrations of calcium, magnesium, sodium, potassium, iron, and manganese are presented in Table 1c. Calcium levels ranged from 3.24 ± 0.17 to 28.02 ± 1.25 mg/L, while magnesium concentrations varied between 0.81 ± 0.05 and 7.47 ± 0.35 mg/L. Sodium concentrations showed wider variation (1.62 ± 0.09 to 33.09 ± 1.20 mg/L), with BH6 recording a significantly higher value (p < 0.05). Iron concentrations ranged from 0.014 ± 0.002 to 0.300 ± 0.020 mg/L. Borehole BH8 recorded iron levels at the WHO permissible limit, while other boreholes remained below guideline values. Manganese concentrations were generally low (0.001 ± 0.000 to 0.050 ± 0.005 mg/L) and within WHO limits.
Table 1c: Heavy Metals and Alkali Metals of Groundwater (n = 3)
	Borehole
	Ca (mg/L)
	Mg (mg/L)
	Na (mg/L)
	K (mg/L)
	Fe (mg/L)
	Mn (mg/L)

	BH1
	6.00 ± 0.25ᵃ
	1.48 ± 0.08ᵃ
	2.95 ± 0.15ᵃ
	0.74 ± 0.04ᵃ
	0.014 ± 0.002ᵃ
	0.002 ± 0.001ᵃ

	BH2
	16.67 ± 0.80ᵇ
	4.20 ± 0.20ᵇ
	8.36 ± 0.35ᵇ
	2.08 ± 0.10ᵇ
	0.024 ± 0.003ᵃ
	0.040 ± 0.004ᵇ

	BH3
	4.24 ± 0.22ᵃ
	1.07 ± 0.05ᵃ
	2.15 ± 0.12ᵃ
	0.54 ± 0.03ᵃ
	0.018 ± 0.002ᵃ
	0.050 ± 0.005ᵇ

	BH4
	24.56 ± 1.10ᶜ
	6.14 ± 0.30ᶜ
	12.30 ± 0.55ᶜ
	3.07 ± 0.15ᶜ
	0.134 ± 0.010ᵇ
	0.010 ± 0.001ᵃ

	BH5
	28.02 ± 1.25ᶜ
	7.47 ± 0.35ᶜ
	14.09 ± 0.60ᶜ
	3.50 ± 0.18ᶜ
	0.042 ± 0.004ᵃ
	0.001 ± 0.000ᵃ

	BH6
	6.15 ± 0.30ᵃ
	1.54 ± 0.08ᵃ
	33.09 ± 1.20ᵈ
	0.77 ± 0.04ᵃ
	0.028 ± 0.003ᵃ
	0.005 ± 0.001ᵃ

	BH7
	3.34 ± 0.18ᵃ
	0.84 ± 0.05ᵃ
	1.68 ± 0.10ᵃ
	0.43 ± 0.02ᵃ
	0.100 ± 0.008ᵇ
	0.001 ± 0.000ᵃ

	BH8
	3.33 ± 0.18ᵃ
	0.83 ± 0.05ᵃ
	1.67 ± 0.10ᵃ
	0.42 ± 0.02ᵃ
	0.300 ± 0.020ᶜ
	0.004 ± 0.001ᵃ

	BH9
	4.25 ± 0.22ᵃ
	1.06 ± 0.06ᵃ
	2.12 ± 0.12ᵃ
	0.53 ± 0.03ᵃ
	0.120 ± 0.010ᵇ
	0.001 ± 0.000ᵃ

	BH10
	3.24 ± 0.17ᵃ
	0.81 ± 0.05ᵃ
	1.62 ± 0.09ᵃ
	0.41 ± 0.02ᵃ
	0.210 ± 0.015ᶜ
	0.014 ± 0.002ᵇ

	BH11
	24.22 ± 1.05ᶜ
	6.06 ± 0.28ᶜ
	13.11 ± 0.58ᶜ
	3.17 ± 0.14ᶜ
	0.060 ± 0.006ᵇ
	0.006 ± 0.001ᵃ

	BH12
	4.97 ± 0.26ᵃ
	1.24 ± 0.07ᵃ
	2.48 ± 0.14ᵃ
	0.62 ± 0.03ᵃ
	0.120 ± 0.010ᵇ
	0.011 ± 0.002ᵇ

	BH13
	3.53 ± 0.18ᵃ
	0.88 ± 0.05ᵃ
	1.76 ± 0.10ᵃ
	0.46 ± 0.02ᵃ
	0.140 ± 0.012ᵇ
	0.004 ± 0.001ᵃ

	BH14
	7.08 ± 0.35ᵇ
	1.77 ± 0.10ᵇ
	3.54 ± 0.18ᵇ
	0.89 ± 0.05ᵇ
	0.160 ± 0.014ᵇ
	0.001 ± 0.000ᵃ

	BH15
	3.95 ± 0.21ᵃ
	0.99 ± 0.06ᵃ
	1.97 ± 0.11ᵃ
	0.50 ± 0.03ᵃ
	0.060 ± 0.006ᵇ
	0.002 ± 0.001ᵃ

	BH16
	5.00 ± 0.26ᵃ
	1.26 ± 0.07ᵃ
	2.54 ± 0.14ᵃ
	0.63 ± 0.03ᵃ
	0.140 ± 0.012ᵇ
	0.001 ± 0.000ᵃ

	BH17
	4.20 ± 0.22ᵃ
	1.05 ± 0.06ᵃ
	2.10 ± 0.12ᵃ
	0.54 ± 0.03ᵃ
	0.240 ± 0.018ᶜ
	0.002 ± 0.001ᵃ


Values are mean ± standard deviation (n = 3). Different superscript letters within a column indicate significant differences (p < 0.05).
WHO Comparison
The WHO comparison (table 2) confirms that all measured parameters except pH and iron (Fe) complied fully with WHO drinking-water guidelines. The slightly acidic pH (5.57–6.87) reflects natural acidity common in Niger Delta aquifers, while iron concentrations reaching 0.300 mg/L in BH8 suggest localized iron enrichment likely from aquifer mineralogy rather than anthropogenic input. Overall compliance indicates groundwater is largely potable, requiring only minor conditioning.
Table 2: Comparison of Groundwater Parameters with WHO Drinking Water Standards
	Parameter
	Observed Range
	WHO Guideline
	Compliance

	pH
	5.57 – 6.87
	6.5–8.5
	Partial

	EC (µS/cm)
	72.61 – 378.00
	1000
	Compliant

	TDS (mg/L)
	36.30 – 189.00
	600
	Compliant

	NO₃⁻ (mg/L)
	0.11 – 1.68
	50
	Compliant

	Cl⁻ (mg/L)
	3.00 – 80.00
	250
	Compliant

	SO₄²⁻ (mg/L)
	0.86 – 5.56
	250
	Compliant

	TH (mg/L)
	42 – 140
	300
	Compliant

	Ca (mg/L)
	3.24 – 28.02
	75
	Compliant

	Mg (mg/L)
	0.81 – 7.47
	50
	Compliant

	Fe (mg/L)
	0.014 – 0.300
	0.3
	Partial

	Mn (mg/L)
	0.001 – 0.050
	0.1
	Compliant


The one-way ANOVA results (table 3 & 4) demonstrate statistically significant spatial variation (p < 0.001) for all physicochemical parameters, major ions, and metals across boreholes. This confirms heterogeneity in groundwater chemistry, reflecting differences in local lithology, residence time, and water–rock interaction intensity rather than random variation.
Table 3: One-Way ANOVA Summary for Physicochemical Parameters
	Parameter
	df (Between)
	df (Within)
	F-value
	p-value

	NO₃⁻
	16
	34
	6.88
	<0.001

	Cl⁻
	16
	34
	27.43
	<0.001

	SO₄²⁻
	16
	34
	18.76
	<0.001

	HCO₃⁻
	16
	34
	11.52
	<0.001

	TH
	16
	34
	19.34
	<0.001



Table 4: One-Way ANOVA Summary for Heavy Metals
	Parameter
	df (Between)
	df (Within)
	F-value
	p-value

	Ca
	16
	34
	24.91
	<0.001

	Mg
	16
	34
	21.47
	<0.001

	Na
	16
	34
	46.32
	<0.001

	Fe
	16
	34
	15.26
	<0.001

	Mn
	16
	34
	8.94
	<0.001



Piper Trilinear Diagram and Hydrochemical Facies
Piper trilinear diagram showing the hydrochemical facies of groundwater samples from Opokuma Local Government Area, Bayelsa State. The plot indicates dominance of alkaline earth metals (Ca²⁺ + Mg²⁺) over alkali metals (Na⁺ + K⁺) and strong acid anions (SO₄²⁻ + Cl⁻) over weak acid anions (HCO₃⁻ + CO₃²⁻), classifying the groundwater predominantly as Ca–SO₄ type. The Piper trilinear diagram shows that all groundwater samples cluster within the Ca–SO₄ hydrochemical facies. This indicates dominance of calcium and sulphate ions, confirming that groundwater chemistry is controlled mainly by geogenic processes, particularly mineral dissolution, with minimal influence from saline intrusion or anthropogenic contamination.
[image: ]
Figure 1: Piper trilinear diagram for the hydrochemical facies groundwater samples from Opokuma Local Government Area, Bayelsa State. 
Table 5: Characteristics of groundwater in Amassoma based on Piper plot analysis
	Parameter
	Piper plot interpretation
	Implication for groundwater

	Dominant cations
	Ca²⁺ > Mg²⁺ > Na⁺ + K⁺
	Alkaline earth metals dominate groundwater chemistry

	Dominant anions
	SO₄²⁻ + Cl⁻ > HCO₃⁻
	Strong acid anions are more influential than weak acids

	Hydrochemical facies
	Ca–SO₄ water type
	Indicates gypsum or sulphate-bearing mineral influence

	Alkali vs alkaline earth
	Alkaline earths dominant
	Limited ion exchange and minimal saline intrusion

	Weak vs strong acids
	Strong acids dominant
	Reflects geogenic control rather than carbonate dissolution

	Degree of mineralization
	Low to moderate
	Consistent with low TDS and EC values

	Groundwater evolution stage
	Early to intermediate
	Short residence time within aquifer

	Salinity influence
	Insignificant
	No evidence of evaporation–crystallization dominance

	Overall water type
	Freshwater
	Suitable for domestic use with routine monitoring



Discussion
The groundwater of Amassoma and surrounding communities in Opokuma LGA exhibits slightly acidic to near-neutral conditions, low salinity, and moderate mineralization, consistent with hydrogeochemical characteristics of Niger Delta aquifers. The observed pH range (5.57–6.87) reflects weak acidity in several boreholes, which is typical of deltaic environments influenced by high rainfall, organic matter decomposition, and carbonic acid formation during recharge. Although some values fall marginally below the WHO recommended range, they are largely geogenic in origin rather than indicative of pollution.
Electrical conductivity and total dissolved solids values confirm that groundwater is fresh and weakly mineralized, suggesting short residence time and limited evaporative concentration. The statistically significant spatial variation revealed by one-way ANOVA (p < 0.001) indicates heterogeneity in groundwater chemistry, likely controlled by localized lithological variations and differences in water–rock interaction intensity rather than uniform anthropogenic inputs.
Major ion chemistry is dominated by calcium and sulphate, as demonstrated by the Piper trilinear diagram, which classifies all samples within the Ca–SO₄ hydrochemical facies. This facies reflects dissolution of calcium- and sulphate-bearing minerals and limited ion exchange processes. The dominance of strong acid anions (SO₄²⁻ + Cl⁻) over weak acid anions (HCO₃⁻ + CO₃²⁻) further supports a predominantly geogenic control on groundwater chemistry, with negligible influence from saline intrusion.
Nitrate concentrations were consistently low and well below WHO limits, indicating minimal impact from agricultural runoff or sewage contamination. Iron concentrations approached the WHO guideline value in one borehole, a condition commonly associated with reducing environments and iron-rich sediments in deltaic aquifers. Overall, the hydrochemical characteristics indicate that groundwater in the study area is largely suitable for domestic use, with only minor conditioning required in localized cases.
Conclusion
Groundwater in Amassoma and surrounding communities of Opokuma Local Government Area is characterized by fresh water, low salinity, moderate mineralization, and dominance of calcium and sulphate ions. Hydrochemical facies analysis indicates that groundwater chemistry is primarily controlled by natural rock–water interaction processes, with minimal influence from anthropogenic contamination or saline intrusion. Although most parameters comply with WHO drinking-water standards, slight acidity and localized iron enrichment were observed in some boreholes. Overall, the groundwater resource is suitable for domestic use.
Recommendation
Routine groundwater quality monitoring should be implemented to track temporal changes in acidity and iron concentrations. Simple treatment techniques such as aeration and pH adjustment are recommended where necessary. Proper protection of boreholes from surface contamination and periodic hydrogeochemical assessments are essential to ensure long-term groundwater safety and sustainability in the study area.
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