


Seasonal Groundwater Quality and Hydrogeochemical Assessment in Idemili South and Nnewi North, Anambra State, Nigeria
[bookmark: _GoBack]
Abstract
Understanding seasonal variations in groundwater chemistry is crucial for sustainable water resource management and agricultural planning. This study presents a comprehensive assessment of groundwater quality and hydrogeochemical processes in Idemili South and Nnewi North of Anambra State , Southeastern, Nigeria, across dry and rainy seasons. A total of 48 groundwater samples were analyzed for major cations (Ca²⁺, Mg²⁺, Na⁺, K⁺), anions (HCO₃⁻, Cl⁻, SO₄²⁻), pH, electrical conductivity (EC), total dissolved solids (TDS), and minor constituents (NO₃⁻, Fe). Hydrochemical facies were characterized using Piper, Durov, Schoeller, ionic plots, and Stiff diagrams, and irrigation suitability was evaluated using Wilcox diagrams. Pearson correlation analyses elucidated interrelationships among water quality parameters, revealing the dominant geochemical controls. Results indicate that dry season groundwater is slightly acidic (mean pH 5.65) with low to moderate mineralization (mean TDS 162.2 mg/L), dominated by Na⁺ and HCO₃⁻ due to carbonate dissolution, silicate weathering, and ion exchange. Na-Cl waters exhibited medium to high salinity hazards, whereas most waters were suitable for irrigation based on low sodium adsorption ratios (SAR). During the rainy season, increased recharge led to higher TDS (mean 226.6 mg/L) and greater hydrochemical diversity, including Ca-HCO₃ and Na-SO₄ water types. Strong correlations among Ca²⁺, HCO₃⁻, and TDS indicate enhanced carbonate dissolution, while Na⁺ and SO₄²⁻ reflect silicate weathering and sulphate mineral contributions. Notably, Na-Cl and Na-SO₄ waters pose significant salinity risks for irrigation. These findings provide critical insights into seasonal hydrogeochemical dynamics, guiding sustainable groundwater utilization and agricultural water management in regions with variable hydrological conditions.
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1.0 Introduction
1.1 Importance of Water Resources
Water resources are fundamental to human development, ecological balance, and agricultural productivity (Vorosmarty et al., 2010). Access to clean and safe water is indispensable for domestic consumption, industrial processing, and public health protection (WHO, 2017). Increasing population growth, urbanization, and industrial expansion have exerted significant pressure on water resources globally, emphasizing the need for continuous monitoring of water quality (UN-Water, 2021). In many developing regions, including Nigeria, inadequate wastewater management and limited environmental monitoring and infrastructure exacerbate the risk of water pollution (Adeyemi et al., 2019).
1.2 Water Quality Challenges in Anambra State
Idemili South and Nnewi North LGAs of Anambra State constitute densely populated and commercially active zones. The areas are dominated by manufacturing industries, automotive markets, metal-fabrication workshops, effluent discharge points, and heavy traffic activities. These factors potentially compromise groundwater quality through leaching of contaminants, improper waste disposal, and infiltration of pollutants into aquifers (Ibe & Sowa, 2019; Ezeh & Ugwu, 2020). Most households depend on borehole water due to the unreliable public water distribution system, making groundwater quality a critical public health concern (Okoye et al., 2021).
Previous hydrochemical assessments across southeastern Nigeria have identified elevated concentrations of dissolved solids, microbial contaminants, and trace metals attributable to both natural and anthropogenic influences (Nwankwor et al., 2018; Onyema et al., 2020). These concerns underline the need for a systematic assessment of water quality in the Nnobi–Oba–Nnewi region.
1.3 Geology of the Study Area
The study area (Fig.1) lies between longitudes 6o48’0’’E and 6o59’0’’E and latitudes 5o59’0’’N and 6o7’0’’N. It covers Oba, Ojoto, Alor, Oraukwu, Nnobi and Awka-etiti in Idemili South and Nnewi in Nnewi North Local Government Areas, of Anambra State, southeastern Nigeria. The study area lies within the Niger Delta Basin, a major structural and sedimentary basin in southeastern Nigeria. The geology is dominated by Late Cretaceous to Tertiary sedimentary formations, which include sequences of shales, sandstones, siltstones, and claystones deposited under various continental and shallow marine environments (Reyment, 1965; Nwajide, 2013).
The study area is underlain by the Paleocene to Oligocene stratigraphic units which include the Imo Formation that comprises dark fissile shale, mudstone, and claystone and generally acts as an aquitard due to its low permeability. The Ameki Formation which is  predominantly cross-bedded sandstones, sandy clay, and nodular limestone; known for relatively high permeability and moderate aquifer potential.  The Nanka Formation,  highly porous and permeable sand units that often host productive aquifers (Nwajide, 2013). The Ogwashi-Asaba Formation and part of the Benin Formation. Finally, the Alluvial Deposits occurring along valley bottoms and floodplains, consisting of sand, gravel, and clay lenses which may host shallow unconfined aquifers.
The local geology influences groundwater chemistry through water–rock interactions, mineral dissolution, and ion exchange processes (Offodile, 2002). Areas underlain by sandstone formations typically yield low-mineralized water, whereas shale-dominated terrains may contribute iron, manganese, and other metals to groundwater through geochemical weathering.
1.4 Hydrogeology of the Study Area
Groundwater in the study area occurs mainly within unconfined and semi-confined aquifers hosted by sandstone units of the Ameki and Nanka Formations. These aquifers are characterized by high porosity and moderate to high transmissivity, making them important sources of domestic and industrial water (Ocheri et al., 2018). The depth to water table generally varies between 20 and 60 meters depending on topography and lithology.
Climatically, the region experiences two distinct seasons: the dry season (November–March) and the rainy season (April–October). The dry period is marked by intense aridity, dusty conditions, and a lowering of both surface water and shallow groundwater levels, coupled with widespread leaf fall (Onwuemesi et al., 1991; Egboka et al., 1985). The region’s high annual rainfall approximately 2000 mm contributes to seasonal rises in groundwater levels.
Recharge occurs primarily through direct infiltration of rainfall, percolation from surface runoff along gullies and depressions, and lateral groundwater flow from adjacent uplands. During the rainy season, high infiltration enhances groundwater replenishment but also increases the risk of contaminant transport from surface sources such as pit latrines, dumpsites, and industrial areas (Amah-Jumbo et al., 2019). Conversely, the dry season is associated with reduced recharge, seasonal decline in water table, and concentration of dissolved ions due to evaporation and reduced dilution capacity (Ikem et al., 2002). Given the shallow depth of some aquifer units and the presence of permeable sandy formations, the study area is particularly vulnerable to pollution from anthropogenic activities making water quality monitoring essential.
1.5 Need for Evaluating Physical, Chemical and Biological Indicators
Physical, chemical, and biological parameters are central to assessing water quality and determining suitability for drinking and domestic use (Chapman, 2017; Sawyer et al., 2016). Parameters such as pH, turbidity, electrical conductivity, dissolved ions, trace metals, and microbial content provide insight into pollution levels, geochemical processes, and potential health risks. Dissolved metals including iron, manganese, lead, and zinc may originate from geological formations or from industrial and domestic wastes (Alloway, 2013). Excess concentrations beyond permissible limits are associated with adverse health effects including organ toxicity, neurological impairments, and carcinogenic outcomes (WHO, 2017). Microbial contamination, particularly from Escherichia coli, often reflects inadequate sanitation and infiltration of fecal sources into groundwater (Ocheri et al., 2018).



1.6 Seasonal Variations in Water Quality
Seasonal patterns exert significant influence on hydrochemical and microbiological water characteristics. Rainy-season recharge enhances infiltration but may mobilize contaminants from agricultural lands, waste dumps, and industrial sites into groundwater systems (Bhatt & McDowell, 2019) especially in areas like the study area where annual rainfall amount is about 2000mm. The dry season, characterized by reduced rainfall amount and dilution, often leads to higher electrical conductivity, total dissolved solids, and ionic concentration due to evaporative enrichment (Ikem et al., 2002). Understanding seasonal dynamics is essential for designing treatment strategies and predicting potential contamination trends in groundwater bodies. The findings of this research will assist in developing targeted water management strategies and enhance the understanding of hydrochemical processes influencing groundwater in southeastern Nigeria. Despite being a primary source of water for domestic and industrial use, the seasonal hydrogeochemical characteristics of groundwater in Idemili South and Nnewi North remain poorly understood, necessitating a detailed assessment to inform sustainable management and safeguard public health.”
2.0. Methodology
2.1 Study Area and Sampling
Groundwater samples were collected from twenty-four (24) wells and boreholes across the study area, covering both the dry and rainy seasons to capture temporal variations in water chemistry (Fig. 1). Field measurements of pH, temperature, electrical conductivity (EC), and turbidity were recorded in situ using calibrated portable instruments to ensure sample integrity and minimize alterations during collection. Low-flow sampling protocols were adopted, whereby wells were purged at minimal pumping rates until parameters such as EC and pH stabilized, consistent with standard procedures for obtaining representative groundwater samples (APHA, 2005). Water samples were collected in pre-cleaned polyethylene bottles, with filtration through 0.45 μm membranes for major cation ion analysis. Samples designated for cation analysis were acidified to preserve ionic composition until laboratory processing. Quality assurance and quality control measures included the collection of duplicate samples and field blanks for approximately 10% of the sampling points to monitor potential contamination and analytical precision. Ionic balance checks were performed on laboratory results, with samples showing charge balance errors exceeding ±5% reanalyzed.
 2.2 Laboratory Analysis
Major cations (Ca²⁺, Mg²⁺, Na⁺, K⁺) and anions (HCO₃⁻, Cl⁻, SO₄²⁻) were determined following standard laboratory procedures (APHA, 2005). The cations concentrations were analyzed using atomic absorption spectrophotometry and complexometric titration methods, while chloride was determined by titration with silver nitrate and sulphate by turbidimetric spectrophotometry. Bicarbonate concentrations were determined through acid–base titration, consistent with standard hydrogeochemical techniques (Olobaniyi et al., 2022). Minor constituents, including nitrate (NO₃⁻) and total iron (Fe), were quantified using colorimetric assays and atomic absorption spectroscopy, respectively. Total dissolved solids (TDS) were measured gravimetrically and corroborated through electrical conductivity measurements, using standard conversion factors. All concentrations were converted to milliequivalents per liter for hydrochemical plotting and multivariate analysis.
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Fig. 1: Map of the Study Area and Groundwater Sampling Locations. The figure shows the spatial distribution of 24 sampling points (APHD1–APHD24) across the study area, providing context for seasonal hydrogeochemical variations.
 2.3 Hydrochemical Interpretation
Hydrochemical facies were classified using Piper diagrams to visualize the relative proportions of cations and anions and to identify dominant water types. Durov diagrams were employed to provide detailed insight into hydrochemical processes and to assess the spatial distribution of water types. Ionic ratio scatter plots, such as Na⁺ versus Cl⁻, Ca²⁺ + Mg²⁺ versus HCO₃⁻ + SO₄²⁻, and Na⁺ + K⁺ versus Cl⁻ + SO₄²⁻, were utilized to infer controlling processes such as carbonate dissolution, ion exchange, and evaporite mineral contributions (Gibbs, 1970; Appelo & Postma, 2005). Schoeller diagrams were constructed to compare the concentrations of major ions across all sampling points, while Stiff diagrams were plotted for individual wells to illustrate spatial variations in ionic composition.
Statistical analyses were conducted to quantify the interrelationships among hydrochemical parameters. Descriptive statistics, including mean, median, standard deviation, minimum, and maximum values, were computed to characterize seasonal distributions. Pearson’s correlation coefficients were calculated to examine linear relationships among parameters. These analyses provided insight into the dominant hydrogeochemical processes influencing groundwater chemistry during both dry and rainy seasons (Olobaniyi et al., 2022).
2.4 Quality Control and Data Validation
The analytical results were validated through ionic balance calculations to ensure the reliability of the laboratory data. Samples exhibiting ionic balance errors greater than ±5% were excluded from further interpretation. Field duplicates and blanks confirmed that sampling and transportation procedures maintained sample integrity. Metadata, including well depth, location coordinates, and sampling date, were meticulously recorded for reproducibility and spatial analysis.
Results and Discussion
3.1 Groundwater Quality Overview
The groundwater quality of the study area exhibits notable seasonal variations. During the rainy season, water is generally fresh to moderately mineralized, with a mean Total Dissolved Solids (TDS) of 226.6 mg/L and Electrical Conductivity (EC) of 84 µS/cm (Table 1), while the dry season shows slightly lower TDS values (162.2 mg/L) but higher EC (242 µS/cm) (Table 2). This pattern of lower solute loads during recharge and higher ionic concentration during dry periods is consistent with classical hydrogeological theory (Freeze & Cherry, 1979) and has been reported in several recent studies from tropical regions, including Nigeria (Olaoye et al., 2022; Ololade et al., 2020). The pH in both seasons is slightly acidic, with means of 5.86 (rainy) and 5.65 (dry), although rainy-season values exhibit higher variability (SD = 1.224) compared to the dry season (SD = 0.552). Such pH fluctuations during periods of high recharge have similarly been attributed to differential buffering capacity, enhanced CO₂ dissolution, and spatially variable water–rock interactions (Adeleye et al., 2023; Zhang et al., 2021). Contrasting findings from semiarid basins where dry-season pH increases due to evaporite dissolution (Mtoni et al., 2013) highlight that local geology and recharge dynamics strongly influence seasonal responses. Overall, the observed trends align with regional hydrogeochemical behavior in humid tropical aquifers, where dilution and enhanced mineral interaction during the rainy season produce greater hydrochemical heterogeneity.




Table 1: Rainy Season Groundwater Quality Summary. Statistical overview of pH, TDS, EC, major cations and anions, nitrate, and total iron, showing mean, range, and standard deviation. Highlights variability in hydrochemical parameters across sampling points.

	Parameter
	Unit
	EPA MCL
	EPA MCL
	WHO MCL
	Minimum
	Maximum
	Arithmetic Mean
	Standard deviation

	Temperature
	°C
	
	
	
	25.9
	27.6
	27.16
	0.381

	pH 
	
	
	
	
	4.62
	8
	5.86
	1.224

	EC
	uS/cm
	
	
	
	17
	190
	84
	45.9

	TDS
	
	
	137.6
	484.4
	226.6
	114.6

	Ca
	mg/L
	
	
	
	6.33
	68.7
	20.57
	18.23

	Mg
	mg/L
	
	
	
	1.653
	5.58
	4.12
	1.21

	Na
	mg/L
	
	
	
	18.05
	98.8
	49.1
	26.35

	K
	mg/L
	
	
	
	0.347
	4.95
	2.32
	1.11

	Cl
	mg/L
	
	
	
	11
	135
	36.4
	30.5

	Measured Alkalinity
	mg/L
	
	
	
	4
	724
	130.8
	243.7

	HCO3
	mg/l
	
	
	
	34.5
	225
	85.5
	42.4

	SO4
	mg/L
	
	
	
	5
	62.8
	22
	16.77

	NO3
	mg/L
	10
	10
	50
	0.119
	9.29
	6.66
	2.91

	Fe
	mg/L
	
	
	
	0.0627
	0.434
	0.1767
	0.0945



Table 2: Dry Season Groundwater Quality Summary. Same parameters as Table 1; shows the effects of lower recharge on ion concentrations and mineralization patterns.
	Parameter
	Unit
	EPA MCL
	EPA MCL
	WHO MCL
	Minimum
	Maximum
	Arithmetic Mean
	Standard deviation

	pH 
	 
	
	
	
	4.9
	7.64
	5.65
	0.552

	EC.
	uS/cm
	
	
	
	144
	362
	242
	60.2

	TDS
	mg/L
	
	
	
	97
	243
	162.2
	40.3

	Ca
	mg/L
	
	
	
	2.04
	16.85
	6.59
	2.945

	Mg
	mg/L
	
	
	
	5.18
	12.16
	7.64
	1.69

	Na
	mg/L
	
	
	
	11.13
	81.5
	39.6
	23.5

	K
	mg/L
	
	
	
	1.983
	8.78
	5.9
	1.755

	Cl
	mg/L
	
	
	
	9
	64
	29.16
	13.6

	Measured Alkalinity
	mg/L
	
	
	
	18
	46
	32.16
	8.75

	HCO3
	mg/L
	
	
	
	48.5
	161.7
	106.3
	31.8

	SO4
	mg/L
	
	
	
	4
	54
	17.36
	10.86

	NO3
	mg/L
	10
	10
	50
	1.273
	7.19
	3.614
	1.39

	Fe
	mg/L
	
	
	
	0.007
	0.278
	0.0849
	0.067



Major cations and anions exhibit distinct seasonal and spatial patterns that reflect the dominant hydrogeochemical processes in the aquifer system. Calcium concentrations are notably higher in the rainy season (mean = 20.57 mg/L) compared to the dry season (mean = 6.59 mg/L), a pattern consistent with enhanced dissolution of carbonate minerals during periods of increased recharge (Appelo & Postma, 2005). Similar seasonal increases in Ca–HCO₃ composition during wet periods have been documented in Nigerian crystalline basement terrains and sedimentary aquifers (Onoyima et al, 2025; Suleiman et al., 2024). Magnesium displays the opposite trend, with slightly elevated concentrations in the dry season, likely due to evaporative enrichment or selective mineral weathering an observation also reported in other West African aquifers experiencing seasonal fluctuations (Adeleye et al., 2023).
Sodium remains a dominant cation year-round and shows strong associations with Na–HCO₃, Na–Cl, and Na–SO₄ water types. Its strong correlation with TDS and EC (r > 0.85 in both seasons) supports the interpretation that silicate weathering and cation exchange are major controls on groundwater chemistry (Drever, 1997). Recent studies across southern Nigeria similarly attribute Na enrichment to feldspar weathering and ion exchange processes, particularly during prolonged residence times (Olalekan et al, 2023; Ekong et al., 2024).
Bicarbonate remains the dominant anion in both seasons, confirming the central role of carbonate dissolution in shaping groundwater chemistry. Minor constituents such as nitrate and total iron remain within recommended drinking water limits, with lower values typically observed during the dry season (Tables 1–2). This reduction in nitrate during dry periods has been linked to decreased surface runoff, reduced agricultural leaching, and possible shifts in redox conditions (Todd, 2005; Ezeh & Ugwu, 2024). The higher rainy-season nitrate values (mean = 6.66 mg/L) compared to the dry season (mean = 3.61 mg/L) align with regional studies showing increased mobilization of nitrogen species during intense rainfall and flooding events (Amoako et al., 2022).
3.2 Hydrochemical Facies and Water Types
Piper and Durov diagrams reveal clear hydrochemical facies differentiation between seasons (Figs. 2a–b; Figs. 3a–b). During the rainy season, four major water types are identified: Na–HCO₃, Na–Cl, Ca–HCO₃, and Na–SO₄. Na–HCO₃ waters dominate, plotting in the upper-left diamond of the Piper diagram (Fig. 2a) and upper-left quadrant of the Durov plot (Fig. 3a), indicating active cation exchange processes in which Ca²⁺ and Mg²⁺ are replaced by Na⁺ (Hem, 1985). This dominance of Na–HCO₃ facies is consistent with aquifers influenced by silicate weathering and clay–water exchange reactions across southern Nigeria and comparable tropical systems (Ahiarakwem et al., 2022; Ajayi et al., 2023; Ayiekaye et al., 2021).
The occurrence of Ca–HCO₃ facies, which occupy the lower-left section of the Piper diamond, is linked to carbonate dissolution, supported by the strong correlation between Ca²⁺ and HCO₃⁻ (Pearson r = 0.917; Table 3 and 4). This hydrochemical pattern is widely documented in recharge-influenced alluvial and sandstone aquifers (Egbueri, 2019; Mgbenu & Egbueri, 2020; Subba Rao et al., 2021).
Localized Na–Cl and Na–SO₄ waters, characterized by higher TDS, likely reflect inputs from halite and gypsum dissolution or mixing with saline sources. Similar observations have been reported in studies across coastal and inland basins where salinization arises from evaporite dissolution, anthropogenic intrusion, or paleo-saline water interaction (Obiadi et al., 2023; Vasanthavigar et al., 2022; Li et al., 2021). Schoeller and Stiff diagrams corroborate these distinctions and further illustrate spatial hydrochemical variability across the groundwater system (Figs. 4–6), a pattern also noted in recent Nigerian groundwater assessments (Egbueri, 2022; Ajibade et al., 2022).
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(a)                                                                    (b)
Figs. 2 Piper Diagram: (a) Rainy Season. The trilinear diagram classifies groundwater into Na-HCO₃ (blue circles), Na-Cl (red triangles), Ca-HCO₃ (green squares), and Na-SO₄ (purple diamonds) types, revealing dominant cation and anion compositions.
(b) Dry Season. The diagram highlights the predominance of Na-HCO₃ water type during the dry season, with reduced hydrochemical facies diversity compared to the rainy season.
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(a)                                                              (b)
Fig. 3: Durov Diagram for Rainy Season. This plot shows cation and anion dominance, TDS, and pH variations. Four distinct clusters corresponding to the main water types are observed, indicating varying hydrogeochemical processes including carbonate dissolution, ion exchange, and saline influence.
(b) Dry Season. The diagram confirms the predominance of Na-HCO₃ waters and shows moderate TDS, reflecting concentration effects during low recharge periods.
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Fig.4: Schoeller Diagram for all Seasons. Semi-log plots comparing major ion concentrations highlight distinct hydrochemical patterns among the four water types, with characteristic peaks for Na, Ca, HCO₃, Cl, and SO₄.
During the dry season, the hydrochemical facies are simplified, with Na-HCO₃ water type predominating (Figs. 3b, 5b). Reduced rainfall and limited recharge lead to lower variability in ion concentrations and a narrower range of water types, consistent with increased ion concentration due to evaporative enrichment.
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(a)                                                                                   (b)
Fig. 5: Stiff Diagrams for Selected Rainy Season Samples. Individual diagrams show the polygonal representation of major ion compositions, indicating Na-HCO₃ dominance and highlighting spatial variability among sampling points.
(b) Dry Season Samples. Individual Stiff diagrams illustrate the reduced variability and consistent Na-HCO₃ facies across most samples.

3.3 Hydrogeochemical Processes
Ionic ratio plots and correlation matrices provide deeper insight into the hydrogeochemical processes governing groundwater evolution in the study area (Figs. 6–7). The Na–Cl plot shows that most Na-HCO₃ and Ca-HCO₃ samples fall below the 1:1 equiline, indicating that sodium enrichment is primarily governed by silicate weathering and cation exchange rather than halite dissolution (Foster et al., 2013). This pattern agrees with findings from southwestern Nigeria, where Na-HCO₃-type groundwater was similarly attributed to silicate weathering of feldspars under tropical humid conditions (Taiwo et al., 2023). In contrast, Na-Cl samples in this study plot close to the 1:1 line, indicating a near-stoichiometric relationship typical of halite dissolution or mixing with saline water sources. Such trends have been widely reported in coastal and inland aquifers influenced by anthropogenic or evaporite-derived salinity (Obiora et al., 2024).
The Ca+Mg versus HCO₃+SO₄ plot demonstrates that most Na-HCO₃ and Ca-HCO₃ waters align close to the 1:1 line, confirming carbonate mineral dissolution as a dominant process during both seasons. This is consistent with global carbonate-rich aquifers in monsoonal climates, where rainfall-induced recharge enhances dissolution of calcite and dolomite (Li et al., 2021). Only a few samples deviate significantly, suggesting contributions from secondary processes such as ion exchange or sulphate mineral dissolution. The Na+K versus Cl+SO₄ plot further supports that Na and K are predominantly balanced by HCO₃ in most samples, reinforcing the role of silicate weathering and cation exchange. High-salinity Na-Cl and Na-SO₄ points plot above the 1:1 line, indicating additional inputs from saline or sulphate-rich sources, a pattern also observed in crystalline basement terrains of northern Nigeria where anthropogenic inputs and evaporite dissolution locally elevate salinity (Anekwe & Egboka, 2022).
Overall, the ionic ratio diagrams strongly support a hydrogeochemical system dominated by silicate weathering, carbonate dissolution, and ion exchange, with localized halite or sulphate contributions. Recent regional studies across West Africa report similar process interactions under tropical seasonal hydrology, suggesting that the present findings are consistent with broader hydrogeochemical patterns in comparable geological settings (Afolabi et al., 2022; Olatunji & Abimbola, 2023).
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Fig. 6: Ionic Ratio Plots for Rainy Season. Scatter plots of Na vs Cl, Ca+Mg vs HCO₃+SO₄, Na+K vs Cl+SO₄ indicate hydrogeochemical processes such as silicate weathering, carbonate dissolution, ion exchange, and mineral dissolution (halite/gypsum).
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Fig. 7: Ionic Ratio Plots for Dry Season. Similar plots highlight the dominant Na-HCO₃ facies and confirm that Na and HCO₃ are largely controlling the water chemistry under low recharge conditions.
Correlation analyses provide quantitative evidence for the dominant geochemical processes controlling groundwater chemistry in the study area. During the rainy season, the strong correlations observed between EC, TDS, and major ions including Ca (r = 0.907), Na (r = 0.849), HCO₃ (r = 0.919), and SO₄ (r = 0.699) indicate that these solutes are primary contributors to groundwater mineralization. Such patterns are consistent with findings from regional and global hydrogeochemical studies where mineral dissolution, particularly carbonate and silicate weathering, drives ion enrichment during periods of active recharge ( Li et al., 2021). The strong positive correlations between pH and Ca, Na, HCO₃, and alkalinity further suggest that carbonate dissolution provides buffering capacity and modulates groundwater acidity, a behavior also reported in tropical and semi-humid aquifer systems with active water–rock interaction (Egbueri, 2022).
The moderate negative correlation between pH and nitrate (r = –0.303) may reflect localized denitrification occurring under higher pH or bicarbonate-rich conditions. Similar relationships have been documented in shallow alluvial and sedimentary aquifers where microbial denitrification or nitrate dilution during recharge reduces nitrate concentrations in zones with elevated alkalinity (Zhang et al., 2020).
In the dry season, the correlation structure shifts slightly, with Na and HCO₃ showing dominant control on both EC and TDS. This pattern aligns with the observed homogenization toward Na-HCO₃ facies and reflects longer groundwater residence times, reduced recharge, and increased influence of cation exchange under drier conditions. Comparable dry-season enrichment in Na-HCO₃ waters has been reported in several West African and South Asian sedimentary aquifers, where evaporative concentration and ion-exchange intensification are prevalent (Roy et al., 2020). The persistence of strong EC–TDS–cation correlations across seasons reinforces the interpretation that water–rock interaction processes dominate solute acquisition in the aquifers, despite seasonal hydrological variations.

Table 3: Pearson Correlation Matrix for Rainy Season. Shows linear correlations among major water quality parameters; highlights strong relationships between EC/TDS and Ca, Na, HCO₃, SO₄, and alkalinity, indicating dominant hydrogeochemical processes.
	
	
	Temp
	pH _field
	Cond
	TDS
	Ca
	Mg
	Na
	K
	Cl
	Meas _Alk
	HCO3
	SO4
	NO3

	Temp
	°C
	1.00
	0.05
	0.09
	0.10
	0.14
	0.24
	0.01
	0.06
	0.09
	0.06
	0.09
	0.20
	-0.03

	pH
	
	
	1.00
	0.76
	0.76
	0.69
	0.21
	0.68
	0.20
	0.69
	0.73
	0.61
	0.52
	-0.30

	Cond
	uS/cm
	
	
	1.00
	1.00
	0.89
	0.27
	0.88
	0.30
	0.82
	0.91
	0.84
	0.71
	-0.28

	TDS
	mg/l
	
	
	
	1.00
	0.91
	0.25
	0.85
	0.29
	0.83
	0.92
	0.86
	0.70
	-0.28

	Ca
	mg/l
	
	
	
	
	1.00
	0.13
	0.63
	0.26
	0.82
	0.92
	0.77
	0.68
	-0.12

	Mg
	mg/l
	
	
	
	
	
	1.00
	0.18
	0.15
	0.12
	0.23
	0.27
	0.38
	-0.01

	[bookmark: _Hlk214689541]Na
	mg/l
	
	
	
	
	
	
	1.00
	0.16
	0.70
	0.73
	0.58
	0.66
	-0.28

	K
	mg/l
	
	
	
	
	
	
	
	1.00
	0.37
	0.28
	0.16
	0.14
	-0.04

	Cl
	mg/l
	
	
	
	
	
	
	
	
	1.00
	0.80
	0.51
	0.53
	-0.19

	Meas_Alk
	mg/L
	
	
	
	
	
	
	
	
	
	1.00
	0.77
	0.68
	-0.14

	HCO3
	mg/l
	
	
	
	
	
	
	
	
	
	
	1.00
	0.56
	-0.32

	SO4
	mg/l
	
	
	
	
	
	
	
	
	
	
	
	1.00
	-0.08

	NO3
	mg/l
	
	
	
	
	
	
	
	
	
	
	
	
	1.00









Table 4: Pearson Correlation Matrix – Dry Season. Highlights linear relationships under lower recharge conditions; Na-HCO₃ facies dominate the correlation patterns.
	
	
	pH _field
	Cond
	TDS
	Ca
	Mg
	Na
	K
	Cl
	Meas _Alk
	HCO3
	SO4
	NO3
	Fe

	pH
	
	1.00
	-0.01
	-0.01
	0.18
	0.31
	-0.18
	-0.61
	0.10
	0.03
	0.27
	-0.16
	-0.01
	-0.34

	Cond
	uS/cm
	
	1.00
	1.00
	0.01
	0.14
	0.92
	-0.14
	0.69
	0.08
	0.58
	0.04
	-0.13
	0.20

	TDS
	mg/l
	
	
	1.00
	0.01
	0.14
	0.92
	-0.14
	0.69
	0.09
	0.58
	0.04
	-0.13
	0.20

	Ca
	mg/l
	
	
	
	1.00
	-0.06
	-0.24
	-0.20
	0.08
	-0.21
	0.07
	0.12
	0.02
	-0.18

	Mg
	mg/l
	
	
	
	
	1.00
	0.00
	-0.36
	0.16
	0.05
	0.38
	-0.27
	-0.44
	-0.18

	Na
	mg/l
	
	
	
	
	
	1.00
	-0.05
	0.64
	0.12
	0.41
	-0.05
	-0.13
	0.25

	K
	mg/l
	
	
	
	
	
	
	1.00
	-0.22
	-0.14
	-0.22
	0.14
	0.13
	0.29

	Cl
	mg/l
	
	
	
	
	
	
	
	1.00
	-0.04
	0.12
	-0.25
	-0.19
	-0.03

	Meas_Alk
	mg/L
	
	
	
	
	
	
	
	
	1.00
	0.14
	-0.02
	-0.20
	-0.02

	HCO3
	mg/l
	
	
	
	
	
	
	
	
	
	1.00
	-0.34
	-0.23
	0.09

	SO4
	mg/l
	
	
	
	
	
	
	
	
	
	
	1.00
	0.29
	0.07

	NO3
	mg/l
	
	
	
	
	
	
	
	
	
	
	
	1.00
	0.53



3.4 Seasonal Variations
Seasonal comparisons reveal important hydrogeochemical contrasts that broadly align with published findings but also admit alternative interpretations. Wet-season recharge commonly enhances carbonate dissolution, increasing Ca²⁺, HCO₃⁻, and alkalinity, a pattern consistent with observations in both Nigerian and global aquifers where intensified infiltration promotes mineral weathering and facies diversification (Zhang et al, 2022). The dry season, by contrast, typically exhibits reduced Ca and alkalinity but elevated Mg and K, reflecting evaporative concentration and longer residence periods, as documented in several coastal and inland aquifers influenced by seasonal water-table decline (Afolabi, 2022). The predominance of Na–HCO₃ water type across seasons in the present study is therefore reasonable, although the appearance of Na–Cl and Na–SO₄ facies during the rainy period may derive from both natural influx of surface-derived salts via preferential flow and anthropogenic contributions mobilized during storm events, as recent hydrogeochemical assessments in urbanized terrains show mixed lithologic–anthropogenic seasonal signatures (Li et al.,, 2021). Nonetheless, some studies caution that rapid flow paths and shallow residence times in certain aquifers can limit the extent of carbonate dissolution or salt mobilization expected from seasonal recharge, implying that structural controls, flow regimes, and land-use factors may interact with hydrological force to shape the observed facies evolution (Egbueri, 2022). These lines of evidence together support the general seasonal pattern recorded in the study area while highlighting plausible alternative mechanisms that may modulate the magnitude of the chemical shifts.

3.5 Groundwater Suitability for Irrigation
Wilcox diagrams indicate that Na–HCO₃ and Ca–HCO₃ waters generally fall in the low to medium salinity hazard zones (C1–C2) and low sodium hazard (S1), confirming their relative suitability for irrigation. In contrast, Na–Cl and Na–SO₄ waters exhibit high salinity hazard (C3), although sodium hazard remains low (S1), suggesting potential risks for crop salinization under those facies. TDS vs ion concentration plots further demonstrate that Na, Cl, HCO₃, and SO₄ dominate the dissolved solids budget, which underscores the importance of selective monitoring in areas where these ions accumulate. Overall, while most groundwater in the study area appears safe for irrigation in terms of sodium hazard, the seasonal emergence of saline or sulphate-rich waters during the rainy season demands proactive salinity management. Similar concerns have been raised in recent studies of semi-arid and tropical aquifers, where high salinity waters can impair agricultural productivity despite acceptable SAR values (Tekleab et al., 2022).
[image: ][image: ]
(a)                                                                                (b)
Fig. 8: Wilcox Diagram for (a) Rainy Season. SAR vs EC plot shows that Na-HCO₃ and Ca-HCO₃ samples have low to medium salinity hazard (C1–C2) and low sodium hazard (S1), while Na-Cl and Na-SO₄ waters have high salinity hazard (C3). (b) Dry Season. Most samples  remain in the low sodium hazard (S1) category, confirming suitability for irrigation, while some concentration effects are noted in salinity hazard.
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Fig. 9: TDS vs Major Ion Plots for Rainy Season. Scatter plots show strong positive correlations between TDS and Na, Cl, SO₄, Ca, Mg, HCO₃; identifying the major contributor to groundwater mineralization.                                                 
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Fig. 10: TDS vs Major Ion Concentrations for Dry Season. Scatter plots confirm that Na, Cl, and HCO₃ dominate TDS contributions, with weaker influence from Mg, reflecting seasonal concentration effects.
The combined analyses of hydrochemical facies, ionic ratios, TDS correlations, and seasonal variability indicate that the groundwater system in the study area is principally controlled by silicate weathering, carbonate dissolution, and ion-exchange processes, with subordinate inputs from evaporite minerals such as halite and gypsum. These processes, and their seasonal expression, are consistent with regional and global studies showing that rock–water interaction and cation exchange govern shallow groundwater evolution while episodic recharge mobilizes additional solutes and produces greater spatial heterogeneity (Appelo & Postma, 2005; Zhang et al., 2020). In the local context, recent hydrogeochemical investigations in southeastern Nigeria report similar controls of carbonate and silicate weathering coupled with ion exchange with seasonal recharge particularly responsible for the emergence of more saline or sulphate-rich facies during the wet season (Olaoye et al., 2022). Empirical studies of recharge dynamics further demonstrate that increased rainfall events modify flow paths and accelerate mineral dissolution, explaining the seasonal shift from diverse rainy-season facies (Na–HCO₃, Na–Cl, Ca–HCO₃, Na–SO₄) to a more homogenized Na–HCO₃ signature in the dry season (Roy et al., 2020). The strong statistical covariation of EC and TDS with major cations and anions in this study quantitatively reinforces these process interpretations and agrees with recent multiregional syntheses of groundwater hydrochemical evolution (Zhang et al., 2020).

Conclusion
This study provides a comprehensive evaluation of groundwater quality and hydrogeochemical evolution in Idemili South and Nnewi North Local Government Areas of Anambra State, Nigeria, integrating physicochemical assessment, hydrochemical facies characterization, ionic ratio relationships, seasonal variability, and statistical correlations. Results demonstrate that groundwater chemistry in the study area is primarily controlled by silicate weathering, carbonate dissolution, and cation exchange, with secondary contributions from evaporite minerals such as halite and gypsum. These processes collectively shape the dominant facies observed across seasons, ranging from Na–HCO₃, Ca–HCO₃, and Na–SO₄ to Na–Cl water types.
Seasonal comparison shows that recharge during the rainy season enhances hydrochemical diversity by diluting solute concentrations and activating multiple geochemical pathways, whereas the dry season promotes chemical homogenization towards Na–HCO₃ dominance due to reduced recharge and evaporative concentration. The strong correlations among EC, TDS, major cations, and anions further validate the identified geochemical controls and highlight the predictability of groundwater evolution in the area. Overall, most groundwater samples fall within acceptable limits for domestic and agricultural uses, although localized elevations in EC, TDS, and chloride indicate zones of potential anthropogenic or geogenic influence requiring continued monitoring.
The findings underscore the importance of seasonally resolved water quality assessment for groundwater-dependent communities in southeastern Nigeria. They also provide a scientific basis for informed groundwater management, well-siting decisions, and the development of long-term water protection strategies. Continued monitoring and incorporation of isotopic or geophysical data are recommended to refine understanding of recharge dynamics, flowpaths, and potential contamination sources in this rapidly urbanizing region.
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