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Abstract 
This study assessed the seasonal variation in the chemical properties of borehole water from twelve sampled locations in Enugu North Local Government Area over a six-month period covering the wet season (June–August 2023) and the dry season (November 2023–January 2024). The analysis focused on key chemical parameters, including dissolved oxygen (DO), chemical oxygen demand (COD), biochemical oxygen demand (BOD), chloride, sulphate, nitrate, total hardness, and total alkalinity, in order to understand the influence of seasonal changes on groundwater quality. The results clearly demonstrate that seasonality has a significant impact on the chemical composition of groundwater in the study area. Paired sample t-test analysis revealed statistically significant differences between wet and dry season values for all parameters investigated. Most parameters, including total hardness, BOD, chloride, sulphate, nitrate, and total alkalinity, recorded higher concentrations during the dry season, which can be attributed to reduced groundwater recharge, increased evaporation, and limited dilution of dissolved substances. In contrast, dissolved oxygen and chemical oxygen demand were higher during the wet season, likely due to increased recharge, surface runoff, and enhanced transport of organic and inorganic materials into the aquifer system. The observed seasonal trends highlight potential water quality concerns, particularly during the dry season when elevated concentrations of hardness-forming ions and nutrients such as nitrate may pose health and aesthetic challenges for domestic water use. These findings underscore the need for regular and season-based monitoring of borehole water quality in Enugu North LGA. Implementing appropriate groundwater protection strategies and public awareness programs will help ensure the sustainability and safety of groundwater resources in the area.
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1. Introduction 
Access to safe and potable water remains a critical public health and environmental challenge, particularly in developing countries where reliance on groundwater sources is steadily increasing. Groundwater, accessed mainly through boreholes, constitutes a major source of drinking water for both urban and rural populations due to its relative availability, perceived purity, and protection from direct surface contamination (Masindi & Foteinis, 2021; Lapworth et al., 2017). In many Nigerian cities, including Enugu, borehole water serves as the primary source of domestic water supply owing to the inadequacy of municipal water systems. However, despite its widespread use, groundwater quality is not immune to contamination and can be significantly influenced by natural geological processes and anthropogenic activities (Akhtar et al., 2021; Khatri & Tyagi, 2015).
The chemical quality of groundwater is a vital determinant of its suitability for drinking, domestic, agricultural, and industrial uses. Chemical parameters such as dissolved oxygen, biochemical oxygen demand, chemical oxygen demand, chloride, sulphate, nitrate, total hardness, and total alkalinity play crucial roles in assessing the overall hydrochemical status of water resources (Kumar et al., 2022; Nayar, 2020; SHaRma & WalIa, 2017; Sharma, Walia, & Kumar, 2015). These parameters provide insights into the presence of organic and inorganic pollutants, salinity levels, nutrient enrichment, and buffering capacity of water. Elevated concentrations of certain chemical constituents, especially nitrate, chloride, and sulphate, have been associated with adverse health effects, including methemoglobinemia, gastrointestinal disorders, and long-term chronic illnesses, while high BOD and COD values indicate organic pollution that can compromise water quality and ecosystem health (Verma et al., 2025; Sokal-Dembowska et al., 2025; Lv et al., 2024; Bader, Hussein, & Jabar, 2022; Brender, 2020; Lee et al., 2016).
Seasonal variation is one of the most significant factors affecting groundwater chemistry, particularly in tropical regions characterized by distinct wet and dry seasons. During the wet season, increased rainfall enhances surface runoff and infiltration, which can introduce contaminants from agricultural lands, waste dumps, septic systems, and urban runoff into groundwater aquifers (Brindha & Schneider, 2019). Conversely, during the dry season, reduced recharge and increased evaporation may lead to higher concentrations of dissolved ions due to limited dilution (Meredith et al., 2015). As a result, the chemical composition of borehole water often exhibits notable temporal variations, underscoring the importance of seasonal monitoring in groundwater quality studies.
Enugu North Local Government Area (LGA), located in Enugu State, southeastern Nigeria, is an urbanizing area experiencing rapid population growth, infrastructural expansion, and increased human activities. These developments have intensified pressure on groundwater resources through indiscriminate waste disposal, sewage discharge, agricultural practices, and unregulated borehole drilling. The geological formation of the area, dominated by sedimentary rocks, further influences groundwater chemistry through mineral dissolution and ion exchange processes (Nnaemeka-Okeke & Okeke, 2024). Despite the heavy dependence on borehole water in Enugu North LGA, comprehensive data on the seasonal chemical characteristics of groundwater in the area remain limited.
There is a notable gap in detailed assessments that specifically examine seasonal variations in key chemical parameters related to organic pollution, nutrient loading, and water hardness. Understanding the behaviour of dissolved oxygen, BOD, and COD is particularly important, as these parameters are closely linked to organic matter decomposition and overall water quality status. Similarly, the assessment of anions such as chloride, sulphate, and nitrate, alongside total hardness and alkalinity, provides a holistic understanding of the hydrochemical processes and suitability of groundwater for domestic consumption.
In response to this knowledge gap, the present study investigates the chemical properties of borehole water from twelve selected locations within Enugu North LGA across wet and dry seasons over a six-month period. The wet season sampling covers June to August 2023, while the dry season sampling spans November 2023 to January 2024. By comparing the seasonal variations in the selected chemical parameters, the study aims to evaluate the influence of climatic conditions and human activities on groundwater quality in the area.
The findings of this study are expected to provide valuable baseline data for water resource management, public health protection, and environmental monitoring in Enugu North LGA. Furthermore, the results will contribute to informed decision-making by regulatory agencies, policymakers, and community stakeholders regarding groundwater protection strategies and sustainable water use. Ultimately, this research underscores the importance of continuous groundwater quality assessment as a means of ensuring access to safe and potable water in rapidly urbanizing environments.
2. Materials and Methods
2.1 Study Area
The study was conducted in Enugu North Local Government Area (LGA) of Enugu State, Nigeria. Enugu North LGA is one of the seventeen local government areas in Enugu State and forms part of the three LGAs that constitute Enugu metropolis, alongside Enugu East and Enugu South. The administrative headquarters of Enugu North is located at Okpara Avenue, Enugu.
Geographically, Enugu North LGA lies between longitude 7°31′E and latitude 6°28′N, covering an estimated land area of 106 km². According to the 2006 population census, the LGA has a population of 244,852 people. The area experiences a tropical climate with an average temperature of approximately 27°C and a mean relative humidity of about 69%. Two distinct seasons prevail in the area, namely the rainy (wet) season and the dry season, with a brief harmattan period occurring during the dry season.
Enugu North LGA comprises several wards and residential districts, including Amaigbo Lane, Onuato, Umunevo, Enugwu-Ngwo, Ihenwuzi, Asata Township, Chime Town, G.R.A, Ogui New Layout, Independence Layout, New Haven, Ogbete East and West, Ogui Township, Onu-Asata, Udi Siding/Iva Valley, and Umunevo. Groundwater accessed through boreholes constitutes a major source of domestic water supply within these areas due to the limited availability of public water infrastructure.
2.2 Sample Selection and Sampling Locations
A preliminary reconnaissance survey of the study area was carried out to identify active and frequently used boreholes. Based on accessibility, spatial distribution, and intensity of use, twelve (12) borehole locations were purposively selected across major residential areas within Enugu North LGA. The geographic coordinates of each sampling point were recorded using a Global Positioning System (GPS). The sample identification, locations, and corresponding coordinates are presented in Table 1 and shown in Figure 1, while Figure 2 shows an example of borehole water drilling in Enugu North LGA.
Table 1. Sample ID, Locations, and Coordinates
	SAMPLE ID 
	LOCATIONS 
	LONGITUDE (E) 
	LATITUDE (N) 

	Sample 1 
	Coal camp (a)  
	70 28I 42II 
	60 27I 24II 

	Sample 2 
	Coal camp (b) 
	70 28I 30II 
	60 26I 41II 

	Sample 3 
	Coal camp (c) 
	70 28I 11II 
	60 26I 56II 

	Sample 4 
	Asata (a) 
	70 30I 27II 
	60 26I 19II 

	Sample 5 
	Asata (b) 
	70 30I 26II 
	60 26I 42II 

	Sample 6 
	Asata (c) 
	70 31I 4II 
	60 26I 32II 

	Sample 7 
	Independence layout (a) 
	70 31I 32II 
	60 26I 1II 

	Sample 8 
	Independence layout (b) 
	70 31I 44II 
	60 26I 31II 

	Sample 9 
	Independence layout (c) 
	70 31I 8II 
	60 25I 52II 

	Sample 10 
	New heaven ( a) 
	70 31I 31II 
	60 27I 46II 

	Sample 11 
	New heaven (b) 
	70 31I 34II 
	60 27I 22II 

	Sample 12 
	New heaven (c) 
	70 32I 4II 
	60 27I 22II 
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Figure 1. Map of Enugu LGA Showing the Sample Borehole Locations
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Figure 2. Sample of Borehole Drilling in Enugu North LGA

2.3 Sample Collection and Preservation
Water samples were collected from the selected boreholes during both the wet season (June–August 2023) and the dry season (November 2023–January 2024), covering a total study period of six months. Sampling was conducted between 07:00 and 11:00 a.m. to minimize diurnal variations in water quality parameters.
During the study period, several field trips were undertaken, and six (6) sets of water samples were collected from each borehole location. These samples were subsequently pooled together to form a representative composite sample for each borehole. Samples were collected using clean, sterile bottles that were thoroughly rinsed with the borehole water prior to collection. All samples were properly labeled and transported to the laboratory for analysis following standard procedures.
2.4 Materials and Equipment
The equipment used in this study included a thermometer, pH meter (Hanna HI-1991300), electrical conductivity meter (DDS-307), nephelometer (HV-3560), UV spectrophotometer (PD303), Agilent Atomic Absorption Spectrophotometer (AA240), analytical weighing balance, oven, muffle furnace, water bath, desiccator, reflux condenser, evaporating dish, burette, pipette, volumetric flask, beakers, conical flask, funnel, filter paper, measuring cylinder, test tubes, electric heater, magnetic stirrer, and electric hot plate (A-3232).
All reagents and chemicals used were of analytical grade and included distilled water, anhydrous sodium sulphate, silver nitrate, sodium hydroxide, potassium dichromate, sulphuric acid, nitric acid, ferrous sulphate, ferroin solution, mercuric sulphate solution, ammonium iron (II) sulphate, manganese sulphate, sodium thiosulphate, starch indicator, phenol disulphonic acid, hydrochloric acid, barium chloride, barium sulphate, phenolphthalein, perchloric acid, potassium hydroxide, potassium iodide, and nitrogen gas.
2.5 Laboratory Analysis of Chemical Parameters
All laboratory analyses were carried out in accordance with standard analytical procedures as outlined by the American Public Health Association (APHA, 2017).
2.5.1 Determination of Dissolved Oxygen (DO)
Dissolved oxygen was determined using the Winkler titrimetric method. In the laboratory, 2 mL of concentrated tetraoxosulphate (VI) acid (H₂SO₄) was added to the fixed sample to dissolve the brown precipitate, producing a golden-yellow coloration indicative of liberated iodine. A 100 mL aliquot of the solution was transferred into a conical flask, followed by the addition of 2 mL of starch indicator, which turned the solution dark blue. The solution was titrated with sodium thiosulphate (Na₂S₂O₃) until the blue color disappeared. The volume of titrant used corresponded to the dissolved oxygen concentration, expressed in mg/L.
2.5.2 Determination of Biochemical Oxygen Demand (BOD)
Biochemical oxygen demand was determined by incubating the water samples at 20°C for five (5) days. After incubation, the samples were fixed using Winkler’s solutions A and B, and the dissolved oxygen was determined as described above. The BOD value was calculated as the difference between the initial and final dissolved oxygen concentrations, following the method described by Ademoroti (1996). The BOD is computed as follows:


where 𝐵𝑂𝐷 is the biochemical oxygen demand (mg/l),  is the dissolved oxygen at day 1, and  is the dissolved oxygen at the end of 5 days.
2.5.3 Determination of Chemical Oxygen Demand (COD)
Chemical oxygen demand was determined using the permanganate oxidation method. A 250 mL volume of the water sample was warmed to 27°C and transferred into a clean flask. Thereafter, 10 mL of 0.0125 M KMnO₄ and 10 mL of 20% (v/v) H₂SO₄ were added, mixed gently, and incubated at 27°C for four (4) hours. When the pink color of permanganate faded, additional KMnO₄ was added. After incubation, 1 mL of potassium iodide solution was added and titrated against 0.0125 M Na₂S₂O₃ using starch as an indicator until the blue color disappeared. COD is calculated as follows:

where  is the chemical oxygen demand (mg/l) and  is the total vol. of KMnO₄ (0.0125M) added to samples.
2.5.4 Determination of Chloride
Chloride concentration was determined using the argentometric titration method. A 100 mL aliquot of the clear water sample was transferred into an Erlenmeyer flask, and the pH was adjusted to between 7 and 10 using NaOH. One milliliter of potassium chromate (K₂CrO₄) indicator was added, and the solution was titrated with 0.01 M AgNO₃ until a permanent reddish-brown endpoint was observed. A reagent blank of 0.3 mL was applied. The concentration of the chloride ion in the water samples were calculated using:

where  is the volume of AgNO₃ used,  is the molarity of AgNO₃, 35.45 is the molar mass of Cl (g/mol), and  is the chloride concentration.
2.5.5 Determination of Sulphate
Sulphate was analyzed using the gravimetric method. A 250 mL sample was evaporated to dryness, treated with concentrated HCl, and redissolved in distilled water. After boiling and filtration, barium chloride solution was added dropwise to precipitate barium sulphate. The precipitate was digested, filtered, ignited, cooled, and weighed. Sulphate concentration was calculated gravimetrically. This was computed using:

where  is the Sulphate concentration and 411.5 is the conversion factor based on the molar mass ratio.
2.5.6 Determination of Nitrate
Nitrate concentration was determined using a UV spectrophotometric method. A 50 mL sample was evaporated to dryness, treated with phenol disulphonic acid, neutralized with sodium hydroxide, filtered, and made up to volume. Absorbance was measured at 410 nm using a PD303 spectrophotometer. Nitrate concentration was obtained from a standard calibration curve and expressed in mg/L. 
2.5.7 Determination of Total Hardness
Total hardness was determined using the EDTA titrimetric method. A 50 mL sample was buffered with ammonium buffer, followed by the addition of Solocrome Black T indicator. The solution was titrated with 0.01 M EDTA until the color changed from wine red to pure blue. The total hardness of the water sample was calculated using:


2.5.8 Determination of Total Alkalinity
Total alkalinity was determined by titration. A 100 mL sample was measured into a conical flask, and two drops of phenolphthalein indicator were added. The solution was titrated with 0.02 N H₂SO₄ until the pink color disappeared. The total alkalinity of the water sample was calculated using:

3. Results and Discussion
Table 2. Assessment and Seasonal Variations in Total Hardness
	TH (mg/l)
	Wet Season
	Dry Season

	Sample 
	June
	July
	August
	November
	December
	January 

	1 
	9.20±12.118 
	5.20±12.118 
	29.00±12.118 
	26.70±29.586 
	52.00±29.586 
	84.40±29.586 

	2 
	6.40±3.454 
	0.40±3.454 
	7.00±3.454 
	26.11±45.095 
	110.00±45.095 
	102.21±45.095 

	3 
	7.40±3.252 
	1.40±3.252 
	6.20±3.252 
	33.90±44.470 
	135.00±44.470 
	87.79±44.470 

	4 
	2.40±6.297 
	0.60±6.297 
	12.40±6.297 
	45.01±61.672 
	166.20±61.672 
	92.58±61.672 

	5 
	1.80±2.854 
	1.20±2.854 
	6.60±2.854 
	39.45±36.595 
	90.18±36.595 
	110.00±36.595 

	6 
	3.20±3.305 
	2.00±3.305 
	8.40±3.305 
	46.20±27.391 
	101.40±27.391 
	114.14±27.391 

	7 
	7.60±6.785 
	1.80±6.785 
	14.60±6.785 
	49.15±5.474 
	99.89±5.474 
	89.99±5.474 

	8 
	2.80±23.731 
	1.60±23.731 
	52.00±23.731 
	49.00±7.874 
	84.56±7.874 
	98.99±7.874 

	9 
	8.20±9.853 
	3.20±9.853 
	22.60±9.853 
	49.56±38.042 
	89.99±38.042 
	134.00±38.042 

	10 
	10.80±4.870 
	1.60±4.870 
	10.20±4.870 
	77.15±17.716 
	100.12±17.716 
	116.20±17.716 

	11 
	5.60±3.361 
	2.60±3.361 
	9.00±3.361 
	87.56±10.702 
	98.20±10.702 
	77.98±10.702 

	12 
	3.60±2.625 
	2.20±2.625 
	6.40±2.625 
	77.00±11.747 
	99.82±11.747 
	94.63±11.747 



Table 2 presents the seasonal variation in total hardness of borehole water samples across the wet and dry seasons in Enugu North LGA. During the wet season (June–August), total hardness values were generally low across all sampling locations, with most values falling below 30 mg/L. This indicates that the borehole waters were predominantly soft water during the wet season. The low hardness observed can be attributed to dilution effects resulting from increased rainfall and groundwater recharge, which reduce the concentration of calcium and magnesium ions responsible for hardness.
In contrast, a marked increase in total hardness was observed during the dry season (November–January). Several sampling points recorded substantially higher hardness values, with some samples exceeding 100 mg/L, particularly in December and January. This seasonal increase is likely due to reduced groundwater recharge, increased evaporation, and prolonged water–rock interaction, leading to greater dissolution of mineral constituents within the aquifer matrix. Spatially, samples from Asata, Independence Layout, and New Haven generally exhibited higher dry-season hardness, suggesting possible geological influences or localized anthropogenic inputs.
Despite the observed seasonal increase, all recorded total hardness values remained within the World Health Organization (WHO) permissible limit of 500 mg/L for drinking water, indicating no immediate health risk. However, the higher dry-season values may have implications for domestic water use, such as soap consumption and scaling of pipes.
Table 3. Assessment and Seasonal Variations in Dissolved Oxygen
	DO (mg/l)
	Wet Season
	Dry Season

	Sample 
	June  
	July 
	August 
	November 
	December 
	January 

	1 
	5.80±1.223 
	5.40±1.223 
	7.71±1.223 
	30.70±0.622 
	31.80±0.622 
	31.50±0.622 

	2 
	10.80±3.198 
	9.80±3.198 
	4.81±3.198 
	30.52±1.570 
	33.41±1.570 
	30.80±1.570 

	3 
	4.80±1.718 
	4.20±1.718 
	7.43±1.718 
	32.47±3.970 
	39.80±3.970 
	39.90±3.970 

	4 
	7.80±0.558 
	7.20±0.558 
	6.67±0.558 
	34.55±2.474 
	36.20±2.474 
	31.42±2.474 

	5 
	12.20±2.453 
	11.80±2.453 
	7.44±2.453 
	28.30±8.647 
	44.10±8.647 
	40.12±8.647 

	6 
	14.60±4.060 
	14.20±4.060 
	7.47±4.060 
	29.90±2.671 
	32.80±2.671 
	35.40±2.671 

	7 
	7.20±0.423 
	6.40±0.423 
	7.20±0.423 
	35.00±2.382 
	30.40±2.382 
	34.00±2.382 

	8 
	9.40±1.687 
	9.00±1.687 
	6.01±1.687 
	38.12±2.269 
	33.80±2.269 
	33.89±2.269 

	9 
	3.20±1.939 
	2.80±1.939 
	5.21±1.939 
	30.40±1.672 
	31.22±1.672 
	33.60±1.672 

	10 
	7.80±0.171 
	6.80±0.171 
	7.11±0.171 
	29.00±3.545 
	32.80±3.545 
	36.10±3.545 

	11 
	8.00±1.232 
	7.40±1.232 
	5.14±1.232 
	32.61±0.563 
	31.60±0.563 
	32.56±0.563 

	12 
	4.20±0.632 
	3.60±0.632 
	4.35±0.632 
	33.11±4.455 
	33.21±4.455 
	40.80±4.455 



The dissolved oxygen concentrations presented in Table 3 show clear seasonal variability across all sampling locations. During the wet season, DO values were relatively moderate, generally ranging between 2.8 and 14.6 mg/L. These values reflect typical groundwater conditions, where oxygen levels are influenced by recharge from rainfall, organic matter decomposition, and microbial activity.
A significant increase in DO concentrations was observed during the dry season, with values ranging approximately from 28.3 to 44.1 mg/L. This unusually high dry-season DO may be attributed to reduced microbial oxygen consumption, lower organic matter input, and possible methodological or aeration effects during sampling. The consistent increase across all boreholes suggests a seasonal influence rather than localized contamination.
Thus, the DO levels indicate that the borehole waters were generally well oxygenated, suggesting minimal anaerobic conditions. Adequate dissolved oxygen is beneficial for water quality, as it limits the survival of anaerobic pathogens and reduces the likelihood of unpleasant taste and odor.
Table 4. Assessment and Seasonal Variations in Biochemical Oxygen Demand
	BOD (mg/l) 
	Wet Season
	Dry Season

	Sample 
	June 
	July 
	August 
	November 
	December 
	January 

	1 
	0.40±1.457 
	3.00±1.457 
	1.20±1.457 
	6.52±2.360 
	3.12±2.360 
	1.88±2.360 

	2 
	1.00±1.045 
	1.20±1.045 
	3.10±1.045 
	6.15±1.932 
	4.11±1.932 
	N/A 

	3 
	0.60±0.651 
	1.80±0.651 
	1.50±0.651 
	6.20±0.474 
	6.01±0.474 
	5.14±0.474 

	4 
	0.60±0.519 
	1.60±0.519 
	1.20±0.519 
	5.25±0.602 
	5.24±0.602 
	4.87±0.602 

	5 
	0.40±1.823 
	1.80±1.823 
	4.01±1.823 
	5.63±1.384 
	2.11±1.384 
	4.22±1.384 

	6 
	0.40±0.577 
	1.40±0.577 
	1.20±0.577 
	5.65±1.265 
	5.66±1.265 
	3.25±1.265 

	7 
	0.80±0.266 
	1.30±0.266 
	1.33±0.266 
	5.35±1.650 
	4.78±1.650 
	1.98±1.650 

	8 
	0.40±0.229 
	1.32±0.229 
	0.90±0.229 
	6.42±0.696 
	5.22±0.696 
	6.32±0.696 

	9 
	0.40±0.346 
	0.90±0.346 
	1.50±0.346 
	6.00±0.578 
	5.00±0.578 
	5.28±0.578 

	10 
	1.00±0.363 
	0.87±0.363 
	1.60±0.363 
	6.12±0.664 
	6.10±0.664 
	4.99±0.664 

	11 
	0.60±0.276 
	0.81±0.276 
	1.34±0.276 
	4.28±1.810 
	1.24±1.810 
	1.99±1.810 

	12 
	0.60±0.266 
	1.33±0.266 
	0.89±0.266 
	4.22±1.521 
	N/A 
	2.98±1.521 



Table 4 shows the biochemical oxygen demand levels across wet and dry seasons. During the wet season, BOD values were generally low, mostly below 2 mg/L across all sampling points. These low values indicate minimal biodegradable organic matter in the borehole water, reflecting relatively good water quality during the rainy period.
However, during the dry season, BOD values increased noticeably, with most samples recording values between 4.2 and 6.5 mg/L. The elevated BOD during the dry season suggests an increase in biodegradable organic load, possibly due to reduced dilution, accumulation of organic wastes, and increased anthropogenic activities such as improper waste disposal and sewage infiltration.
Although the dry-season BOD values indicate a moderate level of organic pollution, they still fall within acceptable limits for drinking water. Nonetheless, the seasonal increase highlights the vulnerability of groundwater quality during periods of low recharge.
Table 5. Assessment and Seasonal Variations in Chemical Oxygen Demand
	COD (mg/L)
	Wet Season
	Dry Season

	Sample 
	June 
	July 
	August 
	November 
	December 
	January 

	1 
	5.10±1.847 
	4.56±1.847 
	8.01±1.847 
	7.55±1.752 
	4.87±1.752 
	4.00±1.752 

	2 
	3.16±2.678 
	3.96±2.678 
	8.05±2.678 
	6.21±2.051 
	1.38±2.051 
	4.01±2.051 

	3 
	10.11±3.629 
	3.19±3.629 
	7.26±3.629 
	9.07±2.869 
	3.45±2.869 
	4.71±2.869 

	4 
	10.56±3.321 
	4.13±3.321 
	6.84±3.321 
	3.18±1.584 
	6.11±1.584 
	5.14±1.584 

	5 
	7.26±2.364 
	3.00±2.364 
	7.00±2.364 
	5.96±2.592 
	7.66±2.592 
	1.69±2.592 

	6 
	7.86±1.110 
	5.25±1.110 
	7.45±1.110 
	2.81±1.598 
	5.76±1.598 
	2.65±1.598 

	7 
	0.46±4.573 
	5.11±4.573 
	9.10±4.573 
	4.06±2.456 
	6.18±2.456 
	1.36±2.456 

	8 
	1.76±5.436 
	5.01±5.436 
	14.01±5.436 
	4.89±2.238 
	7.65±2.238 
	3.31±2.238 

	9 
	2.95±3.089 
	4.25±3.089 
	10.00±3.089 
	2.38±2.902 
	8.10±2.902 
	4.25±2.902 

	10 
	8.61±1.065 
	7.16±1.065 
	9.25±1.065 
	3.61±2.442 
	8.06±2.442 
	5.21±2.442 

	11 
	5.20±2.047 
	9.00±2.047 
	7.16±2.047 
	5.22±0.889 
	6.18±0.889 
	6.31±0.889 

	12 
	4.44±2.196 
	8.66±2.196 
	6.98±2.196 
	5.39±0.858 
	4.66±0.858 
	3.69±0.858 



The COD results in Table 5 reveal moderate variability across seasons and sampling locations. During the wet season, COD values ranged from relatively low to moderate levels, reflecting limited concentrations of oxidizable organic and inorganic substances in the groundwater. Increased rainfall likely contributed to the dilution of contaminants, resulting in lower COD values at most locations.
In the dry season, COD values showed mixed trends, with some locations exhibiting reduced COD while others recorded slight increases. This variability may be attributed to differences in land use, proximity to pollution sources, and subsurface geological conditions. Overall, the COD values remained relatively low across both seasons, suggesting limited chemical pollution.
The observed COD levels, when compared with BOD values, indicate that a significant proportion of the oxidizable matter present is biodegradable, reinforcing the generally good chemical quality of the borehole waters.
Table 6. Assessment and Seasonal Variations in Chloride Concentration
	Cl- (mg/l) 
	Wet Season
	Dry Season

	Sample 
	June 
	July 
	August 
	November 
	December 
	January 

	1 
	12.00±2.31 
	12.94±2.31 
	8.56±2.31 
	12.90±3.61 
	7.89±3.61 
	14.89±3.61 

	2 
	5.00±4.76 
	13.42±4.76 
	13.05±4.76 
	6.92±10.72 
	8.00±10.72 
	26.00±10.72 

	3 
	12.00±1.07 
	13.68±1.07 
	14.00±1.07 
	11.99±35.23 
	77.01±35.23 
	21.01±35.23 

	4 
	1.80±4.01 
	8.09±4.01 
	9.25±4.01 
	11.91±39.68 
	82.44±39.68 
	15.66±39.68 

	5 
	1.50±6.97 
	15.44±6.97 
	8.40±6.97 
	29.18±3.77 
	31.79±3.77 
	24.36±3.77 

	6 
	2.10±6.73 
	11.01±6.73 
	15.30±6.73 
	30.82±36.05 
	82.39±36.05 
	12.98±36.05 

	7 
	3.70±5.07 
	12.90±5.07 
	12.00±5.07 
	12.56±1.26 
	14.89±1.26 
	12.90±1.26 

	8 
	2.30±6.61 
	14.22±6.61 
	13.20±6.61 
	23.81±7.44 
	15.20±7.44 
	8.99±7.44 

	9 
	30.00±10.55 
	11.87±10.55 
	11.58±10.55 
	26.80±11.56 
	9.87±11.56 
	4.69±11.56 

	10 
	7.60±5.53 
	18.02±5.53 
	16.01±5.53 
	1.98±6.23 
	14.36±6.23 
	6.97±6.23 

	11 
	10.70±1.44 
	9.00±1.44 
	11.87±1.44 
	5.99±10.18 
	17.23±10.18 
	26.31±10.18 

	12 
	2.10±5.61 
	10.88±5.61 
	12.55±5.61 
	12.56±8.83 
	20.33±8.83 
	30.18±8.83 



Chloride concentrations presented in Table 6 exhibit notable seasonal and spatial variations. During the wet season, chloride levels were generally low to moderate across all samples, reflecting dilution effects from rainfall and limited saline intrusion.
In the dry season, chloride concentrations increased in several locations, with some boreholes recording values above 70 mg/L in December. The elevated chloride levels during the dry season may be attributed to evaporation, leaching from soil and waste dumps, sewage infiltration, or dissolution of chloride-bearing minerals. Areas with higher population density and intense human activities, such as Asata and Independence Layout, tended to show higher chloride concentrations.
Despite the seasonal increase, all chloride values were well below the WHO guideline value of 250 mg/L, indicating that the water remains suitable for drinking with respect to chloride content.
Table 7. Assessment and Seasonal Variations in Sulphate Concentration
	  (mg/L) 
	Wet Season
	Dry Season

	Sample 
	June 
	July 
	August 
	November 
	December 
	January 

	1 
	0.42±0.24 
	0.61±0.24 
	0.14±0.24 
	1.00±8.32 
	16.00±8.32 
	2.25±8.32 

	2 
	0.25±0.05 
	0.28±0.05 
	0.19±0.05 
	10.20±4.72 
	6.00±4.72 
	0.78±4.72 

	3 
	0.38±0.10 
	0.46±0.10 
	0.27±0.10 
	8.00 
	N/A 
	N/A 

	4 
	0.26±0.04 
	0.30±0.04 
	0.33±0.04 
	N/A 
	N/A 
	0.65 

	5 
	0.24±0.06 
	0.28±0.06 
	0.36±0.06 
	2.01±14.06 
	26.30±14.06 
	1.89±14.06 

	6 
	0.20±0.11 
	0.23±0.11 
	0.41±0.11 
	6.23±12.46 
	26.00±12.46 
	2.98±12.46 

	7 
	0.22±0.09 
	0.27±0.09 
	0.40±0.09 
	0.98±13.09 
	18.98±13.09 
	26.45±13.09 

	8 
	0.25±0.08 
	0.31±0.08 
	0.40±0.08 
	9.00±6.29 
	17.21±6.29 
	21.36±6.29 

	9 
	0.38±0.07 
	0.41±0.07 
	0.51±0.07 
	5.00±7.71 
	17.32±7.71 
	19.20±7.71 

	10 
	0.26±0.22 
	0.31±0.22 
	0.66±0.22 
	5.62±6.87 
	14.58±6.87 
	19.13±6.87 

	11 
	0.41±0.19 
	0.45±0.19 
	0.75±0.19 
	8.56±8.17 
	N/A 
	20.12±8.17 

	12 
	0.20±0.73 
	0.35±0.73 
	1.53±0.73 
	16.21±6.25 
	5.00±6.25 
	15.41±6.25 



In Table 7, the sulphate concentrations across the sampling locations were generally very low during the wet season, with values mostly below 1 mg/L. This suggests minimal sulphate contamination and limited influence of sulphate-rich minerals or industrial activities during the rainy period.
In contrast, dry-season sulphate concentrations increased markedly in several boreholes, with some samples recording values exceeding 20 mg/L. The increase during the dry season may be linked to enhanced mineral dissolution, reduced dilution, and possible leaching from anthropogenic sources such as waste deposits. Although sulphate levels increased during the dry season, all recorded values were far below the WHO permissible limit of 250 mg/L, indicating no adverse health implications.
Table 8. Assessment and Seasonal Variations in Nitrate Concentration
	 (mg/L) 
	Wet Season
	Dry Season

	Sample 
	June 
	July 
	August 
	November 
	December 
	January 

	1 
	0.11±0.15 
	0.27±0.15 
	0.40±0.15 
	5.00±8.53 
	4.00±8.53 
	19.25±8.53 

	2 
	0.30±0.04 
	0.24±0.04 
	0.22±0.04 
	5.05±8.74 
	0.78±8.74 
	17.60±8.74 

	3 
	0.35±0.08 
	0.25±0.08 
	0.41±0.08 
	0.98±14.06 
	0.51±14.06 
	25.10±14.06 

	4 
	0.34±0.07 
	0.29±0.07 
	0.20±0.07 
	0.25±4.44 
	3.30±4.44 
	9.00±4.44 

	5 
	0.19±12.33 
	0.17±12.33 
	21.54±12.33 
	1.98±9.15 
	3.21±9.15 
	18.41±9.15 

	6 
	0.25±0.09 
	0.33±0.09 
	0.43±0.09 
	9.20±8.17 
	3.00±8.17 
	19.20±8.17 

	7 
	0.24±0.11 
	0.23±0.11 
	0.42±0.11 
	9.00±2.13 
	N/A 
	12.01±2.13 

	8 
	0.19±6.43 
	0.32±6.43 
	11.39±6.43 
	5.30±2.11 
	5.36±2.11 
	8.98±2.11 

	9 
	0.27±0.05 
	0.37±0.05 
	0.33±0.05 
	8.60±1.77 
	11.56±1.77 
	8.41±1.77 

	10 
	0.21±0.21 
	0.61±0.21 
	0.54±0.21 
	6.15±7.85 
	21.00±7.85 
	9.18±7.85 

	11 
	0.25±0.06 
	0.29±0.06 
	0.17±0.06 
	7.54±12.28 
	31.02±12.28 
	25.50±12.28 

	12 
	0.26±0.05 
	0.35±0.05 
	0.28±0.05 
	7.30±10.12 
	27.30±10.12 
	14.60±10.12 



Table 8 shows a pronounced seasonal pattern in nitrate concentrations. During the wet season, nitrate levels were generally very low across most boreholes, reflecting limited nitrate input or effective dilution by rainfall.
However, during the dry season, nitrate concentrations increased substantially at many locations, with some samples recording values above 20 mg/L, particularly in December and January. The elevated dry-season nitrate levels may be attributed to leaching from septic tanks, agricultural runoff, refuse dumps, and reduced groundwater recharge. Boreholes located in densely populated or agricultural areas exhibited higher nitrate concentrations.
All nitrate values remained below the WHO maximum allowable limit of 50 mg/L, suggesting that the borehole waters are safe for consumption. Nevertheless, the observed seasonal increase indicates potential vulnerability to nitrate pollution if anthropogenic pressures intensify.
Table 9. Assessment and Seasonal Variations in Alkalinity
	Alkalinity (mg/L)
	Wet Season
	Dry Season

	Sample 
	June 
	July 
	August 
	November 
	December 
	January 

	1 
	13.10±2.95 
	14.25±2.95 
	7.50±2.95 
	14.00±3.40 
	18.33±3.40 
	10.00±3.40 

	2 
	12.08±1.76 
	14.01±1.76 
	9.70±1.76 
	20.56±3.94 
	30.20±3.94 
	25.10±3.94 

	3 
	24.11±6.09 
	11.10±6.09 
	11.30±6.09 
	12.25±2.47 
	18.20±2.47 
	16.19±2.47 

	4 
	18.40±4.26 
	8.78±4.26 
	17.08±4.26 
	11.30±6.02 
	22.30±6.02 
	25.29±6.02 

	5 
	22.17±5.65 
	16.01±5.65 
	8.36±5.65 
	10.30±4.92 
	22.12±4.92 
	14.14±4.92 

	6 
	20.02±3.48 
	12.31±3.48 
	13.00±3.48 
	13.90±5.83 
	28.14±5.83 
	20.11±5.83 

	7 
	9.11±2.49 
	12.20±2.49 
	15.21±2.49 
	12.52±8.06 
	31.65±8.06 
	17.89±8.06 

	8 
	18.00±4.05 
	9.00±4.05 
	9.90±4.05 
	12.60±4.35 
	23.25±4.35 
	17.69±4.35 

	9 
	20.20±5.40 
	7.11±5.40 
	12.07±5.40 
	10.00±0.85 
	8.54±0.85 
	10.55±0.85 

	10 
	17.20±2.17 
	13.55±2.17 
	18.71±2.17 
	17.98±5.38 
	30.10±5.38 
	28.51±5.38 

	11 
	21.00±3.75 
	13.01±3.75 
	13.10±3.75 
	11.20±11.83 
	36.80±11.83 
	12.26±11.83 

	12 
	16.70±2.24 
	13.20±2.24 
	11.30±2.24 
	9.65±2.35 
	14.18±2.35 
	14.98±2.35 



The alkalinity results in Table 9 indicate moderate alkalinity levels across all boreholes. During the wet season, alkalinity values were generally lower, reflecting dilution effects and reduced carbonate dissolution.
During the dry season, alkalinity values increased in most locations, particularly in December, suggesting enhanced dissolution of carbonate and bicarbonate minerals due to prolonged water–rock interaction and reduced dilution. The increased alkalinity during the dry season enhances the buffering capacity of the groundwater, helping to stabilize pH levels. All alkalinity values fell within acceptable limits for drinking water, indicating that the borehole waters possess adequate buffering capacity without posing any health risk.
Table 10. Paired Sample t-test Results Comparing Chemical Properties between Wet and Dry Season
	Chemical Property
	Mean Difference
	T value
	p-value

	Total Hardness (TH)
	-76.663
	-17.780
	1.881e-09

	DO
	-26.527
	-29.085
	9.337e-12

	COD
	1.532
	6.175
	6.954e-05

	BOD
	-3.436
	-10.290
	5.55e-07

	 
	-10.714
	-2.854
	0.0157

	 
	-10.233
	-7.752
	8.806e-06

	 
	-9.226
	-5.689
	0.0001

	Total Alkalinity
	-4.137
	-2.999
	0.0121



Table 10 presents the results of the paired sample t-test conducted to examine seasonal variations in selected chemical properties of borehole water between the wet and dry seasons in Enugu North Local Government Area. The paired t-test is appropriate in this context because the same boreholes were sampled across both seasons, allowing for a direct comparison of seasonal effects on groundwater chemistry. The mean difference represents the difference between wet and dry season values (wet season minus dry season), while the t-value and p-value indicate the magnitude and statistical significance of the observed differences.
The results reveal statistically significant seasonal differences for all the chemical parameters analyzed, as all p-values are less than the 0.05 significance level. This indicates that seasonal variation has a considerable influence on the chemical composition of borehole water in the study area.
Total Hardness (TH) shows a large negative mean difference (−76.663) with a highly significant t-value (−17.780, p = 1.881 × 10⁻⁹), indicating that total hardness is significantly higher during the dry season than in the wet season. This increase during the dry season may be attributed to reduced dilution and higher mineral concentration due to lower groundwater recharge.
Dissolved Oxygen (DO) also exhibits a substantial negative mean difference (−26.527) and a very high level of statistical significance (t = −29.085, p = 9.337 × 10⁻¹²). This suggests that DO concentrations are significantly lower in the dry season compared to the wet season. The higher DO levels in the wet season may be associated with increased recharge, enhanced aeration, and lower water temperatures.
Chemical Oxygen Demand (COD) is the only parameter with a positive mean difference (1.532), and the difference is statistically significant (t = 6.175, p = 6.954 × 10⁻⁵). This indicates that COD levels are significantly higher in the wet season than in the dry season. The elevated COD during the wet season may result from surface runoff transporting organic and inorganic pollutants into the groundwater system.
Biochemical Oxygen Demand (BOD) shows a negative mean difference (−3.436) with strong statistical significance (t = −10.290, p = 5.55 × 10⁻⁷), implying higher BOD levels during the dry season. This could be due to increased concentration of biodegradable organic matter as a result of reduced water volume and limited dilution.
Chloride (Cl⁻) concentrations also differ significantly between seasons, with a negative mean difference (−10.714) and a p-value of 0.0157. This indicates higher chloride levels in the dry season. Elevated chloride during the dry season may reflect evaporation effects, increased anthropogenic inputs, or leaching from surrounding soils and waste disposal sites.
Similarly, sulphate (SO₄²⁻) shows a significant negative mean difference (−10.233) (t = −7.752, p = 8.806 × 10⁻⁶), indicating higher concentrations in the dry season. This seasonal increase may be linked to mineral dissolution and concentration effects during periods of reduced groundwater recharge.
Nitrate (NO₃⁻) also exhibits a statistically significant negative mean difference (−9.226) (t = −5.689, p = 0.0001), suggesting higher nitrate levels in the dry season. This pattern may be attributed to the accumulation of agricultural runoff, sewage infiltration, and reduced dilution during the dry period, raising concerns about potential health risks.
Total Alkalinity records a negative mean difference (−4.137) with a statistically significant p-value (0.0121), indicating higher alkalinity during the dry season. This may result from increased dissolution of carbonate and bicarbonate minerals under low recharge conditions.
4. Conclusion
This study assessed the seasonal variation in the chemical properties of borehole water from twelve sampled locations in Enugu North Local Government Area over a six-month period covering the wet season (June–August 2023) and the dry season (November 2023–January 2024). The analysis focused on key chemical parameters, including dissolved oxygen (DO), chemical oxygen demand (COD), biochemical oxygen demand (BOD), chloride, sulphate, nitrate, total hardness, and total alkalinity, in order to understand the influence of seasonal changes on groundwater quality.
The results clearly demonstrate that seasonality has a significant impact on the chemical composition of groundwater in the study area. Paired sample t-test analysis revealed statistically significant differences between wet and dry season values for all parameters investigated. Most parameters, including total hardness, BOD, chloride, sulphate, nitrate, and total alkalinity, recorded higher concentrations during the dry season, which can be attributed to reduced groundwater recharge, increased evaporation, and limited dilution of dissolved substances. In contrast, dissolved oxygen and chemical oxygen demand were higher during the wet season, likely due to increased recharge, surface runoff, and enhanced transport of organic and inorganic materials into the aquifer system.
The observed seasonal trends highlight potential water quality concerns, particularly during the dry season when elevated concentrations of hardness-forming ions and nutrients such as nitrate may pose health and aesthetic challenges for domestic water use. These findings underscore the need for regular and season-based monitoring of borehole water quality in Enugu North LGA. Implementing appropriate groundwater protection strategies and public awareness programs will help ensure the sustainability and safety of groundwater resources in the area.
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