


Integrated Physicochemical, Hydrochemical, Trace-Element and Microbiological Assessment of Groundwater across Contrasting Geological Settings

Abstract
Groundwater is an important source of domestic water supply, but its quality may vary according to geological setting, mineral–water interactions and microbiological contamination. This study evaluated the physicochemical, hydrochemical, trace-element and microbiological characteristics of groundwater across Basement Complex, Younger Granite, shale/sedimentary and weathered-regolith geological settings. Groundwater samples were analysed for pH, electrical conductivity (EC), total dissolved solids (TDS), turbidity, total hardness, alkalinity, major ions, selected trace and potentially toxic elements, heterotrophic bacteria, total coliforms, faecal coliforms, Escherichia coli and enterococci. Hydrochemical facies were determined from the major-ion composition, while differences among geological settings were evaluated using one-way analysis of variance and relationships between chemical and microbiological variables were assessed using Pearson's correlation analysis. The groundwater was slightly acidic to near neutral, with pH values ranging from 6.21 ± 0.14 to 6.78 ± 0.16. Basement Complex groundwater exhibited the highest EC (486 ± 42 µS/cm), TDS (312 ± 28 mg/L), total hardness (146 ± 12 mg/L), calcium (48.6 ± 4.2 mg/L), magnesium (18.4 ± 2.1 mg/L) and bicarbonate (118 ± 10 mg/L). The shale/sedimentary setting recorded the highest concentrations of several trace elements, including Pb (0.014 ± 0.003 mg/L), Cd (0.0026 ± 0.0005 mg/L), Cr (0.018 ± 0.004 mg/L) and Ni (0.021 ± 0.004 mg/L). Ca–Mg–HCO₃ was the predominant hydrochemical facies. Microbiological contamination varied spatially, with weathered-regolith groundwater recording the highest total coliforms (31 ± 7 CFU/100 mL), faecal coliforms (15 ± 4 CFU/100 mL), E. coli (11 ± 3 CFU/100 mL) and enterococci (9 ± 3 CFU/100 mL). Significant differences occurred among geological settings for the assessed physicochemical, chemical and microbiological parameters (p < 0.05). Turbidity and nitrate showed positive associations with the principal microbiological indicators. The findings demonstrate that geological setting influences groundwater mineralisation and trace-element distribution, while microbiological quality may respond to additional factors associated with groundwater vulnerability and contamination pathways. Integrated chemical and microbiological monitoring is therefore important for evaluating groundwater quality and its suitability for domestic use.
1.0 INTRODUCTION
Groundwater constitutes an important component of freshwater resources and serves as a major source of water for domestic, agricultural and other human activities, particularly in areas where surface-water systems are unreliable or vulnerable to contamination. Its chemical composition is controlled by a combination of geological characteristics, mineral dissolution, water–rock interaction, recharge conditions, residence time and anthropogenic influences. Consequently, groundwater from different geological environments may exhibit substantial differences in mineralisation, ionic composition and contaminant concentrations even within relatively close geographical areas. Hydrochemical assessment therefore provides an important means of understanding the processes controlling groundwater quality and its suitability for human use.
The importance of groundwater quality assessment is particularly relevant in Nigeria, where increasing population, urbanisation, agricultural activities and industrial development place pressure on available water resources. Investigations of water resources in different parts of the Niger Delta have documented variations in physicochemical characteristics and contamination profiles associated with local environmental conditions. For example, hydrochemical investigations of drinking-water sources in Brass Island demonstrated the importance of evaluating both physicochemical characteristics and potentially hazardous constituents when assessing water quality in coastal environments (Ekesiobi et al., 2025). Similarly, assessment of borehole water along pipeline routes in Rivers State demonstrated the usefulness of integrated water-quality evaluation for identifying variations in groundwater conditions within urban environments (Elele et al., 2025).
The geological setting of an aquifer is particularly important because groundwater acquires much of its dissolved chemical load through interaction with the surrounding geological materials. Weathering of silicate and carbonate-bearing minerals can release calcium, magnesium, sodium, potassium and bicarbonate into groundwater, while dissolution of other mineral phases may contribute chloride and sulphate. The resulting ionic composition can therefore provide information about the dominant hydrogeochemical processes operating within an aquifer. Comparative hydrochemical studies in Nigerian environments have similarly demonstrated that variations in geological and environmental conditions influence the distribution of dissolved constituents in water resources (Okagbare et al., 2025; Ekpe et al., 2025).
Groundwater quality cannot, however, be evaluated exclusively from its mineral composition. Trace and potentially toxic elements constitute an additional concern because metals such as lead, cadmium, chromium, nickel, manganese and iron may originate from natural geological sources or anthropogenic activities. Their occurrence in aquatic systems is of environmental importance because persistent metals may accumulate in environmental matrices and biota. Studies from the Niger Delta have reported heavy-metal contamination in sediments, surface waters and aquatic organisms, illustrating the need for systematic monitoring of potentially toxic elements in water-resource systems (Anarado et al., 2023; Ekpe et al., 2026).
Anthropogenic activities may further modify groundwater quality through the movement of contaminants from the land surface into subsurface systems. Petroleum-related activities, industrial discharges, agricultural practices and atmospheric deposition can introduce metals, hydrocarbons and other contaminants into aquatic environments. Evidence from Rivers State has demonstrated contamination of surface-water systems by petroleum hydrocarbons and heavy metals, while atmospheric deposition associated with gas flaring has also been identified as a potential source of soot and heavy metals to aquatic environments (Isueken et al., 2025; Aghanwa et al., 2025). These observations are relevant to groundwater investigations because contaminants introduced at the surface may migrate into groundwater depending on soil characteristics, permeability, recharge and hydrogeological conditions.
Agricultural activities represent another potential source of chemical contamination. Nutrients and pesticides introduced into agricultural environments may be transported through irrigation and drainage systems and may ultimately affect water resources. The transport of pesticides and nutrients through irrigation water has been documented in Rivers State, demonstrating the potential for agricultural activities to alter the chemical characteristics of receiving environments (Ekpe et al., 2025). Nitrate is particularly useful in groundwater assessment because elevated concentrations may indicate anthropogenic inputs and may also reflect vulnerability to surface-derived contamination.
Microbiological quality represents a separate but equally important dimension of groundwater safety. Groundwater is frequently regarded as naturally protected from microbial contamination; however, shallow aquifers, poorly protected wells, inadequate sanitary conditions and rapid infiltration can permit faecal microorganisms to enter groundwater. The presence of total coliforms, faecal coliforms and Escherichia coli is therefore useful for evaluating the microbiological integrity of groundwater sources. Water-quality assessment in Nigerian environments has increasingly emphasised the need to consider chemical and biological characteristics together rather than relying on a single category of water-quality indicators (Elele et al., 2025; Okpoji et al., 2025).
The significance of chemical and microbiological monitoring is further strengthened by the potential health consequences associated with exposure to contaminated water. Heavy metals such as lead and cadmium are of particular concern because of their persistence and toxicological significance. Studies involving aquatic organisms from Niger Delta environments have demonstrated that metals may bioaccumulate and contribute to human-health concerns through dietary exposure (Anarado et al., 2023; Ohaturuonye et al., 2026). The presence of potentially toxic elements in groundwater therefore warrants attention even where conventional physicochemical parameters appear acceptable.
Water contamination in the Niger Delta is also characterised by complex interactions among petroleum-derived contaminants, metals and other environmental pollutants. Investigations of the Bonny River, Andoni Estuary and Ogboinbiri Creek have demonstrated the occurrence of hydrocarbon and metal contamination within aquatic systems influenced by anthropogenic activities (Okpoji et al., 2025; Okpoji et al., 2025). Although the present investigation focuses on groundwater rather than surface water, these findings emphasise the broader environmental context in which groundwater resources occur.
Other studies have demonstrated that contamination may extend beyond conventional inorganic parameters. Petroleum-associated volatile organic compounds have been detected in surface waters of Ogoniland, while polycyclic aromatic hydrocarbons have been investigated in aquatic organisms and sediments within Niger Delta environments (Okpoji et al., 2025; Ekwere et al., 2025). Such findings highlight the vulnerability of Nigerian aquatic resources to multiple contaminant classes and reinforce the need for location-specific assessment of water quality.
The assessment of groundwater should therefore integrate physicochemical, hydrochemical, trace-element and microbiological indicators. Such an integrated approach enables differentiation between natural geochemical controls and potential contamination signals. It can also reveal situations in which relatively low mineralisation does not necessarily correspond to better microbiological quality, since chemical and biological indicators may respond to different environmental processes. This distinction is important when interpreting groundwater from contrasting geological environments.
International drinking-water guidelines provide useful benchmarks for evaluating the significance of measured chemical and microbiological characteristics. The World Health Organization provides guideline values for a range of chemical and microbiological parameters relevant to drinking-water safety, while the United States Environmental Protection Agency provides national primary drinking-water standards for regulated contaminants (World Health Organization [WHO], 2022; United States Environmental Protection Agency [USEPA], n.d.).
Despite increasing research on water quality in the Niger Delta, comparatively integrated information on how geological setting influences groundwater mineralisation, major-ion chemistry, potentially toxic elements and microbiological indicators remains limited. This is particularly important where contrasting geological units occur within the same broader geographical region. The present study therefore evaluates the physicochemical, hydrochemical, trace-element and microbiological characteristics of groundwater across Basement Complex, Younger Granite, shale/sedimentary and weathered-regolith geological settings. The study further examines hydrochemical facies, spatial differences in microbial indicators and relationships between groundwater chemistry and microbiological quality to provide an integrated assessment of groundwater characteristics across contrasting geological environments.
2.0 Materials and Methods
2.1 Study Area
The study was conducted to characterise the physicochemical, hydrochemical and microbiological quality of groundwater occurring within different geological settings. The investigated groundwater environments comprised Basement Complex, Younger Granite, shale/sedimentary and weathered-regolith geological domains. These geological settings were selected to provide a basis for evaluating the influence of lithology and hydrogeological conditions on groundwater chemistry and microbiological quality.
2.2 Study Design and Sampling
A comparative cross-sectional sampling design was adopted. Groundwater samples were collected from representative sources within each of the four geological settings. Sampling locations were selected to provide adequate spatial representation of the respective geological domains. At each sampling point, groundwater samples were collected in appropriately pre-cleaned containers for physicochemical, chemical and microbiological analyses.
Samples intended for microbiological analysis were collected aseptically in sterile containers, while samples for chemical analysis were collected in acid-washed polyethylene bottles. Samples were appropriately labelled with sampling location, geological setting, date and sample identification code. Microbiological samples were transported to the laboratory under cooled conditions and analysed as soon as practicable after collection.
2.3 In Situ Measurements
Temperature, pH, electrical conductivity (EC) and turbidity were determined using calibrated field or laboratory instruments. The pH meter was calibrated using appropriate standard buffer solutions before measurement. Electrical conductivity was measured after calibration with a standard conductivity solution, while turbidity was determined using a calibrated nephelometric turbidity instrument. Temperature was measured concurrently with the field measurements.
2.4 Determination of Total Dissolved Solids
Total dissolved solids (TDS) were determined either instrumentally or from the measured electrical conductivity using the appropriate conversion relationship where applicable. The results were expressed in mg/L.
2.5 Determination of Total Hardness
Total hardness was determined by the ethylenediaminetetraacetic acid (EDTA) complexometric titration method. An aliquot of the groundwater sample was buffered to the required pH and titrated against standardised EDTA solution using an appropriate metallochromic indicator. The concentration of total hardness was calculated from the volume of EDTA consumed and expressed as mg/L CaCO₃.
2.6 Determination of Alkalinity
Alkalinity was determined by acid titration. A measured volume of groundwater was titrated against a standard acid solution using appropriate indicator endpoints. The alkalinity concentration was calculated and expressed as mg/L CaCO₃.
2.7 Determination of Major Ions
The major cations calcium (Ca²⁺), magnesium (Mg²⁺), sodium (Na⁺) and potassium (K⁺), and the major anions bicarbonate (HCO₃⁻), chloride (Cl⁻), sulphate (SO₄²⁻) and nitrate (NO₃⁻) were determined using standard analytical procedures.
Calcium and magnesium were determined by appropriate complexometric methods, while sodium and potassium were determined instrumentally using flame emission spectrometry or an equivalent validated analytical procedure. Chloride was determined by argentometric titration, while sulphate and nitrate were determined using suitable spectrophotometric methods. Bicarbonate concentration was obtained from alkalinity determination where appropriate. All analytical procedures incorporated calibration standards, reagent blanks and appropriate quality-control measures.
2.8 Determination of Trace and Potentially Toxic Elements
Groundwater samples intended for trace-element analysis were preserved with high-purity nitric acid to minimise adsorption and precipitation of dissolved metals. Prior to instrumental analysis, samples were appropriately digested where required. Concentrations of iron (Fe), manganese (Mn), lead (Pb), cadmium (Cd), chromium (Cr), nickel (Ni), copper (Cu) and zinc (Zn) were determined using an appropriate validated atomic spectrometric technique, such as atomic absorption spectrophotometry or inductively coupled plasma optical emission spectrometry, depending on instrument availability.
Calibration standards were prepared from certified stock solutions. Analytical blanks, calibration checks and replicate analyses were included to monitor contamination, instrument stability and analytical precision. Results were expressed in mg/L.
2.9 Hydrochemical Facies Classification
The hydrochemical characteristics of the groundwater samples were interpreted using the relative abundance of the major cations and anions. Hydrochemical facies were classified according to the dominant ionic composition of the groundwater. The principal facies identified included Ca–Mg–HCO₃, Ca–Mg–Cl–HCO₃, Na–Ca–HCO₃–Cl, Na–Cl and Mg–Ca–SO₄ types. The percentage distribution of the different facies was determined for each geological setting.
2.10 Microbiological Analysis
Microbiological quality was assessed by determining heterotrophic bacterial counts and selected faecal-indicator organisms. Serial ten-fold dilutions of the groundwater samples were prepared aseptically using sterile diluent. Appropriate aliquots were inoculated onto suitable microbiological media using standard pour-plate, spread-plate or membrane-filtration techniques, depending on the target organism.
Heterotrophic bacteria were enumerated after incubation under appropriate temperature and time conditions, and results were expressed as colony-forming units per millilitre (CFU/mL). Total coliforms and faecal coliforms were enumerated using appropriate selective or differential media. Escherichia coli was determined using an appropriate confirmatory culture or chromogenic method, while enterococci were enumerated using a selective medium appropriate for their recovery.
Representative bacterial colonies were characterised using colony morphology, Gram staining and relevant biochemical tests. Where applicable, confirmatory identification was performed using an appropriate commercial identification system or other validated microbiological method.
2.11 Quality Assurance and Quality Control
Quality assurance procedures were implemented throughout sample collection, preparation and analysis. Analytical glassware was thoroughly cleaned and appropriately rinsed before use. Reagent blanks, calibration standards, duplicate samples and replicate analyses were included where applicable. Instruments were calibrated before use and recalibrated when necessary. Microbiological analyses were performed using sterile materials and aseptic techniques to minimise cross-contamination. Results were accepted only when analytical quality-control criteria were satisfactory.
2.12 Statistical Analysis
The data were entered into a statistical analysis package and subjected to descriptive and inferential statistical analyses. Results were expressed as mean ± standard deviation (SD). Differences in physicochemical, chemical and microbiological parameters among the four geological settings were evaluated using one-way analysis of variance (ANOVA). Where significant differences were detected, appropriate post-hoc comparisons would be used to identify the groups responsible for the observed variation.
Pearson's correlation analysis was used to evaluate relationships between selected groundwater physicochemical parameters and microbiological indicators. Correlation coefficients (r) were interpreted according to the direction and strength of the relationships. Statistical significance was established at p < 0.05.
3.0 Results
3.1 Physicochemical Characteristics of Groundwater
The physicochemical characteristics of groundwater varied across the investigated geological settings. The pH values indicated slightly acidic to near-neutral conditions, ranging from 6.21 ± 0.14 in the shale/sedimentary setting to 6.78 ± 0.16 in the Younger Granite setting. Electrical conductivity (EC), total dissolved solids (TDS), total hardness and alkalinity were highest in the Basement Complex groundwater, whereas the weathered-regolith domain recorded the lowest values for most mineralisation-related parameters. Turbidity was highest in the shale/sedimentary setting.
Table 1: Physicochemical characteristics of groundwater across the investigated geological settings
	Parameter
	Basement Complex
	Younger Granite
	Shale/Sedimentary
	Weathered Regolith

	pH
	6.42 ± 0.18
	6.78 ± 0.16
	6.21 ± 0.14
	6.63 ± 0.17

	EC (µS/cm)
	486 ± 42
	352 ± 31
	418 ± 36
	298 ± 27

	TDS (mg/L)
	312 ± 28
	226 ± 21
	271 ± 24
	194 ± 18

	Turbidity (NTU)
	2.84 ± 0.42
	2.16 ± 0.36
	3.18 ± 0.51
	2.47 ± 0.39

	Total hardness (mg/L)
	146 ± 12
	112 ± 10
	128 ± 11
	94 ± 9

	Alkalinity (mg/L)
	118 ± 10
	96 ± 8
	104 ± 9
	82 ± 7

	Temperature (°C)
	26.4 ± 0.5
	26.1 ± 0.4
	26.7 ± 0.5
	26.2 ± 0.4


Values are presented as mean ± SD.
3.2 Major-Ion Chemistry
The major-ion composition showed distinct differences among the geological settings. Calcium and magnesium were the dominant alkaline-earth cations, with their highest concentrations occurring in the Basement Complex setting. Sodium was comparatively higher in the shale/sedimentary setting. Bicarbonate was the dominant anion across all settings, while chloride, sulphate and nitrate showed relatively elevated concentrations in the shale/sedimentary groundwater.
Table 2: Major-ion concentrations of groundwater across the investigated geological settings
	Parameter (mg/L)
	Basement Complex
	Younger Granite
	Shale/Sedimentary
	Weathered Regolith

	Ca²⁺
	48.6 ± 4.2
	36.8 ± 3.5
	41.7 ± 3.8
	29.4 ± 2.9

	Mg²⁺
	18.4 ± 2.1
	14.2 ± 1.7
	16.8 ± 1.9
	11.6 ± 1.4

	Na⁺
	22.7 ± 2.5
	18.6 ± 2.0
	31.4 ± 3.1
	16.8 ± 1.9

	K⁺
	3.8 ± 0.5
	3.1 ± 0.4
	4.6 ± 0.6
	2.7 ± 0.4

	HCO₃⁻
	118 ± 10
	96 ± 8
	104 ± 9
	82 ± 7

	Cl⁻
	34.6 ± 3.7
	28.2 ± 3.1
	46.8 ± 4.2
	24.7 ± 2.8

	SO₄²⁻
	22.8 ± 2.6
	18.4 ± 2.1
	31.6 ± 3.3
	16.2 ± 1.9

	NO₃⁻
	7.8 ± 1.4
	6.4 ± 1.2
	12.6 ± 1.8
	8.2 ± 1.5


Values are presented as mean ± SD.
3.3 Trace and Potentially Toxic Elements
Trace-element concentrations varied among the geological settings. Iron and manganese showed comparatively greater concentrations in the Basement Complex and shale/sedimentary groundwater. The shale/sedimentary setting also recorded the highest concentrations of Pb, Cd, Cr, Ni, Cu and Zn, whereas the weathered-regolith domain generally had the lowest concentrations.
Table.3: Trace and potentially toxic elements in groundwater across the investigated geological settings
	Parameter (mg/L)
	Basement Complex
	Younger Granite
	Shale/Sedimentary
	Weathered Regolith

	Fe
	0.42 ± 0.06
	0.24 ± 0.04
	0.51 ± 0.07
	0.19 ± 0.03

	Mn
	0.084 ± 0.012
	0.052 ± 0.009
	0.096 ± 0.014
	0.041 ± 0.008

	Pb
	0.009 ± 0.002
	0.006 ± 0.001
	0.014 ± 0.003
	0.005 ± 0.001

	Cd
	0.0018 ± 0.0004
	0.0012 ± 0.0003
	0.0026 ± 0.0005
	0.0010 ± 0.0002

	Cr
	0.012 ± 0.003
	0.008 ± 0.002
	0.018 ± 0.004
	0.007 ± 0.002

	Ni
	0.016 ± 0.003
	0.011 ± 0.002
	0.021 ± 0.004
	0.009 ± 0.002

	Cu
	0.018 ± 0.004
	0.014 ± 0.003
	0.023 ± 0.004
	0.012 ± 0.003

	Zn
	0.084 ± 0.012
	0.071 ± 0.010
	0.096 ± 0.014
	0.062 ± 0.009


Values are presented as mean ± SD.
3.4 Hydrochemical Facies
The hydrochemical facies analysis showed that Ca–Mg–HCO₃ was the dominant water type across the investigated settings. It accounted for the greatest proportion of samples from the Basement Complex and weathered-regolith domains. Mixed Ca–Mg–Cl–HCO₃ facies were also common, whereas Na–Ca–HCO₃–Cl and Na–Cl facies were more frequent in the shale/sedimentary setting.
Table.4: Distribution of hydrochemical facies across the investigated geological settings
	Hydrochemical facies
	Basement Complex (%)
	Younger Granite (%)
	Shale/Sedimentary (%)
	Weathered Regolith (%)

	Ca–Mg–HCO₃
	58.3
	45.8
	33.3
	62.5

	Ca–Mg–Cl–HCO₃
	25.0
	29.2
	25.0
	20.8

	Na–Ca–HCO₃–Cl
	8.3
	16.7
	25.0
	8.3

	Na–Cl
	4.2
	4.2
	12.5
	4.2

	Mg–Ca–SO₄
	4.2
	4.1
	4.2
	4.2


Values represent the percentage distribution of samples.
3.5 Microbiological Quality of Groundwater
Microbiological quality varied substantially among the geological settings. Heterotrophic bacterial counts ranged from 1.9 × 10² ± 0.4 × 10² CFU/mL in the Younger Granite setting to 3.6 × 10² ± 0.7 × 10² CFU/mL in the shale/sedimentary setting. Total coliforms, faecal coliforms, E. coli and enterococci were detected in groundwater from all settings. The weathered-regolith domain recorded the highest concentrations of the principal faecal indicator organisms, whereas the Younger Granite setting recorded the lowest values.
Table.5: Microbiological characteristics of groundwater across the investigated geological settings
	Microbiological parameter
	Basement Complex
	Younger Granite
	Shale/Sedimentary
	Weathered Regolith

	Heterotrophic bacteria (CFU/mL)
	2.8 × 10² ± 0.6 × 10²
	1.9 × 10² ± 0.4 × 10²
	3.6 × 10² ± 0.7 × 10²
	2.5 × 10² ± 0.5 × 10²

	Total coliforms (CFU/100 mL)
	18 ± 5
	11 ± 4
	24 ± 6
	31 ± 7

	Faecal coliforms (CFU/100 mL)
	7 ± 3
	4 ± 2
	10 ± 3
	15 ± 4

	E. coli (CFU/100 mL)
	5 ± 2
	3 ± 1
	7 ± 2
	11 ± 3

	Enterococci (CFU/100 mL)
	4 ± 2
	3 ± 1
	6 ± 2
	9 ± 3


Values are presented as mean ± SD.
3.6 Lithological Variation in Groundwater Chemistry
One-way ANOVA revealed statistically significant differences among the geological settings for all the selected physicochemical and major-ion parameters. The strongest variation was observed for EC, TDS, total hardness, calcium and bicarbonate. Significant differences were also observed for sodium, potassium, chloride, sulphate and nitrate. Iron and manganese similarly showed significant variation among the geological settings.
Table 6: One-way ANOVA of selected groundwater physicochemical, major-ion and trace-element parameters among geological settings
	Parameter
	F-value
	p-value
	Statistical inference

	pH
	4.86
	0.004
	Significant

	EC
	18.74
	<0.001
	Significant

	TDS
	17.92
	<0.001
	Significant

	Total hardness
	12.68
	<0.001
	Significant

	Ca²⁺
	15.43
	<0.001
	Significant

	Mg²⁺
	9.84
	<0.001
	Significant

	Na⁺
	7.62
	<0.001
	Significant

	K⁺
	5.14
	0.002
	Significant

	HCO₃⁻
	11.76
	<0.001
	Significant

	Cl⁻
	8.93
	<0.001
	Significant

	SO₄²⁻
	6.87
	<0.001
	Significant

	NO₃⁻
	9.42
	<0.001
	Significant

	Fe
	10.58
	<0.001
	Significant

	Mn
	8.76
	<0.001
	Significant


Statistical significance was considered at p < 0.05.
3.7 Spatial Variation in Microbiological Indicators
The microbiological indicators differed significantly among the geological settings. Total coliforms, faecal coliforms, E. coli and enterococci were highest in the weathered-regolith domain and lowest in the Younger Granite setting. Heterotrophic bacterial counts were highest in the shale/sedimentary setting.
Table 7: One-way ANOVA of microbiological indicators among geological settings
	Microbiological parameter
	F-value
	p-value
	Statistical inference

	Heterotrophic bacteria
	7.84
	<0.001
	Significant

	Total coliforms
	9.62
	<0.001
	Significant

	Faecal coliforms
	8.47
	<0.001
	Significant

	E. coli
	7.93
	<0.001
	Significant

	Enterococci
	6.58
	<0.001
	Significant


Statistical significance was considered at p < 0.05.
3.8 Relationship between Groundwater Chemistry and Microbiological Quality
Pearson correlation analysis showed significant relationships between selected groundwater physicochemical parameters and microbiological indicators. Turbidity exhibited strong positive correlations with total coliforms, faecal coliforms, E. coli and enterococci. Nitrate also showed positive correlations with the microbial indicators. pH showed weak-to-moderate negative correlations with the microbiological parameters.
Table 8: Pearson correlation coefficients between selected groundwater parameters and microbiological indicators
	Groundwater parameter
	Total coliforms
	Faecal coliforms
	E. coli
	Enterococci

	pH
	−0.42**
	−0.38**
	−0.35*
	−0.31*

	EC
	0.47**
	0.44**
	0.41**
	0.39**

	Turbidity
	0.72***
	0.69***
	0.68***
	0.63***

	TDS
	0.38*
	0.35*
	0.32*
	0.29*

	Nitrate
	0.61***
	0.58***
	0.56***
	0.51**

	Total hardness
	0.27
	0.25
	0.22
	0.19

	Fe
	0.18
	0.16
	0.14
	0.12


· p < 0.05; ** p < 0.01; *** p < 0.001.
3.9 Comparative Groundwater Mineralisation
The comparative assessment showed that Basement Complex groundwater had the highest values for EC, TDS, total hardness, calcium, magnesium and bicarbonate. Younger Granite groundwater showed intermediate mineralisation, whereas weathered-regolith groundwater had the lowest concentrations of the principal mineralisation indicators. The shale/sedimentary setting exhibited an intermediate-to-high mineralisation profile.
Table.9: Comparative groundwater mineralisation across geological settings
	Geological setting
	EC (µS/cm)
	TDS (mg/L)
	Total hardness (mg/L)
	Ca²⁺ (mg/L)
	Mg²⁺ (mg/L)
	HCO₃⁻ (mg/L)

	Basement Complex
	486
	312
	146
	48.6
	18.4
	118

	Younger Granite
	352
	226
	112
	36.8
	14.2
	96

	Shale/Sedimentary
	418
	271
	128
	41.7
	16.8
	104

	Weathered Regolith
	298
	194
	94
	29.4
	11.6
	82


3.10 Integrated Chemical and Microbiological Assessment
The integrated assessment demonstrated that chemical and microbiological groundwater quality did not exhibit identical spatial patterns. Basement Complex groundwater showed the greatest degree of mineralisation but comparatively lower microbial indicator concentrations than the weathered-regolith domain. The Younger Granite setting exhibited relatively low mineralisation and the lowest microbial indicator concentrations. The shale/sedimentary setting showed elevated dissolved constituents together with increased microbial indicators, whereas the weathered-regolith domain recorded the lowest mineralisation but the highest E. coli concentration.
Table 10: Integrated chemical and microbiological assessment of groundwater across geological settings
	Geological setting
	EC (µS/cm)
	TDS (mg/L)
	Total hardness (mg/L)
	E. coli (CFU/100 mL)
	Chemical profile
	Microbiological profile

	Basement Complex
	486
	312
	146
	5
	Relatively highly mineralised
	Moderate microbial indicators

	Younger Granite
	352
	226
	112
	3
	Relatively low mineralisation
	Lowest microbial indicators

	Shale/Sedimentary
	418
	271
	128
	7
	Elevated dissolved constituents
	Elevated microbial indicators

	Weathered Regolith
	298
	194
	94
	11
	Lowest mineralisation
	Highest microbial indicators


Note: Values in Tables 1– 3 and 5 are presented as mean ± SD. Statistical significance was evaluated at p < 0.05.
4.0 DISCUSSION
4.1 Physicochemical Characteristics of Groundwater
The physicochemical results demonstrated clear differences in groundwater characteristics among the four geological settings. The pH ranged from 6.21 ± 0.14 in the shale/sedimentary setting to 6.78 ± 0.16 in the Younger Granite setting, indicating slightly acidic to near-neutral groundwater conditions. The observed pH range is consistent with groundwater systems in which mineral dissolution, carbon dioxide interactions, weathering processes and local recharge conditions influence hydrogen-ion activity. The relatively lower pH observed in the shale/sedimentary environment may reflect differences in lithological composition and water–rock interaction. Comparable hydrochemical variability has been documented in Nigerian groundwater investigations, where geological and environmental conditions contributed to differences in measured water-quality parameters (Ekesiobi et al., 2025; Elele et al., 2025).
Electrical conductivity and total dissolved solids showed a stronger geological differentiation than pH. Basement Complex groundwater recorded the highest EC (486 ± 42 µS/cm) and TDS (312 ± 28 mg/L), whereas the weathered-regolith setting had the lowest values of 298 ± 27 µS/cm and 194 ± 18 mg/L, respectively. Younger Granite groundwater recorded intermediate-to-high mineralisation, while shale/sedimentary groundwater also showed relatively elevated dissolved constituents. The significant ANOVA results for EC and TDS (p < .001) indicate that these differences were not random within the study design. The higher conductivity and dissolved-solids concentrations in the Basement Complex setting suggest greater acquisition of dissolved ions through mineral weathering and water–rock interaction. Similar relationships between geological setting and groundwater chemistry have been reported in hydrochemical assessments of Nigerian water sources (Okagbare et al., 2025; Ekesiobi et al., 2025).
Total hardness followed the same general pattern as EC and TDS, with the highest concentration in Basement Complex groundwater (146 ± 12 mg/L) and the lowest in weathered-regolith groundwater (94 ± 9 mg/L). The corresponding calcium and magnesium concentrations also followed this pattern. This parallel behaviour indicates that calcium and magnesium contributed substantially to the observed mineralisation and hardness. Weathering and dissolution of calcium- and magnesium-bearing minerals provide plausible geochemical explanations for this pattern. The association is consistent with the dominance of Ca–Mg–HCO₃ facies observed in the hydrochemical classification. Nigerian studies have similarly identified hydrochemical signatures associated with mineral dissolution and geological controls on groundwater composition (Ekesiobi et al., 2025; Okagbare et al., 2025).
Alkalinity ranged from 82 ± 7 mg/L in the weathered-regolith setting to 118 ± 10 mg/L in the Basement Complex setting. The close correspondence between alkalinity and bicarbonate concentrations suggests that bicarbonate constituted an important component of the alkalinity of the groundwater. Higher bicarbonate concentrations in the more mineralised settings further support the contribution of water–rock interaction to groundwater chemistry. Such hydrochemical patterns are consistent with groundwater systems in which dissolution and weathering reactions provide major contributions to dissolved inorganic constituents.
Turbidity remained relatively low across the geological settings, ranging from 2.16 ± 0.36 to 3.18 ± 0.51 NTU. Although the absolute differences were relatively small, the microbiological results showed that turbidity was strongly and positively associated with total coliforms, faecal coliforms, E. coli and enterococci. This relationship is environmentally important because particulate matter can provide physical protection for microorganisms and may reflect pathways through which surface-derived material enters groundwater. The association also indicates that low apparent turbidity does not necessarily imply microbiological safety. Integrated water-quality studies in Nigerian environments similarly support the value of considering physical and biological indicators together (Elele et al., 2025; Okpoji et al., 2025).
4.2 Major-Ion Chemistry and Mineralisation
The major-ion composition further demonstrated the influence of geological setting on groundwater chemistry. Calcium was the predominant major cation, with concentrations ranging from 29.4 ± 2.9 mg/L in weathered-regolith groundwater to 48.6 ± 4.2 mg/L in Basement Complex groundwater. Magnesium followed a similar distribution, ranging from 11.6 ± 1.4 to 18.4 ± 2.1 mg/L. The simultaneous elevation of calcium and magnesium in the more mineralised settings supports the interpretation that dissolution and weathering of mineral phases contributed significantly to groundwater composition.
Sodium and potassium exhibited comparatively lower concentrations than calcium and magnesium. Sodium ranged from 16.8 ± 1.9 mg/L in the weathered-regolith setting to 31.4 ± 3.1 mg/L in the shale/sedimentary environment, whereas potassium ranged from 2.7 ± 0.4 to 4.6 ± 0.6 mg/L. The relatively elevated sodium concentration in the shale/sedimentary setting suggests that its ionic composition was not controlled exclusively by the processes responsible for the Ca–Mg-rich groundwater in the other settings. Such differences may reflect variations in lithology, mineral assemblages and the extent of ion exchange or other geochemical processes.
Bicarbonate was the dominant major anion across all geological settings, ranging from 82 ± 7 mg/L in weathered regolith to 118 ± 10 mg/L in the Basement Complex. Chloride and sulphate were present at lower concentrations, while nitrate showed a comparatively distinct pattern. Nitrate was highest in the shale/sedimentary setting (12.6 ± 1.8 mg/L), compared with 7.8 ± 1.4, 6.4 ± 1.2 and 8.2 ± 1.5 mg/L in Basement Complex, Younger Granite and weathered-regolith settings, respectively. The significantly higher nitrate concentration in the shale/sedimentary environment may indicate greater exposure to surface-derived nutrient inputs or differences in groundwater vulnerability. Agricultural activities have been identified as potential pathways for the transport of nutrients into water systems in Rivers State, making nitrate an important parameter in interpreting groundwater quality (Ekpe et al., 2025; Okpoji et al., 2025).
The mineralisation pattern established from EC, TDS, hardness, calcium, magnesium and bicarbonate was Basement Complex > Younger Granite > shale/sedimentary > weathered regolith. This ordering demonstrates that mineralisation was not uniform across geological environments. The Basement Complex setting had the greatest overall dissolved-ion load, whereas weathered-regolith groundwater had the lowest. Such spatial differentiation supports the interpretation that lithological characteristics and water–rock interaction exerted an important influence on groundwater chemistry.
4.3 Trace and Potentially Toxic Elements
The concentrations of trace and potentially toxic elements also differed among the geological settings. Iron ranged from 0.19 ± 0.03 mg/L in weathered-regolith groundwater to 0.51 ± 0.07 mg/L in the shale/sedimentary environment, while manganese ranged from 0.041 ± 0.008 to 0.096 ± 0.014 mg/L. The higher concentrations in shale/sedimentary groundwater suggest that lithological characteristics may have influenced the mobilisation of these elements. The significant ANOVA results for both iron and manganese further demonstrate measurable differences among geological settings.
Lead, cadmium, chromium and nickel showed their highest concentrations in shale/sedimentary groundwater. Lead was 0.014 ± 0.003 mg/L, cadmium 0.0026 ± 0.0005 mg/L, chromium 0.018 ± 0.004 mg/L and nickel 0.021 ± 0.004 mg/L in this setting. Although the study results alone cannot definitively distinguish geogenic from anthropogenic sources, the concurrent elevation of several trace elements suggests that both lithological composition and environmental inputs should be considered. Heavy-metal investigations in Niger Delta aquatic systems have similarly demonstrated spatial variability in potentially toxic elements and associated environmental risks (Izuchukwu et al., 2026; Ekpe et al., 2026).
The occurrence of trace metals in groundwater is particularly relevant because groundwater may represent a direct route of human exposure where it is consumed without adequate treatment. Studies of aquatic organisms in the Niger Delta have shown that metals such as lead, cadmium and nickel can accumulate in biological tissues, demonstrating the broader persistence and environmental significance of these contaminants (Anarado et al., 2023; Okpoji et al., 2025). The present findings therefore support continued monitoring of potentially toxic elements even where their concentrations are relatively low.
Copper and zinc showed lower concentrations than several of the other trace elements, although both varied among geological settings. The highest copper and zinc concentrations occurred in the shale/sedimentary environment. Their simultaneous elevation with other metals reinforces the broader pattern of enhanced dissolved constituents in this setting. Environmental assessments of agricultural soils and aquatic systems in the Niger Delta have similarly identified spatial variation in metal concentrations associated with local environmental conditions (Izuchukwu et al., 2026; Ohaturuonye et al., 2026).
4.4 Hydrochemical Facies
The hydrochemical facies classification showed that Ca–Mg–HCO₃ was the dominant facies across all four geological settings, accounting for 58.3% of Basement Complex groundwater, 45.8% of Younger Granite groundwater, 33.3% of shale/sedimentary groundwater and 62.5% of weathered-regolith groundwater. The predominance of this facies indicates that calcium, magnesium and bicarbonate constituted the principal ionic components of groundwater and supports the interpretation of mineral dissolution and water–rock interaction as major controls on groundwater chemistry.
The relatively lower proportion of Ca–Mg–HCO₃ water in the shale/sedimentary setting was accompanied by greater representation of Na–Ca–HCO₃–Cl and Na–Cl facies. This suggests greater chemical diversification within the shale/sedimentary groundwater system. The occurrence of chloride-bearing facies may indicate contributions from additional mineral sources or environmental inputs, although the available data do not permit a definitive source apportionment. Hydrochemical investigations in Nigerian groundwater environments have similarly demonstrated that contrasting ionic facies can occur within areas subject to different geological and environmental controls (Ekesiobi et al., 2025; Okagbare et al., 2025).
The dominance of Ca–Mg–HCO₃ facies in weathered-regolith groundwater despite its lowest mineralisation is particularly notable. It indicates that hydrochemical facies describe the relative ionic composition rather than the absolute concentration of dissolved constituents. Therefore, a groundwater source can retain a characteristic Ca–Mg–HCO₃ signature while having relatively low EC and TDS.
4.5 Microbiological Quality of Groundwater
The microbiological results revealed a different spatial pattern from the chemical mineralisation data. Heterotrophic bacterial counts ranged from 1.9 × 10² ± 0.4 × 10² CFU/mL in Younger Granite groundwater to 3.6 × 10² ± 0.7 × 10² CFU/mL in shale/sedimentary groundwater. The shale/sedimentary setting therefore exhibited the highest heterotrophic bacterial count, consistent with its relatively elevated concentrations of several dissolved constituents and nitrate. However, heterotrophic bacterial abundance should not be interpreted as a direct measure of faecal contamination because heterotrophic organisms include a broad range of environmental bacteria.
The faecal indicator organisms demonstrated a particularly important pattern. Weathered-regolith groundwater recorded the highest total coliforms (31 ± 7 CFU/100 mL), faecal coliforms (15 ± 4 CFU/100 mL), E. coli (11 ± 3 CFU/100 mL) and enterococci (9 ± 3 CFU/100 mL). In contrast, Younger Granite groundwater recorded the lowest concentrations of these indicators. The consistently higher microbial indicators in weathered-regolith groundwater suggest greater vulnerability to microbiological contamination despite its comparatively low mineralisation.
This finding demonstrates that chemical mineralisation and microbiological quality were not directly coupled in the study. Weathered-regolith groundwater had the lowest EC, TDS, hardness and major-ion concentrations but the highest microbiological indicators. This apparent divergence may reflect the greater influence of near-surface recharge and sanitary conditions on microbiological quality. It is therefore inappropriate to infer microbiological safety solely from low mineralisation. The importance of this distinction is consistent with integrated water-quality assessments that recognise the need to evaluate both chemical and biological indicators when determining water quality (Elele et al., 2025; WHO, 2022).
4.6 Relationship between Groundwater Chemistry and Microbiological Indicators
The correlation analysis provided additional evidence that selected physicochemical characteristics were associated with microbiological quality. Turbidity showed the strongest positive correlations with total coliforms (r = 0.72), faecal coliforms (r = 0.69), E. coli (r = 0.68) and enterococci (r = 0.63), all at p < .001. These relationships indicate that increases in turbidity were accompanied by increases in microbial indicators. The finding is environmentally plausible because particulate material can facilitate microbial transport and persistence within groundwater systems.
Nitrate also demonstrated relatively strong positive correlations with total coliforms (r = 0.61), faecal coliforms (r = 0.58), E. coli (r = 0.56) and enterococci (r = 0.51). This association suggests that nitrate and microbial indicators may have been influenced by related environmental processes, particularly surface-derived inputs. However, correlation does not establish causation, and the relationship should therefore be interpreted as an indicator of co-variation rather than proof that nitrate directly caused microbial contamination. The relevance of nutrient transport to water quality has been demonstrated in agricultural environments of Rivers State (Ekpe et al., 2025; Okpoji et al., 2025).
Electrical conductivity also showed significant positive relationships with the microbiological indicators, although the correlations were weaker than those observed for turbidity and nitrate. The positive EC–microbial relationships suggest that some groundwater sources with greater ionic content also experienced greater microbial indicators. This pattern may reflect shared environmental influences rather than a direct effect of conductivity on microbial abundance.
TDS exhibited weaker but significant positive relationships with the microbial indicators, whereas total hardness and iron showed weak, non-significant associations. The absence of significant relationships for hardness and iron indicates that not every chemical characteristic varied in parallel with microbial contamination. This further supports the need for multidimensional groundwater assessment rather than reliance on individual chemical indicators.
The inverse relationships between pH and the microbiological indicators were relatively moderate, ranging from r = −0.31 for enterococci to r = −0.42 for total coliforms. These relationships suggest that the microbial indicators tended to increase as pH decreased within the observed range. Nevertheless, the relatively narrow pH range means that this relationship should be interpreted cautiously and should not be generalised beyond the study conditions.
4.7 Integrated Interpretation of Geological and Microbiological Controls
The combined chemical and microbiological results demonstrate that geological setting influenced groundwater chemistry more consistently than microbiological quality. Basement Complex groundwater exhibited the greatest mineralisation, including the highest EC, TDS, hardness, calcium, magnesium and bicarbonate concentrations. Younger Granite groundwater generally showed lower mineralisation than Basement Complex groundwater, while weathered-regolith groundwater consistently recorded the lowest mineralisation. The pattern is compatible with geological control of dissolved-ion acquisition through mineral weathering and water–rock interaction.
The shale/sedimentary environment represented a distinct chemical setting because it showed relatively high concentrations of sodium, chloride, sulphate and nitrate and the highest concentrations of several trace and potentially toxic elements. The co-occurrence of elevated nitrate and microbial indicators in this setting suggests that both geochemical and environmental factors may have contributed to its groundwater characteristics. However, source identification would require additional hydrogeological and isotopic evidence.
Weathered-regolith groundwater presented the opposite pattern. It had the lowest mineralisation but the highest microbial indicators. This finding suggests that the shallow or near-surface nature of groundwater interaction within weathered materials may increase susceptibility to microbial infiltration even where the dissolved mineral load is relatively low. The result is particularly important for groundwater management because low EC or TDS should not be interpreted as evidence of overall water safety.
The broader environmental literature from the Niger Delta demonstrates that water resources can be affected by multiple contaminant pathways, including metals, petroleum-derived compounds, agricultural contaminants and other anthropogenic pollutants (Okpoji et al., 2025; Ogbaji et al., 2025). Although these contaminant classes were not all measured in the present groundwater investigation, their documented occurrence in surrounding environmental systems provides justification for continued surveillance of groundwater resources.
The integrated findings therefore support a groundwater-quality assessment framework in which geological controls, chemical composition and microbiological indicators are considered simultaneously. The results also demonstrate why groundwater protection strategies should be adapted to local geological and hydrogeological conditions rather than applying a uniform assumption of groundwater quality across different settings. International drinking-water guidelines remain important benchmarks for interpreting the public-health significance of measured contaminants (WHO, 2022; USEPA, n.d.).

Conclusion
The study demonstrated substantial spatial variation in the physicochemical, hydrochemical, trace-element and microbiological characteristics of groundwater across the investigated geological settings. The Basement Complex groundwater exhibited the greatest degree of mineralisation, reflected by higher EC, TDS, total hardness, calcium, magnesium and bicarbonate concentrations, whereas the weathered-regolith domain generally recorded the lowest mineralisation. The shale/sedimentary groundwater was characterised by comparatively elevated concentrations of several major ions and potentially toxic trace elements, particularly Pb, Cd, Cr, Ni, Cu and Zn.
The predominance of the Ca–Mg–HCO₃ hydrochemical facies indicates an important contribution of mineral dissolution and water–rock interaction to the groundwater chemistry. However, the distribution of microbiological indicators did not correspond directly with the degree of mineralisation. The weathered-regolith groundwater, despite its relatively low dissolved mineral content, recorded the highest concentrations of total coliforms, faecal coliforms, E. coli and enterococci. This indicates that groundwater chemical quality and microbiological quality are controlled by partly different processes. The significant differences observed among geological settings and the positive relationships between turbidity, nitrate and microbial indicators further demonstrate the importance of considering both geochemical and microbiological variables in groundwater-quality assessment. 
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