


Heavy Metal Concentrations and Spatial Variation in Fish, Water, and Sediments of River Niger: A Comparative Analysis

ABSTRACT
There are many persistent heavy metals released into our environment, among which are heavy metals. This study was conducted to determine the concentrations of selected heavy metals—cobalt (Co), manganese (Mn), iron (Fe), and silver (Ag)—in fish, water, and sediment samples collected from three sites along the River Niger: Atani, Bridgehead, and Otuocha. The concentrations were measured using atomic absorption spectrophotometry (AAS 240FS). Results revealed site-specific variations in heavy metal accumulation across sample types. The highest concentrations of Co (0.665 ± 0.018 mg/L), Mn (13.780 ± 3.507 mg/L), and Fe (48.77 ± 0.382 mg/L) in water were found at the Otuocha site. Similarly, Otuocha recorded the highest levels of these metals in both fish and sediment samples. Iron (Fe) concentration in Otuocha fish tissue reached 47.12 ± 0.785 mg/kg, indicating significant bioaccumulation. In contrast, manganese was completely absent in the water, sediment, and fish samples from Bridgehead.Silver (Ag) exhibited a different trend, with the highest concentrations consistently observed in all sample types from the Bridgehead site: 0.729 ± 0.001 mg/kg in fish, 0.781 ± 0.036 mg/L in water, and 0.668 ± 0.044 mg/kg in sediment. These elevated levels suggest potential site-specific contamination sources. The presence and accumulation of heavy metals in fish, water, and sediments across all sampling locations suggest ongoing pollution of the River Niger. These findings underscore the environmental and public health implications of heavy metal contamination in aquatic ecosystems and highlight the need for continuous monitoring and management of pollution sources along the river.
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Introduction
The contamination of water bodies through pollution poses a significant threat to aquatic ecosystems, endangering the survival of aquatic organisms and disrupting ecological balance (Bashir et al., 2020). Major sources of water pollution include industrial, agricultural, commercial, and domestic waste, which introduce various pollutants, particularly heavy metals, into aquatic environments (Madhav et al., 2019). 
Heavy metals like Cu, Mn, Fe, Ag, Co, Cd, and Cr can enter water bodies directly or indirectly, accumulating over time (Jagaba et al., 2024). Heavy metals are elements with high atomic mass and density (typically ≥5 g/cm³) that, despite often occurring in low concentrations, can exert significant biological and environmental effects (Koller & Saleh, 2018).
Some metals—like copper, zinc, and selenium—are essential trace elements necessary for biological processes and human metabolism (Mehri, 2020). Cobalt is central to the structure of vitamin B12, playing a key role in metabolic pathways (González-Montaña et al., 2020). Other metals, including iron, tin, and tungsten, have important industrial applications, while noble metals such as gold, silver, platinum, and rhodium are valued for their catalytic and commercial uses (Meskers & Reuter, 2024). However, certain metals such as mercury, cadmium, arsenic, chromium, thallium, and lead are toxic even at low concentrations, with long-term impacts on ecosystems and human health (Balali-Mood et al., 2021). Due to their toxicity, environmental persistence, and tendency to bioaccumulate, heavy metals have become a major focus of environmental research and regulation (Edo et al., 2024). Heavy metal pollution directly affects aquatic organisms like fish, crabs, and plants, including water hyacinth and water lilies. Fish, in particular, are known to bioaccumulate both organic and inorganic pollutants, making them reliable indicators of environmental contamination (Tashla et al., 2018). Sediments also play a crucial role by acting as reservoirs for pollutants, directly interacting with the aquatic environment and serving as indicators of anthropogenic impact (de Andrade et al., 2019).
The Niger River, stretching about 4,180 km, is western Africa's principal watercourse (Dube et al., 2025). The River Niger passes through Guinea, Mali, Niger, and Nigeria before emptying into the Gulf of Guinea via the expansive Niger Delta—an area commonly referred to as the Oil Rivers. The Niger River is one of the most significant rivers in Africa and serves as the main river system in West Africa (Ponnambalam et al. 2021). The river ultimately drains into the Gulf of Guinea through the vast and complex Niger Delta, a region also known as the Oil Rivers due to its petroleum resources. The Niger River is Africa's third-longest river, after the Nile and Congo Rivers.
Given the ecological and human health risks posed by heavy metal contamination, this study aims to assess the concentrations of selected heavy metals—cobalt (Co), iron (Fe), manganese (Mn), and silver (Ag) in samples obtained at majour locations along the River Niger, Anambra section.
2.0 Methods
2.1 Collection of Samples 
2.1.1 Water and Sediment Sampling
Samples of water and sediment were collected from three different locations. For water samples, a metal-free bottle was submerged approximately 0.5 feet below the water surface to collect the samples, which were then transferred to a stopper bottle.
2.1.2 Fish Sampling
Fish samples were collected using cast nets thrown by fishermen and retrieved using a line attached to the net's opening. The caught fish were collected, washed, weighed, and preserved in refrigerators for a day before analysis. Before analysis, the fish were removed from the fridge, and the flesh was extracted for further examination.
2.2 Determination of Heavy Metal Concentrations in the Samples
The concentrations of heavy metals in the water samples were determined using an Atomic Absorption Spectrophotometer (AAS) model 240FS. The analysis involved the following steps:
1. Sample Preparation: The digested water samples were diluted and placed on the bench for analysis.
2. Instrument Setup: The AAS machine was switched on and set to the specific wavelength for each heavy metal being analyzed.
3. Lamp Selection: The appropriate hollow cathode lamp for each heavy metal was installed in the machine.
4. Nebulizer Setup: A tube from the machine was inserted into the instrument to facilitate sample introduction.
5. Measurement: The machine was set to measure the absorbance and concentration of each heavy metal, which were displayed on the screen.
2. The AAS analysis was performed under optimal conditions, with the wavelength and detection limit adjusted for each heavy metal to ensure accurate and reliable results.
3.0 RESULTS
3.1 Concentrations of Co, Mn, Fe and Ag in Fish from River Niger Attani, bridgehead, Otuocha
The data indicate significant variation in heavy metal accumulation in fish across the three sampled sites (Atani, Bridgehead, and Otuocha). Fish from Otuocha exhibited the highest concentrations of cobalt, manganese, and iron, suggesting elevated levels of metal pollution at that location. Manganese and iron were undetectable in fish from the Bridgehead site. In contrast, silver concentration peaked in fish collected from Bridgehead, indicating a localized source of silver contamination. 
Table 1 Concentrations of Co, Mn, Fe and Ag in Fish from River Niger Attani, bridgehead, Otuocha 
	Heavy metals
	Atani
	Bridgehead
	Otuocha

	Co
	0.787   ± 0.146
	0.077  ± 0.179
	0.629  ± 0.008

	Mn
	0.254   ± 0.718
	0.00    ± 000
	5.904  ± 2.619

	Fe
	2.397   ± 0.634
	0.00    ± 0.198
	47.12  ± 0.785

	Ag
	0.503   ± 0.457
	0.729   ± 0.001
	0.036  ± 0.074



3.2 Concentrations of Co, Mn, Fe and Ag in water from River Niger
The concentrations of heavy metals in water samples varied notably across the three sampling sites. Otuocha showed the highest levels of cobalt, manganese, and iron, indicating a high degree of metal contamination in the water at this location. Bridgehead, on the other hand, recorded no detectable level of manganese but exhibited the highest concentration of silver, suggesting a possible point source of silver pollution. Atani showed moderate concentrations of all metals.
Table 2 Concentrations of Co, Mn, Fe and Ag in water from River Niger 
	Heavy metals
	Atani
	Bridgehead
	Otuocha

	Co
	0.506  ± 0.052
	0.071  ± 0.183
	0.665   ± 0.018

	Mn
	2.118  ± 0.600
	0.00    ± 000
	13.780 ± 3.507

	Fe
	3.684  ± 0.236
	0.707  ± 0.302
	48.77   ± 0.382

	Ag
	0.497  ± 0.462
	0.781  ± 0.036
	0.026   ± 0.081





3.3 Concentrations of Co, Mn, Fe and Ag in sediments from River Niger Atani, Bridgehead, Otuocha
Sediment analysis revealed that Otuocha had the highest levels of cobalt, manganese, and iron, indicating significant heavy metal accumulation at this site. In contrast, manganese and iron were absent or very low at Bridgehead, while silver concentration was highest at this midstream location. Atani showed moderate concentrations of all tested metals. The data suggest that Otuocha sediments are more heavily impacted by metal contamination, while Bridgehead shows a distinct contamination pattern, particularly with elevated silver content.
Table 3 Concentrations of Co, Mn, Fe and Ag in sediments from River Niger Atani, bridgehead, Otuocha
	Heavy metals
	Atani (Upstream
	Bridgehead (Midstream)
	Otuocha (Upstream)

	Co
	0.437  ± 0.101
	0.139  ± 0.135
	0.635  ± 0.004

	Mn
	1.423  ± 0.108
	0.00    ± 000
	6.773  ± 1.447

	Fe
	3.966  ±  0.436
	0.138  ± 0.100
	48.80  ± 0.403

	Ag
	0.464  ± 0.485
	0.668  ± 0.044
	0.362  ± 0.157




Discussion
The concentrations of heavy metals in water, fish, and sediments from the three sites show distinct spatial patterns. At Otuocha, cobalt, manganese, and iron were consistently higher across all media, indicating significant contamination and strong potential for bioaccumulation in aquatic organisms. In contrast, Bridgehead showed negligible levels of manganese and iron but recorded the highest silver concentrations in water, fish, and sediments, suggesting a localized point source of silver pollution, possibly from industrial or urban discharges. Atani exhibited moderate levels of all metals in the three media, reflecting background contamination or diluted inputs compared to the other sites. Overall, these variations highlight site-specific pollution influences, with Otuocha impacted by mixed metal contamination, Bridgehead characterized by silver enrichment, and Atani showing moderate and diffuse contamination.
Cobalt was detected in all samples and sites. It is biologically essential as the core of vitamin B12, supporting red blood cell formation, nervous system function, and metabolism (González-Montaña et al., 2020), and may also enhance aerobic performance (Maynar et al., 2024). Medically, cobalt is used to treat anemia, while cobalt-60 is used in cancer radiotherapy (Van Dyk et al., 2020). Excess exposure, however, causes toxicity including cardiomyopathy, sensory loss, and respiratory complications (Paustenbach et al., 2013; Wahlqvist et al., 2020; Linna, 2023). Unlike earlier studies that reported undetectable levels in water and fish (Jenyo-Oni & Oladele, 2016), this study found measurable cobalt concentrations, highest at Atani and Otuocha. These elevated levels suggest anthropogenic sources such as industrial effluents and agricultural runoff (Genchi  et al., 2023).
Manganese was detected in all locations except the Bridgehead samples. As an essential trace mineral, it supports bone health, antioxidant defense, and brain and liver function ( Dubey et al., 2020; Rondanelli et al., 2021; Studer et al., 2022; Islam et al., 2022; Abdelbasir et al., 2023). It  protects against free radical damage, may reduce osteoarthritis symptoms when combined with glucosamine and chondroitin, and has been linked to reduced risks of diabetes and seizures (Vasiliadis & Tsikopoulos, 2017). However, excessive exposure can cause manganism,  while community exposure has been associated with impaired motor and cognitive functions, especially in children (Obasi, 2020; Ruiz-Azcona et al., 2021; Kumar et al., 2022). The absence of manganese in Bridgehead samples aligns with Yusuf & Othman (2014), who reported undetectable levels in some fish species. Manganese levels at Atani and Otuocha were lower than those reported by Edori et al. (2020), but the level at Otuocha exceeded WHO limits and surpassed those reported by Membere & Abdulwasiu  (2020), indicating potential health risks.  Manganese comes from natural and anthropogenic sources (Kalisińska & Budis, 2019).
Iron was present in all samples across the study locations. As an essential mineral, it supports oxygen transport through hemoglobin and contributes to metabolism, DNA synthesis, energy production, and immune function (Michel & Martin-Ventura, 2020; Barua et al., 2023; Stefanache et al., 2023). However, excess iron can be harmful, causing gastrointestinal distress, organ damage, or overload conditions like hemochromatosis (Lal, 2020; Rafati et al., 2023). In this study, Otuocha fish had higher iron concentrations than those reported by Jenyo-Oni and Oladele (2016), while Atani and Bridgehead showed lower values. Sediment concentrations were lower than those reported by Edori et al. (2020) and Hany & Elwoa (2012), yet remained elevated, particularly at Otuocha, though still below levels noted by Edward & Mulibi (2020).
Silver was detected in all samples across the sites, with Bridgehead showing the highest concentrations in water, fish, and sediments, suggesting a localized source of contamination, likely from industrial effluents. In aquatic environments, silver’s free ionic form (Ag⁺) is highly toxic, impairing gill function by disrupting Na⁺/K⁺-ATPase activity, which can lead to stress, organ failure, and fish mortality (Marx et al., 2022). Chronic human exposure causes argyria, a permanent blue-gray skin discoloration, and argyrosis in the eyes (Mota & Dinis-Oliveira, 2021), while acute exposure may trigger respiratory irritation, abdominal pain, and skin or eye reactions (Hadrup et al., 2020). Soluble silver compounds accumulate in organs such as the liver, kidneys, and skin, increasing the risk of damage (Ferdous & Nemmar, 2020), and silver nanoparticles have been linked to cytotoxicity, DNA damage, inflammation, and reproductive effects (Choudhary et al., 2022).
Conclusion
This study confirmed the accumulation of heavy metals in fish across all three sites along the River Niger. Otuocha recorded the highest levels of cobalt, manganese, and iron in both water and sediment, indicating significant contamination in that area, while silver was most prevalent at Bridgehead in fish, water, and sediment, suggesting localized silver pollution. These findings point to potential sources of contamination, including agricultural runoff, industrial discharge, and domestic waste. Considering the ecological and public health risks posed by heavy metal pollution, strengthened monitoring and effective environmental management are urgently needed. Reducing pollutant inputs into the river is crucial to protecting aquatic life and safeguarding the health and livelihoods of communities that depend on it.
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