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Abstract
[bookmark: _GoBack]This study examined the seasonal variation in hydrocarbon contamination of sediments and biota within the Bonny Estuary, Rivers State, Nigeria. Samples of sediment, surface water, and fish were collected during the dry and wet seasons and analysed for total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAHs) using standard analytical methods and gas chromatography. Physico-chemical parameters were also measured to evaluate environmental factors influencing hydrocarbon distribution. The results showed significant differences in pH, dissolved oxygen, and total organic carbon between seasons, with higher organic content recorded during the wet season. TPH levels ranged from 15.72 ± 1.3 mg/kg in the dry season to 24.35 ± 2.1 mg/kg in the wet season. Similarly, total PAHs varied from 4.86 ± 0.5 mg/kg to 7.42 ± 0.7 mg/kg, both exceeding the permissible limits set by the National Environmental Standards and Regulations Enforcement Agency (NESREA). Hydrocarbon concentrations in fish tissues also exhibited seasonal variation, with levels of naphthalene, phenanthrene, and benzo[a]pyrene surpassing FAO/WHO limits during the wet season. Correlation analysis revealed a strong positive relationship (r = 0.88) between hydrocarbon levels in sediment and biota, indicating an effective transfer through sediment–water–biota interactions. Source diagnostic ratios showed a shift from mainly petrogenic sources in the dry season to pyrogenic sources in the wet season, pointing to the combined effects of oil discharges, gas flaring, and combustion emissions. The study concludes that hydrocarbon pollution in Bonny Estuary is persistent and varies with seasons, posing potential ecological and public health risks for communities dependent on the estuary for fishing and domestic water.
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1.0 Introduction
Hydrocarbon contamination in aquatic environments remains a critical environmental challenge in the Niger Delta, Nigeria, due to the intensive oil exploration, production, transportation, and refining activities that dominate the region (Ite et al., 2018; Adeniran et al., 2023). The Bonny Estuary, located within the eastern Niger Delta, is one of the most industrially active and environmentally stressed water bodies in Nigeria. It serves as a major maritime corridor for crude oil export and harbours several oil terminals, pipelines, and petrochemical facilities, all of which contribute significantly to the hydrocarbon burden in the aquatic ecosystem (Okpoji et al., 2025a; HYPREP, 2023). The estuary supports a wide range of socio-economic activities, including artisanal fishing, navigation, and domestic water use, thereby making hydrocarbon pollution a serious ecological and public health concern (Ajeh et al., 2022; Anarado et al., 2023).
Hydrocarbons, particularly polycyclic aromatic hydrocarbons (PAHs) and total petroleum hydrocarbons (TPH), are among the most toxic and persistent organic contaminants found in aquatic environments. These compounds originate from petrogenic sources such as crude oil spills and refined petroleum discharges, as well as pyrogenic sources associated with combustion processes and gas flaring (Aigberua, 2020; Akpan et al., 2022). Once introduced into aquatic systems, hydrocarbons undergo complex physical, chemical, and biological transformations that determine their fate and distribution in water, sediments, and biota (Gill et al., 2020; Thornton et al., 2024). Sediments act as both sinks and secondary sources of hydrocarbons, serving as critical indicators of long-term contamination and bioavailability (Smith et al., 2021; British Geological Survey, 2024). The accumulation of hydrocarbons in aquatic biota, particularly fish, poses serious health risks to humans through the food chain due to their mutagenic, carcinogenic, and endocrine-disrupting properties (John et al., 2025; Ekwere et al., 2025a).
Seasonal variation plays a major role in hydrocarbon distribution in aquatic systems. In tropical regions such as the Niger Delta, the wet season is characterised by intense rainfall, surface runoff, and river discharge, which enhance the transport of hydrocarbons from land-based sources into estuarine waters. Conversely, during the dry season, reduced hydrological activity leads to higher concentrations of hydrocarbons in sediments and water due to lower dilution and degradation rates (Okpoji et al., 2025b; Nwaozuzu et al., 2024). Understanding this seasonal variability is essential for developing sustainable pollution management and remediation strategies.
Previous studies have investigated hydrocarbon pollution in various parts of the Niger Delta, including the Imiringi River (Aigberua, 2020), Eket Metropolis (Akpan et al., 2022), and Andoni River (Okpoji et al., 2025b), revealing widespread contamination from both petrogenic and pyrogenic sources. However, there is limited documentation on the temporal and spatial distribution of hydrocarbons in the Bonny Estuary, particularly with respect to their seasonal behaviour in both sediment and aquatic biota. Given the estuary’s ecological and economic importance, such research is critical to understanding contaminant dynamics and guiding environmental management policies (DEFRA, 2023; Environment Agency, 2023; Sweeney, 2024). This study, therefore, aimed to assess the seasonal variation in hydrocarbon contamination of sediments and biota in the Bonny Estuary, Rivers State, Nigeria.



2.0 Materials and Methods
2.1 Study Area
The Bonny Estuary is located in Rivers State, Nigeria, and lies between latitude 4°25′ to 4°35′ N and longitude 7°08′ to 7°15′ E. The area is part of the Niger Delta coastal plain, characterised by extensive mangrove vegetation, tidal creeks, and a network of distributaries that discharge into the Atlantic Ocean. The estuary supports numerous industrial activities, including crude oil exploration, gas flaring, shipping operations, and artisanal refining, which contribute significantly to the pollution burden of the environment. The climate of the area is typically humid tropical, with two major seasons: the wet season (April–October) and the dry season (November–March). Rainfall averages 2500–3500 mm per annum, and mean temperatures range from 26–32°C. The sampling stations were selected to represent locations influenced by industrial effluents, gas flaring zones, and relatively less disturbed reference points along the estuary.
2.2 Sample Collection
Sampling was conducted during both dry and wet seasons to capture the influence of seasonal variations on hydrocarbon contamination. At each station, surface water, bottom sediment, and fish samples (predominantly Tilapia guineensis and Chrysichthys nigrodigitatus) were collected. Water samples were obtained using pre-cleaned amber glass bottles fitted with Teflon-lined caps to prevent volatilisation losses. Sediment samples were collected using a Van Veen grab sampler at a depth of 0–5 cm, transferred into solvent-rinsed glass jars, and preserved at 4°C until analysis. Fish samples were collected with the assistance of local fishermen using gill nets, wrapped in aluminium foil, and transported on ice to the laboratory for analysis.
2.3 Sample Preparation
In the laboratory, sediment samples were air-dried at room temperature, gently disaggregated, and sieved through a 2 mm stainless steel mesh. About 10 g of homogenised sediment was extracted for hydrocarbon analysis. Fish tissues (muscle) were dissected, rinsed with distilled water, oven-dried at 45°C, ground into fine powder, and stored in airtight containers. Water samples were filtered through 0.45 µm glass fibre filters to remove particulates before extraction.
2.4 Determination of Physico-Chemical Parameters
The physicochemical parameters of water and sediment were determined following standard analytical procedures (APHA, 2017). pH and temperature were measured in situ using a portable multi-parameter meter (Hanna HI9829). Electrical conductivity was determined using a conductivity meter (Jenway 4520). Dissolved oxygen (DO) was analysed using the Winkler titrimetric method, while total organic carbon (TOC) was determined using the Walkley–Black wet oxidation method.
2.5 Extraction and Quantification of Hydrocarbons
Extraction of total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAHs) from sediment and fish tissue samples was carried out using n-hexane and dichloromethane (1:1 v/v) solvent mixture in a Soxhlet apparatus for 8 hours. The extracts were concentrated using a rotary evaporator and purified by passing through a silica gel/alumina column to remove polar impurities. For water samples, liquid–liquid extraction was performed using 50 mL of n-hexane, followed by separation of the organic layer. The extracts were concentrated and cleaned similarly.
Quantitative determination of TPH and PAHs was performed using Gas Chromatography–Flame Ionisation Detection (GC–FID) and Gas Chromatography–Mass Spectrometry (GC–MS) (Agilent 7890B and 5977A models). Calibration was carried out with certified hydrocarbon standards (Supelco, USA) covering 16 priority PAHs as specified by the United States Environmental Protection Agency (USEPA, 2008). Peak identification was based on retention times and mass spectra comparison with reference standards.
2.6 Quality Assurance and Quality Control
Quality control measures were implemented to ensure analytical accuracy. All glassware was rinsed with acetone and n-hexane before use. Procedural blanks and duplicate samples were analysed with each batch to detect contamination and assess reproducibility. Recovery experiments were conducted by spiking pre-analysed samples with known concentrations of standards, yielding recoveries between 87–103%. The limit of detection (LOD) ranged from 0.001 to 0.005 mg/kg for individual PAHs. Data were corrected for recovery rates.
2.7 Data Treatment and Statistical Analysis
Descriptive statistics (mean, standard deviation) were computed using Microsoft Excel 2021. Comparative analysis of seasonal variations was performed using one-way analysis of variance (ANOVA) at a significance level of p < 0.05. Correlation analysis between sediment and biota concentrations was carried out using Pearson’s correlation coefficient (r). Diagnostic ratios such as Ant/(Ant + Phe), Flu/(Flu + Pyr), and BaA/(BaA + Chr) were computed to differentiate between petrogenic and pyrogenic sources of PAHs as outlined by Yunker et al. (2002). Results were interpreted in relation to international guidelines (NESREA, 2011; FAO/WHO, 2020).

3.0 Results and Discussion
Table 1. Physico-Chemical Parameters of Sediment and Surface Water Samples across Seasons
	Parameter
	Dry Season (Mean ± SD)
	Wet Season (Mean ± SD)
	WHO Limit (Water)
	Remarks

	pH
	7.25 ± 0.18
	6.72 ± 0.23
	6.5–8.5
	Slightly acidic in the wet season

	Temperature (°C)
	29.3 ± 0.4
	27.8 ± 0.5
	–
	Moderate seasonal variation

	Electrical Conductivity (µS/cm)
	324 ± 22
	278 ± 18
	1000
	Within limit

	Dissolved Oxygen (mg/L)
	4.8 ± 0.3
	3.2 ± 0.2
	5.0
	Lower in the wet season

	Total Organic Carbon (mg/kg)
	12.8 ± 1.1
	15.4 ± 1.3
	–
	Elevated in the wet season


The physico-chemical characteristics of surface water and sediment revealed significant seasonal variations that reflect the interplay between hydrological processes and contaminant inputs. The pH values during the wet season were slightly acidic, indicating possible acidification due to the inflow of organic acids, hydrocarbons, and leachates from oil-polluted soils surrounding the estuary. This observation is consistent with the findings of Aigberua (2020) and Adeniran et al. (2023), who reported similar pH shifts in petroleum-impacted surface waters of the Niger Delta.
Temperature fluctuations were minimal but slightly lower during the wet season, probably due to dilution effects and reduced solar intensity. The electrical conductivity (EC) values remained within acceptable limits, suggesting moderate ionic strength but still indicative of saltwater intrusion from tidal mixing.
Dissolved oxygen (DO) levels decreased substantially in the wet season (3.2 mg/L), falling below the WHO-recommended threshold for aquatic life. This depletion is attributed to microbial degradation of hydrocarbons and organic matter introduced via surface runoff. The elevated total organic carbon (TOC) in the wet season corroborates this inference, as organic-rich sediments promote oxygen consumption during aerobic decomposition. Such observations have also been reported in hydrocarbon-polluted estuarine environments of Eket and Andoni by Akpan et al. (2022) and Okpoji et al. (2025b).
The observed increase in TOC reflects higher organic pollutant load, which enhances the sorption capacity of sediments for hydrophobic organic contaminants such as PAHs and TPHs (Gill et al., 2020; Thornton et al., 2024). Hence, the wet season’s elevated TOC values may facilitate the retention and subsequent remobilisation of hydrocarbons, influencing their availability for bioaccumulation in aquatic organisms.

Table 2. Total Petroleum Hydrocarbons (TPH) and Polycyclic Aromatic Hydrocarbons (PAHs) in Sediment Samples (mg/kg)
	Parameter
	Dry Season
	Wet Season
	NESREA Limit
	Observation

	TPH
	15.72 ± 1.3
	24.35 ± 2.1
	10
	Exceeded permissible level

	∑PAHs
	4.86 ± 0.5
	7.42 ± 0.7
	1.0
	Elevated in both seasons

	Low Molecular Weight PAHs
	2.11 ± 0.3
	3.84 ± 0.4
	–
	Dominant in the dry season

	High Molecular Weight PAHs
	2.75 ± 0.2
	3.58 ± 0.3
	–
	Increased during the rainfall period


The concentration of total petroleum hydrocarbons (TPH) and total PAHs in sediment samples exceeded the NESREA limits in both seasons, signifying chronic petroleum contamination in the Bonny Estuary. The wet season recorded significantly higher concentrations of TPH (24.35 mg/kg) and PAHs (7.42 mg/kg), suggesting that hydrological processes during rainfall events play a major role in transporting hydrocarbons from surrounding oil facilities and settlements into the estuary.
During the wet season, stormwater runoff, tidal action, and river inflows tend to resuspend and redistribute hydrocarbons from terrestrial and nearshore sources. According to Ite et al. (2018) and Fei-Baffoe et al. (2024), such increases are typical of oil-producing regions where poor waste handling and illegal refining activities contribute to sustained hydrocarbon inputs.
The ratio between low and high-molecular-weight PAHs provides insight into the predominant pollution sources. The low molecular weight PAHs (LMW-PAHs), such as naphthalene and phenanthrene, were slightly dominant in the dry season, indicating petrogenic influence from crude oil and fuel spills. Conversely, the higher presence of high molecular weight PAHs (HMW-PAHs) during the wet season suggests pyrogenic sources, resulting from the incomplete combustion of fossil fuels and biomass burning (Abugu et al., 2023; Ajeh et al., 2022).
The accumulation of HMW-PAHs is of particular concern due to their high persistence and carcinogenic potential. Their elevated presence in the wet season points to increased atmospheric deposition from gas flaring and combustion processes, as observed in related studies across the Niger Delta (HYPREP, 2023; Okpoji et al., 2025b).

Table 3. Concentration of Selected Hydrocarbons in Fish Tissues (µg/g dry weight)
	Hydrocarbon
	Dry Season
	Wet Season
	FAO/WHO Limit
	Implication

	Naphthalene
	0.72 ± 0.05
	1.43 ± 0.08
	0.5
	Above limit in the wet season

	Phenanthrene
	0.68 ± 0.06
	1.21 ± 0.09
	0.5
	Elevated bioaccumulation

	Pyrene
	0.53 ± 0.04
	0.94 ± 0.06
	0.5
	Moderate exceedance

	Benzo[a]pyrene
	0.12 ± 0.02
	0.33 ± 0.03
	0.1
	Carcinogenic threshold exceeded


The analysis of fish tissue samples revealed that hydrocarbon concentrations increased markedly during the wet season, mirroring the trend observed in sediments. The elevated levels of naphthalene, phenanthrene, and pyrene indicate bioaccumulation of PAHs from the surrounding water and sediment. These compounds are lipophilic and tend to accumulate in fatty tissues, particularly in benthic and demersal fish species that have close contact with contaminated sediments (John et al., 2025; Ekwere et al., 2025a).
Benzo[a]pyrene concentrations exceeded the FAO/WHO recommended limit in both seasons, posing a significant carcinogenic and mutagenic risk to consumers of contaminated fish. Similar exceedances have been documented in fish from Andoni and Imiringi Rivers, where chronic exposure to petroleum pollutants resulted in measurable bioaccumulation and associated health risks (Anarado et al., 2023; Aigberua, 2020).
The higher hydrocarbon levels in the wet season suggest enhanced exposure due to increased contaminant mobility and bioavailability. Rainfall-driven runoff carries hydrocarbons and suspended sediments into aquatic systems, increasing particulate-bound pollutant load (Ekwere et al., 2025b). Additionally, fluctuations in salinity and organic matter content influence the partitioning behaviour of hydrocarbons, with higher dissolved organic carbon facilitating absorption into biological tissues (Adeniran et al., 2023).
The cumulative effect is a rise in the risk quotient for hydrocarbon exposure in local communities that depend on Bonny Estuary fish as a major protein source. The consistent exceedance of regulatory thresholds underscores the need for improved remediation and monitoring of hydrocarbon pollution in the area (Okpoji et al., 2025c; DEFRA, 2023).

Table 4. Correlation between Sediment and Biota Hydrocarbon Concentrations
	Parameter
	r-value
	Relationship

	∑PAHs (Sediment vs. Fish)
	0.88
	Strong positive correlation

	TPH (Sediment vs. Fish)
	0.75
	Moderate positive correlation

	TOC vs. ∑PAHs
	0.82
	Significant positive association


A strong positive correlation was observed between sediment and biota hydrocarbon concentrations, indicating that sediment contamination directly influences bioaccumulation levels in aquatic organisms. The correlation coefficient (r = 0.88) between ∑PAHs in sediment and fish suggests a close linkage in pollutant transfer through sediment–water–biota interactions.
This implies that sediments serve as both a sink and a secondary source for hydrocarbons, gradually releasing contaminants into the water column, especially under changing redox or hydrodynamic conditions. Similar associations have been reported by Thornton et al. (2024) and Smith et al. (2021), who highlighted the role of organic-rich sediments in controlling the long-term fate of hydrocarbons in aquatic environments.
The correlation between total organic carbon and PAHs (r = 0.82) confirms that organic matter facilitates the retention of hydrophobic compounds. Elevated TOC levels increase the adsorption capacity of sediments for PAHs, reducing their immediate desorption into the water but creating long-term contamination reservoirs (Gill et al., 2020; Sweeney, 2024). These findings reinforce the need for sediment quality assessments when evaluating overall ecosystem health in oil-polluted estuaries.
Table 5. Source Diagnostic Ratios of PAHs in Sediments
	Diagnostic Ratio
	Dry Season
	Wet Season
	Inference

	Ant/(Ant + Phe)
	0.28
	0.46
	Petrogenic to pyrogenic shift

	Flu/(Flu + Pyr)
	0.39
	0.55
	Combustion-derived hydrocarbons

	BaA/(BaA + Chr)
	0.34
	0.49
	Pyrogenic dominance


The diagnostic ratios of PAHs offer valuable insight into the origin of hydrocarbon contamination. The Ant/(Ant + Phe) and Flu/(Flu + Pyr) ratios were below 0.4 during the dry season, indicating predominantly petrogenic sources associated with crude oil and refined petroleum input. However, during the wet season, these ratios exceeded 0.4, signifying a shift towards pyrogenic origins linked to gas flaring and incomplete fuel combustion (HYPREP, 2023; DEFRA, 2023).
The BaA/(BaA + Chr) ratio further confirms pyrogenic dominance during the wet season, consistent with increased atmospheric deposition of combustion products and soot particles into the estuary (Okpoji et al., 2025b). This pattern aligns with previous studies in Eket and Andoni regions, which identified mixed-source pollution arising from industrial operations and domestic energy use (Akpan et al., 2022; Ajeh et al., 2022).
The dual-source contamination observed in the Bonny Estuary underscores the complex interplay of industrial, domestic, and hydrological factors in hydrocarbon dispersion. The persistence of high-molecular-weight compounds indicates poor degradation potential, signifying that natural attenuation alone may not suffice for remediation. Integrating both in-situ bioremediation and sediment dredging may be necessary to mitigate long-term ecological and health impacts (Sweeney, 2024; Environment Agency, 2023).
Conclusion
The findings of this study demonstrate that hydrocarbon contamination in the Bonny Estuary exhibits significant seasonal variability influenced by hydrological and anthropogenic factors. The elevated levels of TPH and PAHs in sediments and biota during the wet season indicate increased mobilisation of contaminants from both terrestrial and marine-based activities, particularly oil spills, gas flaring emissions, and industrial discharge. The detection of carcinogenic compounds such as benzo[a]pyrene above international guideline limits underscores the potential health risk to aquatic organisms and humans through trophic transfer and fish consumption.
The strong correlation between sediment and fish hydrocarbon concentrations suggests that sediments act as both a sink and a secondary source of hydrocarbons, regulating their bioavailability and persistence in the aquatic environment. The diagnostic ratio analysis confirmed mixed petrogenic and pyrogenic origins, reflecting the multiple pathways of hydrocarbon entry into the estuary.
It is therefore recommended that continuous environmental monitoring and strict enforcement of pollution control measures be implemented within the Bonny industrial corridor. Remediation of hydrocarbon-contaminated sediments and regulation of artisanal refining activities are also necessary to mitigate ecological degradation.
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