



      
Hydrogeochemical Characterisation and Water Quality Assessment of Streams Impacted by Agricultural Runoff in Uyo, Akwa Ibom State, Nigeria

Abstract
Agricultural runoff is a major global non-point source of water contamination, contributing substantially to nutrient enrichment, heavy metal loading, and hydrogeochemical alteration in freshwater systems, particularly in humid tropical regions. This study assessed the influence of agricultural activities on the water quality of three streams (S1–S3) within the Uyo Agricultural Zone of Akwa Ibom State, Nigeria. A total of 36 water samples were collected across wet and dry seasons from March 2024 to February 2025. Hydrochemical parameters (pH, Dissolved Oxygen, Turbidity, and Total Dissolved Solids), nutrients (NO₃⁻, PO₄³⁻, NH₄⁺), and heavy metals (Pb, Cd, Hg, As, Cr) were analysed using standard field measurements and FLAME AAS (Flame Atomic Absorption Spectrophotometry). Concentrations of NO₃⁻ (12–18 mg/L), PO₄³⁻ (2.5–3.8 mg/L), and NH₄⁺ (1.8–2.5 mg/L) showed clear spatial variation, with consistently higher values at S2, which is closest to major farmlands. Lead levels exceeded WHO limits at S1 and S2, while Cd, Hg, As, and Cr remained within permissible thresholds. Slightly acidic pH (6.5–6.9), moderate Dissolved Oxygen (4.8–5.2 mg/L), elevated Turbidity (10–15 NTU), and increased TDS (430–500 mg/L) indicated the influence of sediment wash-off and agrochemical inputs. Seasonal comparisons revealed increases in NO₃⁻ and Pb during the wet season, reflecting rainfall-driven mobilisation of contaminants. The results show that agricultural runoff significantly affects the hydrogeochemical characteristics and water quality of streams in Uyo, stressing the need for improved land-use practices, erosion control, and watershed-protection strategies.
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1.0 Introduction 
Agricultural runoff is widely recognised as one of the most pervasive non-point sources of water contamination, releasing excessive nutrients, suspended sediments, pesticides, hydrocarbons, and trace metals into freshwater systems. These inputs alter hydrogeochemical processes, degrade aquatic ecosystems, and elevate risks to human and environmental health (Ekwere et al., 2025). Globally, the intensification of agriculture—particularly fertiliser application and pesticide use—has accelerated nutrient enrichment and contaminant delivery to streams, wetlands, and riverine environments (Ekesiobi et al., 2025). The situation is more pronounced in developing regions, where rapid agricultural expansion often occurs without adequate environmental controls, thereby increasing the vulnerability of surface waters to anthropogenic pressures (Anarado et al., 2023).
Runoff generated from fertilised farmland is a major transport pathway for nitrates, phosphates, ammonium, and agrochemical residues. These nutrient-rich discharges stimulate excessive primary productivity, oxygen depletion, and ecosystem imbalance, contributing to eutrophication and long-term ecological degradation (Ogbaji et al., 2025). In addition to nutrients, agricultural landscapes frequently serve as secondary reservoirs for heavy metals such as Pb, Cd, As, and Hg, introduced through contaminated soils, irrigation return flows, atmospheric deposition, and agrochemical formulations. These metals are of global toxicological concern because they are persistent, bioaccumulative, and capable of magnifying through aquatic food webs (Stewart et al., 2000; Umueni et al., 2025). Similar concerns extend to persistent organic pollutants (POPs), which undergo long-range atmospheric transport and accumulate in aquatic organisms (Kallenborn et al., 2015; Wania et al., 2006).
In Nigeria, particularly within the Niger Delta and other agricultural belts, recent assessments have documented increasing nutrient loads, heavy metals, hydrocarbons, and pesticide residues in surface waters influenced by farming and mixed land-use activities (Aghanwa et al., 2025; Ekpe et al., 2025; Umueni et al., 2025). These contaminants have been detected not only in water but also in sediments and aquatic biota, highlighting the risks of bioaccumulation and potential food-chain transfer (Eyenubo et al., 2024; Ernesto et al., 2021; Okpoji et al., 2025; Onoja et al., 2025). For instance, studies across Niger Delta water bodies show that even low-level, chronic contamination from metals and hydrocarbons can significantly impair aquatic ecosystems and pose health risks to dependent communities (Ekwere et al., 2025; John et al., 2025).
The complexity of water quality degradation in Nigerian agricultural environments is further compounded by interactions with other pollution sources, including oil exploration, artisanal refining, and gas flaring (Okpoji et al., 2025. Atmospheric deposition of soot, particulate-bound metals, and volatile Organic Compounds (VOCs) contributes additional chemical loads to surface waters, creating a multi-pollutant environment where agricultural contaminants interact with petroleum-derived pollutants (Aghanwa et al., 2025; Okpoji et al., 2025). These interactions influence hydrogeochemical properties such as pH, Dissolved Solids, Turbidity, and ionic balance, and are increasingly reported in rivers, estuaries, and streams across the region (Okagbare et al., 2025; Okpoji et al., 2025).
Hydrogeochemical assessment provides an essential framework for understanding such complex interactions. Key parameters—pH, Dissolved Oxygen, Turbidity, and Total Dissolved Solids—offer insight into the combined effects of natural processes (e.g., mineral dissolution, soil–water interactions) and anthropogenic activities such as fertiliser application, land-use change, and contaminant loading (Oghenekohwiroro & Osaro, 2017). When measured alongside nutrient and metal concentrations, these indicators allow researchers to identify pollution sources, evaluate seasonal shifts, and assess ecological and public-health risks.
Therefore, this study aims to evaluate the hydrogeochemical characteristics and water quality of streams impacted by agricultural runoff within the Uyo Agricultural Zone, Akwa Ibom State, Nigeria, by assessing nutrient levels, heavy‐metal concentrations, physicochemical parameters, and seasonal variations to determine the extent of anthropogenic influence and its implications for ecological and public health.

2.0 Materials and Methods
2.1 Study Area
This study was carried out in three streams—S1, S2, and S3—located within the Uyo Agricultural Zone in Akwa Ibom State, Nigeria, between coordinates 5°00′–5°05′ N and 7°55′–8°00′ E. These streams drain an agriculturally dominated watershed that spans the Nsukara, Nwaniba, and Use Offot communities. The area supports intensive mixed farming, including cassava, maize, vegetables, poultry, and piggery operations, all of which contribute to agrochemical inputs and nutrient wash-off into adjacent surface waters.
The region lies in the humid tropical rainforest belt of southern Nigeria and experiences a bimodal climate, with a rainy season from March to October and a short dry season from November to February. Annual rainfall ranges from 2,200 to 2,800 mm, and peak precipitation enhances overland flow, soil erosion, and hydrological connectivity between farmlands and the streams. The streams serve local households for domestic use, livestock watering, and small-scale irrigation, making their water quality important for both ecological integrity and public health. As in many tropical agricultural regions globally, agricultural runoff constitutes a major non-point source of pollution, contributing nutrients, sediments, and heavy metals to downstream aquatic ecosystems.
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Fig. 1:  Map of the sampling location  
2.2 Sampling Strategy
A purposive sampling approach was used to select the three streams based on their proximity to farmlands and visible evidence of surface runoff. Sampling was conducted over 12 months, from March 2024 to February 2025, covering both wet and dry seasons. A total of 36 water samples were collected (three sites × two seasons × six replicate samples). At each site, water samples were collected midstream at a depth of 20–30 cm using pre-cleaned 1-L polyethene bottles that were acid-soaked in nitric acid and rinsed with deionised water. Before final collection, each bottle was rinsed with stream water to minimise contamination. Samples for nutrient and physicochemical analyses were transported unacidified, while samples for heavy metal analysis were acidified immediately to pH < 2 using ultrapure nitric acid.
2.3 Physicochemical Analysis
In situ measurements of hydrochemical parameters were carried out at each sampling point using calibrated portable meters. pH was measured with a Hanna HI 9811 meter, dissolved oxygen (DO) with a YSI Pro20 DO meter, turbidity with a Hach 2100P turbidimeter, and total dissolved solids (TDS) with a Jenway 4510 meter. All instruments were calibrated daily following manufacturer specifications to ensure analytical accuracy and stability.
2.4 Nutrient Determination
Nutrient concentrations, including nitrate (NO₃⁻), phosphate (PO₄³⁻), and ammonium (NH₄⁺), were determined following APHA (2017) standard spectrophotometric procedures. NO₃⁻ was quantified using the cadmium reduction method, PO₄³⁻ using the ascorbic acid method, and NH₄⁺ using the phenate method. Absorbance readings were taken with a UV–Visible spectrophotometer, and concentrations were calculated from calibration curves prepared from analytical-grade standards. All nutrient analyses were performed within 24 hours of sampling to prevent chemical changes.
2.5 Heavy Metal Analysis
Concentrations of Pb, Cd, Hg, As, and Cr were determined using FLAME AAS (Flame Atomic Absorption Spectrophotometry) with a PerkinElmer AAnalyst instrument. Before analysis, samples were digested with nitric acid on a hot plate at 80–90°C until the volume was reduced by approximately half. The digested samples were cooled, filtered, and diluted back to their original volume with deionised water. Calibration standards were prepared from certified metal-stock solutions, and analytical performance was monitored using blanks, duplicates, and spiked recoveries.
2.6 Seasonal Variation Assessment
Seasonal influences on water quality were assessed by comparing wet-season and dry-season concentrations of nutrients, metals, and key hydrochemical indicators. This comparison provided insight into how rainfall intensity, runoff volume, and hydrological shifts influence the mobilisation and transport of contaminants.
2.7 Quality Assurance and Quality Control
Comprehensive quality assurance and quality control procedures were applied throughout the study. All bottles and glassware were soaked in 10% nitric acid for 24 hours, rinsed with deionised water, and air-dried before use. Field and laboratory blanks accompanied each analytical batch to detect potential contamination. Multi-point calibration curves with coefficients of determination (R²) above 0.995 were used for all analyses. Duplicate measurements were performed for at least 10% of samples, and spiked recoveries were maintained within 85–115%. Measured concentrations were compared with the WHO (2022) guideline limits to evaluate compliance and potential health risks.

3.0 Results
3.1 Nutrient Concentrations in the Streams
Nutrient levels varied across the three sampling locations, reflecting differing degrees of agricultural influence. Nitrate concentrations ranged from 12 to 18 mg/L, with the highest value recorded at Site S2 (18 mg/L), indicating stronger fertiliser input and runoff intensity. Phosphate followed a similar spatial trend, with values between 2.5 and 3.8 mg/L, again peaking at S2. Ammonium concentrations ranged from 1.8 to 2.5 mg/L and were lowest at Site S3. The S2 consistently exhibited the highest concentrations of all measured nutrients, while S3 recorded the lowest, suggesting dilution downstream and reduced exposure to direct runoff.
Table 1: Nutrients in Streams (mg/L)
	Site
	Nitrate
	Phosphate
	Ammonium
	WHO Standard

	S1
	15
	3.2
	2.0
	NO₃: 50, PO₄: 5

	S2
	18
	3.8
	2.5
	-

	S3
	12
	2.5
	1.8
	-



[image: ]Figure 2: Nutrient concentrations across sites S1, S2, and S3.

3.2 Heavy-Metal Concentrations
Heavy metals were detected at all locations, with varying degrees of compliance with WHO standards. Lead concentrations (10–15 µg/L) exceeded permissible limits at Sites S1 (12 µg/L) and S2 (15 µg/L), indicating contamination likely associated with agrochemical residues or soil particles mobilised during runoff. Cadmium concentrations ranged between 1.5 and 2.0 µg/L and remained within acceptable limits. Mercury values (1.0–1.5 µg/L), arsenic values (8–11 µg/L), and chromium concentrations (12–18 µg/L) were also within WHO (2022) thresholds for drinking water.

Table 2: Heavy Metals concentrations (µg/L)
	Site
	Pb
	Cd
	Hg
	As
	Cr
	WHO Standard

	S1
	12
	1.8
	1.2
	9
	15
	Pb 10, Cd 3, Hg 6, As 10, Cr 50

	S2
	15
	2.0
	1.5
	11
	18
	-

	S3
	10
	1.5
	1.0
	8
	12
	-
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Figure 3: Metal concentrations across the sampling sites.


3.3 Physicochemical Water Quality
The physicochemical characteristics of the streams showed noticeable spatial differences. pH values ranged from 6.5 to 6.9, indicating slightly acidic conditions typical of regions influenced by organic matter decomposition and nutrient loading. Dissolved oxygen levels varied from 4.8 to 5.2 mg/L, with the lowest value recorded at S2, suggesting enhanced microbial activity and elevated organic content. Turbidity levels (10–15 NTU) exceeded natural background levels for undisturbed streams and were highest at S2, consistent with sediment wash-off during runoff. Total dissolved solids ranged from 430 to 500 mg/L, with S2 again showing the highest concentration.

Table 3: Water Quality Parameters
	Site
	pH
	DO (mg/L)
	Turbidity (NTU)
	TDS (mg/L)

	S1
	6.8
	5.0
	12
	450

	S2
	6.5
	4.8
	15
	500

	S3
	6.9
	5.2
	10
	430



3.4 Seasonal Variation in Water Quality
Seasonal comparisons revealed marked differences between wet and dry periods. Nitrate concentrations increased from 13 mg/L during the dry season to 17 mg/L in the wet season, reflecting rainfall-induced mobilisation of fertiliser residues. Lead concentrations also increased from 12 µg/L in the dry season to 14 µg/L in the wet season, while dissolved oxygen decreased from 5.2 mg/L to 4.9 mg/L due to increased organic matter input and reduced light penetration.
Table 4: Seasonal Variation (Nutrients and Metals)
	Parameter
	Wet Season
	Dry Season

	Nitrate (mg/L)
	17
	13

	Pb (µg/L)
	14
	12

	DO (mg/L)
	4.9
	5.2
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Figure 4: Comparison of wet and dry season variations in nitrate, lead, and dissolved oxygen.
4.0 Discussion
The results of this study demonstrate that streams receiving agricultural runoff exhibit measurable alterations in nutrient levels, heavy-metal concentrations, and hydrogeochemical characteristics. Nutrient enrichment was evident across all sampling locations, with Site S2 showing the highest concentrations of nitrate, phosphate, and ammonium as presented in Table 1. These patterns are typical of farmlands with intensive fertiliser application, where rainfall and irrigation activities facilitate the transport of nitrogen- and phosphorus-based agrochemicals into surface waters (Anarado et al., 2023). Similar observations have been reported in irrigation and agricultural catchments across Rivers State, where runoff mobilises both organic and inorganic nutrient fractions into adjoining streams (Ekpe et al., 2025). The elevated nutrient concentrations, although still below WHO (2022) limits, indicate progressive nutrient loading that can contribute to eutrophication and altered ecological structure if unmanaged.
Heavy-metal concentrations further underscore the influence of anthropogenic inputs, particularly agricultural and mixed land-use activities. Table 2 shows that Pb levels exceeded the WHO (2022) permissible limits at Sites S1 and S2, suggesting contamination from fertiliser components, farm machinery emissions, or soil particles enriched with lead residues. This trend aligns with the documented metal burdens in surface waters of the Niger Delta, where agricultural runoff often coexists with atmospheric deposition from industrial activities such as gas flaring (Aghanwa et al., 2025). The presence of Cd, Hg, As, and Cr at all sites, even below guideline values, reflects chronic low-level contamination that can accumulate over time, posing long-term ecological risks. Several studies have demonstrated the bioaccumulative potential of trace metals in aquatic organisms, showing that even low concentrations in water bodies can result in significant tissue accumulation in fish and crustaceans (Eyenubo et al., 2024; Okpoji et al., 2025). Similar risks have been reported in international studies examining persistent contaminants such as PCBs and PBDEs in fish, where bioaccumulation patterns reflect prolonged exposure to low-level environmental contamination (Ernesto et al., 2021; Stewart et al., 2000).
Hydrochemical indicators from Table 3 further highlight the impact of runoff on stream quality. Slightly acidic pH values (6.5–6.9) are consistent with waters influenced by organic acids, decomposing vegetation, and nutrient–metal interactions, which are common in agricultural and oil-impacted landscapes. Comparable hydrochemical conditions have been reported in Niger Delta water systems, where organic matter input and contaminant influx contribute to acidity and altered ionic composition (Okpoji et al., 2025; Okagbare et al., 2025). Dissolved oxygen levels were lowest at Site S2, indicating increased microbial activity and organic loading, likely associated with fertiliser-rich runoff and sediment influx. Turbidity and TDS were also highest at Site S2, pointing to soil erosion and particulate transport from farmlands. These findings are consistent with studies showing that agricultural runoff often carries sediments, metals, hydrocarbons, and agrochemical residues that influence water clarity, ionic strength, and overall hydrochemical stability (Umueni et al., 2025; Okpoji et al., 2025).
Seasonal variations presented in Table 4 further reinforce the role of rainfall in pollutant mobilisation. Nitrate and Pb concentrations were higher in the wet season, which aligns with the established hydrological pattern where rainfall accelerates the transport of soluble nutrients, soil particles, and metal-bound sediments into aquatic systems. This increased flushing effect has been widely documented in tropical agricultural regions and in polluted Niger Delta waterways where wet-season inflows elevate contaminant concentrations (Aghanwa et al., 2025; Ekpe et al., 2025). Lower dissolved oxygen in the wet season reflects higher organic input, increased turbidity, and reduced light penetration, all of which diminish aquatic oxygenation. Similar seasonal DO reductions have been reported in contaminated rivers of the Niger Delta, where hydrocarbon and nutrient influx compromise oxygen availability and alter community structure (Okpoji et al., 2025; Umueni et al., 2025).
Although this study focused on nutrients and metals, the trends observed mirror those associated with broader categories of persistent contaminants such as polycyclic aromatic hydrocarbons (PAHs) and PCBs, which are known to undergo long-range atmospheric deposition and accumulate in aquatic environments (Kallenborn et al., 2015; Wania et al., 2006). Agricultural watersheds in developing regions often experience overlapping pollution stressors, including pesticide residues, industrial emissions, and petroleum hydrocarbons, which complicate aquatic ecosystem responses (John et al., 2025). The contamination patterns observed in this study, particularly the detectable levels of multiple metals and the consistent nutrient presence, are characteristic of systems exposed to chronic, diffuse pollution sources (Anarado et al., 2023).
The hydrogeochemical and contaminant patterns documented reflect a multi-source pollution environment where agricultural runoff interacts with atmospheric deposition, catchment geology, and land-use pressures. Similar complexities have been highlighted in environmental assessments across the Niger Delta, where the interplay between agricultural, industrial, and domestic activities challenges remediation and management strategies (Okpoji et al., 2025). The presence of metals, elevated turbidity, and nutrient enrichment suggests that continued monitoring and integrated watershed management interventions are essential to prevent further degradation.
Conclusion
This study demonstrates that agricultural runoff significantly influences the hydrogeochemical characteristics and overall water quality of streams within the study area. Nutrient enrichment was evident across all sampling locations, with Site S2 showing consistently higher concentrations of nitrate, phosphate, and ammonium due to its proximity to intensive farming operations and active runoff pathways. Although nutrient levels remained below WHO (2022) guideline values, their spatial and seasonal patterns suggest increasing nutrient loading that, if unmanaged, may predispose the streams to eutrophication and long-term ecological alteration.
Heavy metals were present in all streams, with Pb concentrations exceeding WHO (2022) limits at Sites S1 and S2, indicating contamination linked to agrochemical residues, eroded soils, and atmospheric deposition. While Cd, Hg, As, and Cr remained within permissible limits, their persistent detection underscores the presence of chronic low-level metal pollution capable of accumulating in sediments and aquatic organisms over time.
Physicochemical indicators—including slightly acidic pH, moderate dissolved oxygen, elevated turbidity, and increased TDS—further reflect the influence of agricultural activities and sediment wash-off on stream-water chemistry. Seasonal variation highlighted the critical role of rainfall in mobilising nutrients, metals, and particulates, with wet-season conditions showing higher contaminant concentrations and reduced oxygen availability. Collectively, these findings reveal a system undergoing progressive degradation driven by diffuse agricultural pollution. Without intervention, continued nutrient and metal loading may compromise ecological integrity, reduce water quality, and pose health risks to communities dependent on these streams. Strengthening watershed management through improved fertiliser practices, erosion control, riparian buffer establishment, and regular water-quality monitoring is essential to safeguard both ecosystem function and public health in the region.
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