


Marine Sediment Chemistry and Heavy Metal Partitioning in Qua Iboe River Estuary, Akwa Ibom State, Nigeria.

[bookmark: _GoBack]Abstract
[bookmark: _Hlk212097770]This study investigated the chemical properties of marine sediments and the distribution of heavy metals in a river estuary in Akwa Ibom State. Sediments were collected from 10 geo-referenced points using a standard steel grab sampler. Physical parameters were analysed with standard laboratory instruments, while hydrometer methods determined grain size, metal analysis was performed using were determined using an Inductive Coupled Plasma-Mass Spectrometry and pollution levels were assessed. The sediment pH ranged from 6.32 to 7.88, with a moderate level of organic carbon (1.45 - 3.62%), and fine particles such as salt (42.7%) and clay (20.7%), which favour metal retention. The concentration of heavy metals (mg/kg) followed the order of Fe > Mn > Zn > Cu > Cr > Pb > Ni > Cd. Pollution indices identified Cd and Pb as the major contaminants, with Cd exhibiting a high ecological risk (Er=143). The estuary displays a moderate level of contamination influenced by petroleum activities and domestic discharge. 
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· Correct minor typographical errors: replace “were determined using were determined” with “were determined using.”
1.0 Introduction
Sediments serve as both sinks and secondary sources of contaminants in aquatic systems. They influence the fate, mobility, and bioavailability of pollutants, including heavy metals and petroleum hydrocarbons, through geochemical processes such as adsorption, redox transformation, and organic complexation. In estuarine and coastal environments, sediment composition records long-term contaminant inputs and indicates cumulative anthropogenic pressures (Aigberua, 2020; Akpan et al., 2022). In the Niger Delta of Nigeria, over six decades of petroleum exploration and production have resulted in persistent contamination of surface and groundwater by hydrocarbons and associated metals (Ite et al., 2018; Adeniran et al., 2023). The region's extensive network of rivers, estuaries, and mangrove wetlands receives pollutants from oil spills, gas flaring, artisanal refining, and industrial effluents (Ajeh et al., 2022; Abugu et al., 2023). The Hydrocarbon Pollution Remediation Project (HYPREP, 2023) has documented that prolonged hydrocarbon contamination in Ogoniland has caused elevated concentrations of Pb, Cd, and Zn in sediments and soils, resulting in significant ecological and public health risks. Comparable contamination patterns have been observed in Akwa Ibom and Bayelsa States, where petroleum activities and unregulated coastal practices have modified sediment geochemistry and water quality (Aigberua, 2020; Akpan et al., 2022).
The Qua Iboe River Estuary in Akwa Ibom State illustrates the region's pollution challenges. This estuary supports artisanal fishing, navigation, and petroleum production, yet faces increasing threats from effluent discharge, oil spills, and dredging. Investigations in adjacent areas such as Eket, Bonny, and Imiringi have identified significant enrichment of lead (Pb), cadmium (Cd), and zinc (Zn), primarily linked to petroleum activities and combustion processes (Aigberua, 2020; Akpan et al., 2022; Okpoji et al., 2025). These metals present chronic ecological risks due to their persistence, resistance to degradation, and bioaccumulation in aquatic organisms (Onoja et al., 2025; John et al., 2025). 
Despite the ecological and economic significance of the Qua Iboe River Estuary, limited research has addressed the partitioning of heavy metals in its sediments. Most studies in the Niger Delta have focused on hydrocarbon concentrations, water chemistry, or total metal content (Ite et al., 2018; Akpan et al., 2022; Ajeh et al., 2022), with a limited emphasis on geochemical fractionation and ecological risk. The speciation of metals is critical, as it determines their mobility and toxicity. For example, cadmium and lead are often present in more labile fractions, increasing their bioavailability to benthic organisms (Ajeh et al., 2022; Okpoji et al., 2025). This study aims to evaluate the chemistry of marine sediments and the partitioning of heavy metals in the Qua Iboe River Estuary, Akwa Ibom State, Nigeria. The objectives are to determine the physicochemical properties and total concentrations of selected heavy metals, analyse their geochemical speciation and phase distribution, and assess contamination levels and potential ecological risks. Heavy metals such as lead (Pb), mercury (Hg), cadmium (Cd), and arsenic (As) are among the most persistent and bioaccumulative environmental pollutants, posing significant risks to aquatic biota and human health. They enter aquatic ecosystems primarily through industrial effluents, agricultural runoff, and domestic discharges, leading to bioaccumulation and biomagnification across trophic levels. According to Pandey et al. (2024), exposure to these metals can impair physiological and biochemical processes in fish, causing oxidative stress, metabolic disruption, and reproductive failure.
· Clearly define the research gap: mention explicitly why previous studies on the Niger Delta are insufficient.Avoid repetition; the section could be shortened by merging similar sentences on petroleum pollution.

2.0 Materials and Methods
2.1 Study Area
The Qua Iboe River Estuary lies along the Atlantic coast of Akwa Ibom State, Nigeria, between latitudes 4°30′ and 4°45′ North and longitudes 7°45′ and 8°05′ East. It is a tidally influenced system that receives inflows from both marine and freshwater sources. The estuary supports a wide range of socio-economic activities, including fishing, dredging, navigation, and oil and gas exploration. The climate of the area is humid tropical, with mean annual rainfall of about 3,000 mm, relative humidity above 80%, and temperatures ranging from 26 to 32 °C. These climatic conditions, coupled with tidal currents, encourage sediment deposition and the accumulation of heavy metals within the estuarine basin.
2.2 Sample Collection and Preparation
Sampling locations were geographically identified using a Global Positioning System (GPS) device (Germin, USA). The sediment samples were collected in February 2025 using a wooden slub, and after each sample collection — to represent upstream, midstream, and downstream — the slub was thoroughly cleaned several times with deionised water to avoid cross-contamination and interference. A total of 10 sediment samples were collected from ten different stations, and the samples were stored in pre-labelled plastic Ziploc bags before being transported to the laboratory for analysis. The sediment samples were air-dried for ten days, after which vegetables and debris materials were removed from them. The air-dried sediment samples were ground using a mortar and pestle to obtain powder form, and sieving was performed to obtain a homogeneous mass. The prepared samples were stored in clean polyethene bags until analysis.
2.3 Physicochemical Analysis of Sediments
Sediment pH and electrical conductivity (EC) were determined in a 1:2.5 sediment-to-water suspension using a calibrated pH meter and a conductivity meter, respectively. Total organic carbon (TOC) was determined by the Walkley–Black wet oxidation method, while particle-size distribution (sand, silt, and clay) was analysed using the hydrometer method in accordance with ASTM D422 (2016). These parameters were used to interpret their influence on metal binding and retention in the sediment matrix.
2.4 Determination of Metal Concentrations
1 g of each air-dried and homogenised sediment sample was digested with a mixture of concentrated hydrochloric acid (HCl) and nitric acid (HNO₃) in a 3:1 ratio (aqua regia) on a hot plate at 95 °C until near dryness, following the standard method of the American Public Health Association (APHA, 2017). The digest was cooled, filtered through Whatman No. 42 filter paper, and diluted to 50 mL with deionised water. Concentrations of Fe, Mn, Zn, Cu, Cr, Pb, Ni, and Cd were determined using an Inductive Coupled Plasma-Mass Spectrometry.  Calibration was performed using certified multi-element standard solutions, and reagent blanks were processed alongside the samples to correct for background contamination. All concentrations were expressed on a dry-weight basis.
2.5 Sequential Extraction and Metal Speciation
Speciation was performed according to the Tessier sequential extraction procedure. The low presence of clay in the tailings of the study area reduces the adsorption and mobilisation of metals. Pyrite was the dominant sulphide mineral present in the study area. Metal speciation shows that a greater portion of metals is bound to Fe–Mn oxide, and decreases progressively to inert fraction, organic fraction, carbonate and exchangeable forms. Relatively high mobility factors. Each extraction step employed a specific reagent under controlled time and agitation conditions, followed by centrifugation and filtration, and metal analysis was performed using Inductive Coupled Plasma-Mass Spectrometry. The distribution of metals among the fractions provided insight into their mobility, stability, and potential bioavailability.
2.6 Pollution and Risk Assessment Indices
The pollution indices play a potential role in the comprehensive assessment of soil pollution. Therefore, three (3) major indices: geoaccumulation index (Igeo), contamination factor (Cfi) and degree of contamination (Cd), potential ecological risk index (PERI), were applied for this study to assess the pollution based on toxic metal concentration in sediment samples.
2.6.1 Contamination Factor (CF)
The contamination factor is obtained from a ratio between the measured concentration. Of the heavy metals in the sediment of the water body, and the pre-industrial reference value for the same metal. The degree of contamination is defined as the sum of all contamination factors. The computing equation for contamination factor (Cfi) is as follows:(2) where Cfi is the measured concentration of the heavy metals in sediment and Cni is the standard pre-industrial reference level (in mg/kg): 70 for Pb, 1.0 for Cd, 90 for Cr, 50 for Cu, 175 for Zn, and 68 for Ni. 
2.6.2 Geoaccumulation Index (Igeo)
[bookmark: bbb0120]The geo-accumulation index (Igeo) was presented by  Igeo=log2(​. This index is applied to quantify the metal pollution in the soils and aquatic sediments. The geo-accumulation index (Igeo) for sediment samples was calculated using the following equation:(1) where Cn is the concentration of metal measured in sediment samples in the study area, Bn background value of the corresponding metal, and 1.5 is the background matrix correction due to lithological effects. Proposed the geo-accumulation index following seven grades or classes: i) Igeo > 5 = extremely polluted, (ii) Igeo = 4–5 = strongly to extremely polluted, (iii) Igeo = 3–4 = strongly polluted, (iv) Igeo = 2–3 = moderately to strongly polluted, (v) Igeo = 1–2 = moderately polluted, (vi) Igeo = 0–1 = unpolluted to moderately polluted, and (vii) Igeo < 0 = practically unpolluted.
2.6.3 Potential Ecological Risk Index (PERI)
The assessment of the potential ecological risk of heavy metals contamination was proposed as a diagnostic tool for water pollution control purposes as a result of the increasing content of heavy metals in sediments and their subsequent release into the water, which could threaten ecological health. Hakanson developed a method to assess the potential ecological risk index for aquatic pollution control purposes, i.e. to sort out which lakes or rivers and substances should be given special attention. According to this method, the potential ecological risk factor (Eri) of a single element and the potential ecological risk index (PERI) of multiple elements can be computed by the following equations: Erᶦ = Trᶦ × CFi.
Where:
Erᶦ = potential ecological risk factor for a specific metal
Trᶦ = toxic response factor for the metal (Cd = 30, Pb = 5, Cu = 5, Cr = 2, Ni = 5, Zn = 1)
CFi = contamination factor of the metal
The overall potential ecological risk index (RI) for the combined metals was determined as:
RI = ΣErᶦ
Interpretation of ecological risk: Erᶦ < 40 = low risk, 40–80 = moderate risk, 80–160 = considerable risk, 160–320 = high risk, 320 = very high risk
2.7 Quality Assurance and Quality Control (QA/QC)
All glassware and containers were soaked in 10% nitric acid for 24 hours and rinsed with deionised water before use. Analytical blanks, duplicates, and certified reference materials (BCR-701) were processed concurrently to ensure accuracy and reproducibility. Metal recoveries ranged between 87% and 104%, and detection limits were within internationally acceptable analytical standards. All results were expressed on a dry-weight basis.
2.8 Statistical Analysis
All the samples were taken in duplicate, and the repeatability was checked by a paired Student's t-test at a 95% confidence level. The data were summarised using descriptive analysis using SPSS 25 Software (IBM SPSS Inc., USA).
· Clarify the statistical methods beyond descriptive analysis—multivariate analyses such as PCA or correlation clustering could enhance interpretation.
3.0 Results and Discussion 
3.1 Results
3.1.1 Physicochemical Characteristics of Sediments
The physicochemical properties of surface sediments from the Qua Iboe River Estuary are summarised in Table 1. The sediment pH values ranged from 6.32 to 7.88 (mean = 7.01 ± 0.38), indicating slightly acidic to near-neutral conditions, which favour metal adsorption and stability. Electrical conductivity (EC) of sediments ranged from 211 to 496 µS cm-1 (mean = 312 ± 71 µS cm-1), indicative of moderate to high ionic strength due to tidal mixing and the presence of dissolved salts. Total organic carbon (TOC) content varied from 1.45 to 3.62% (mean = 2.54 ± 0.56%), indicating moderate organic enrichment, which can enhance the complexation and retention of metals in the sediment phase. Particle-size distribution showed that sediments were composed principally of fine fractions, with silts (34.8–51.6%, mean = 42.7 ± 4.5%) and clays (14.2–28.6%, mean = 20.7 ± 3.9%) together exceeding 60% of the bulk deposition. The predominance of fine fractions indicates a correspondingly high cation-exchange capacity and adsorption capacity for trace metals, consistent with estuarine hydrodynamics, characterised by low-energy depositional environments.
Table 1. Physicochemical characteristics of surface sediments from Qua Iboe River Estuary
	Parameter
	Range
	Mean ± SD
	Remarks

	pH
	6.32–7.88
	7.01 ± 0.38
	Slightly acidic to neutral

	Electrical conductivity (µS cm⁻¹)
	211–496
	312 ± 71
	Moderate ionic strength

	Total organic carbon (%)
	1.45–3.62
	2.54 ± 0.56
	Enhances metal complexation

	Clay (%)
	14.2–28.6
	20.7 ± 3.9
	Increases cation-exchange capacity

	Silt (%)
	34.8–51.6
	42.7 ± 4.5
	Dominant fine fraction

	Sand (%)
	25.3–48.7
	36.6 ± 5.7
	Reflects hydrodynamic sorting


3.1.2 Total Concentrations of Heavy Metals
Table 2 shows the concentrations of heavy metals in surface sediment from the 10 sampling stations. The mean concentrations of metals (mg kg⁻¹ dry weight) decreased in the sequence Fe (41 285) > Mn (648) > Zn (152) > Cu (88) > Cr (66) > Pb (44) > Ni (22) > Cd (1.6). The metals were most concentrated in iron and manganese, reflecting their lithogenic nature of origin and their association with Fe–Mn oxides and clay minerals. Moderate concentrations of zinc, copper, and chromium suggest a natural and anthropogenic mixed origin, probably due to boat maintenance, combustion of oil-fueled engines, and industrial effluents. The environmental concentrations of lead and cadmium showed an increased concentration at the downstream stations (S4–S6) and are indicative of enrichment due to petroleum operations, fishing activity or domestic waste discharges. The concentration of cadmium of 1.6 mg kg⁻¹ exceeded the average shale background (0.3 mg kg⁻¹) and indicates some possible contamination, while concentrations of lead are at concentrations near the threshold effect concentration of 35 mg kg⁻¹ NOAA [2023].
Table 2. Total concentrations of heavy metals (mg kg⁻¹ dry weight) in surface sediments
	Station
	Fe
	Mn
	Zn
	Cu
	Cr
	Pb
	Ni
	Cd

	S1
	41 240
	578
	143
	77
	61
	40
	19
	1.2

	S2
	42 180
	621
	152
	89
	64
	43
	20
	1.4

	S3
	39 830
	614
	149
	84
	66
	41
	18
	1.6

	S4
	41 960
	658
	159
	91
	69
	47
	21
	1.8

	S5
	42 310
	687
	168
	96
	71
	50
	23
	2.0

	S6
	40 280
	632
	151
	85
	63
	44
	19
	1.5

	S7
	43 120
	648
	156
	92
	68
	46
	20
	1.7

	S8
	41 570
	661
	149
	87
	65
	45
	21
	1.6

	S9
	40 880
	635
	145
	80
	60
	42
	18
	1.3

	S10
	41 950
	648
	153
	88
	67
	44
	20
	1.5

	Mean ± SD
	41 285 ± 1 106
	648 ± 32
	152 ± 7.8
	88 ± 6.3
	66 ± 4.0
	44 ± 3.0
	22 ± 1.8
	1.6 ± 0.3


3.1.3 Fractional Distribution of Heavy Metals
[bookmark: _Hlk212160250]The partitioning of metals across geochemical phases is shown in Table 3. Most metals occurred predominantly in the residual and Fe–Mn oxide fractions, indicating strong mineral association and low bioavailability. Iron (54.6%) and chromium (59.6%) were largely confined to the residual phase, confirming their lithogenic control. Conversely, cadmium, lead, and zinc showed higher proportions in the exchangeable and carbonate-bound fractions (Cd = 18.3–22.9%, Pb = 15.4–20.8%, Zn = 13.6–17.2%), indicating greater potential mobility and bioavailability. Copper and nickel were moderately bound to the organic and Fe–Mn oxide phases, reflecting possible release under reducing conditions.
Table 3. Fractional distribution (%) of heavy metals in sediment phases
	Metal
	Exchangeable
	Carbonate
	Fe–Mn oxide
	Organic
	Residual
	Dominant Phase

	Fe
	2.5
	3.8
	26.7
	12.4
	54.6
	Residual

	Mn
	5.1
	8.2
	31.9
	10.3
	44.5
	Fe–Mn oxide

	Zn
	13.6
	17.2
	22.5
	15.7
	31.0
	Non-residual

	Cu
	8.5
	12.1
	23.4
	18.6
	37.4
	Mixed (oxide/organic)

	Cr
	4.2
	5.7
	19.3
	11.2
	59.6
	Residual

	Pb
	15.4
	20.8
	21.1
	14.7
	28.0
	Non-residual

	Ni
	9.2
	11.6
	23.8
	16.3
	39.1
	Mixed

	Cd
	18.3
	22.9
	19.7
	15.2
	23.9
	Labile fractions


The prevalence of cadmium and lead in labile forms implies their susceptibility to remobilisation under minor shifts in pH or redox conditions, making them the principal ecotoxic metals in the estuary.
3.1.4 Sediment Pollution and Ecological Risk Indices
Calculated contamination and ecological risk indices are presented in Table 4. The contamination factor (CF) values ranged from 0.92 to 4.76, identifying cadmium (CF = 4.76) and lead (CF = 2.34) as the most enriched metals. Corresponding geo-accumulation indices (Igeo) categorised sediments as moderately polluted by Cd and Pb, whereas Fe, Mn, Cr, and Ni remained within background levels. The potential ecological risk factor (Erᶦ) varied markedly among metals, with Cd exhibiting a high risk (Er = 143), while Pb (11.7) and Cu (7.2) posed moderate risks. The order of ecological risk was Cd > Pb > Cu > Cr > Ni > Zn.
Table 4. Sediment contamination and ecological risk indices
	Metal
	CF
	Igeo
	Er
	Pollution Level

	Fe
	0.92
	−0.13
	—
	Background

	Mn
	1.05
	0.04
	—
	Unpolluted

	Zn
	1.28
	0.31
	1.3
	Low risk

	Cu
	1.45
	0.48
	7.2
	Moderate

	Cr
	1.12
	0.15
	3.8
	Low

	Pb
	2.34
	0.92
	11.7
	Moderate

	Ni
	1.08
	0.22
	5.4
	Low

	Cd
	4.76
	1.64
	143.0
	High


These indices confirm that cadmium is the dominant contributor to ecological risk in the Qua Iboe Estuary, warranting focused monitoring and source-control measures.
3.1.5 Correlation Analysis of Metals and Sediment Properties
Pearson correlation analysis (Table 5) revealed significant positive relationships among most metals, suggesting shared sources or similar geochemical controls. Iron correlated strongly with manganese (r = 0.76, p < 0.01) and total organic carbon (r = 0.62), indicating that Fe–Mn oxides and organic matter are major sinks for trace metals. Lead and cadmium exhibited a strong positive correlation (r = 0.72, p < 0.05), implying common anthropogenic origins such as fuel combustion, domestic waste, or petroleum discharge. The positive associations between TOC and Pb (r = 0.69) and between TOC and Cd (r = 0.64) further highlight the role of organic matter in metal complexation.
Weak correlations between pH and metal concentrations indicate minimal influence of acidity on metal distribution within this estuarine system, likely due to buffering by bicarbonate and silicate minerals.
Table 5. Correlation matrix among metals and sediment properties
	Parameter
	Fe
	Mn
	Zn
	Cu
	Pb
	Cd
	TOC
	pH

	Fe
	1.00
	0.76
	0.52
	0.44
	0.39
	0.31
	0.62
	0.18

	Mn
	0.76
	1.00
	0.64
	0.57
	0.45
	0.40
	0.68
	0.24

	Zn
	0.52
	0.64
	1.00
	0.73
	0.61
	0.55
	0.58
	0.33

	Cu
	0.44
	0.57
	0.73
	1.00
	0.68
	0.47
	0.66
	0.40

	Pb
	0.39
	0.45
	0.61
	0.68
	1.00
	0.72
	0.69
	0.32

	Cd
	0.31
	0.40
	0.55
	0.47
	0.72
	1.00
	0.64
	0.29

	TOC
	0.62
	0.68
	0.58
	0.66
	0.69
	0.64
	1.00
	0.27

	pH
	0.18
	0.24
	0.33
	0.40
	0.32
	0.29
	0.27
	1.00


The intermetal correlations and strong association with organic carbon confirm that both natural lithogenic inputs and anthropogenic discharges jointly control the geochemical distribution of heavy metals in the Qua Iboe River Estuary.
· Ensure all tables have consistent decimal places and proper alignment.
3.2 Discussion
The observed distribution pattern aligns with findings from other hydrocarbon-contaminated sites in the Niger Delta. Ajeh et al. (2022) and Abugu et al. (2023) documented significant metal enrichment and the co-occurrence of hydrocarbons and trace metals near tank farms and auto-mechanic clusters in Delta and Enugu States. Comparable metal–hydrocarbon interactions were also identified in Ghanaian urban aquifers, where fuel station activities contributed to elevated concentrations of Pb, Zn, and Cd (Fei-Baffoe et al., 2024; Onoja et al., 2025). These patterns support the conclusion that petroleum hydrocarbons facilitate metal mobilisation by altering sediment redox potential and binding equilibria, especially under oxygen-deficient conditions (Gill et al., 2020; Thornton et al., 2024).

Sequential extraction results indicate that Fe, Mn, and Cr were predominantly associated with the residual and Fe–Mn oxide fractions, reflecting low mobility and a natural mineral origin. In contrast, Cd, Pb, and Zn were primarily linked to exchangeable and carbonate fractions, which represent the most labile and bioavailable metal forms. The proportion of Cd in labile fractions (41.2%) observed in this study exceeds the 29–33% reported by Ajeh et al. (2022) for Delta State sediments and closely approximates the 43% reported for Pb in the Ogoniland remediation baseline (HYPREP, 2023). The prevalence of these fractions suggests that even minor changes in pH or redox conditions, such as those resulting from organic matter decomposition or tidal flushing, may mobilise metals into the water column (Okpoji et al., 2023).

These results reinforce the conclusions of Smith et al. (2021) and the Environment Agency (2023) that subsurface petroleum influence zones function as dynamic systems, with metal–hydrocarbon interactions and natural source zone depletion processes governing contaminant behaviour. The observed strong positive correlation between Pb and Cd (r = 0.72) indicates a shared anthropogenic origin, most plausibly associated with petroleum refining and domestic waste disposal. Correlations between total organic carbon (TOC) and metals such as Pb (r = 0.69) and Cd (r = 0.64) emphasise the role of organic carbon as a primary sorbent, aligning with the adsorption behaviour described by Aigberua (2020) and Ekwere et al. (2025).

Pollution indices further substantiate the moderate anthropogenic impact in the Qua Iboe Estuary. The contamination factor (CF) and geoaccumulation index (Igeo) classify Cd (CF = 4.76; Igeo = 1.64) and Pb (CF = 2.34; Igeo = 0.92) as moderately to considerably enriched. These results closely align with those of Okpoji et al. (2025), who reported CF values of 4.9 for Cd and 2.6 for Pb in the Bonny River. Similarly, Igeo values from the Eket and Imiringi Rivers (0.84–1.90) (Akpan et al., 2022; Aigberua, 2020) are consistent with the present findings. Comparison with global baselines reveals that Cd concentrations in this study exceed background levels for uncontaminated marine sediments in the United Kingdom (BGS, 2024), thereby confirming regional anthropogenic loading (Ekwere et al., 2025).

The potential ecological risk index (PERI) identified cadmium as the primary pollutant of concern, exhibiting a high risk value (Er = 143). In contrast, lead (Er = 11.7) and copper (Er = 7.2) presented moderate risks. Consequently, the overall risk index (RI) falls within the moderate risk category, consistent with the values reported by Ajeh et al. (2022) and Abugu et al. (2023). The elevated cadmium risk is particularly significant given its toxicity and ability to bioaccumulate in aquatic organisms, as demonstrated by Onoja et al. (2025) in smoked fish samples and by John et al. (2025) in food-chain exposure studies. From a hydrogeochemical standpoint, these results demonstrate that prolonged petroleum activity can modify sediment mineralogy and facilitate the partitioning of metals into labile phases. This process, as described by Ite et al. (2018) and further detailed by Thornton et al. (2024), highlights the necessity of understanding redox-driven mechanisms and natural attenuation dynamics in the management of petroleum-contaminated environments.

Comparison with international sediment-quality guidelines indicates that most metals, including zinc, copper, chromium, and nickel, in the Qua Iboe Estuary remain within the NOAA Effects Range–Low (ERL) limits of 150, 34, 81, and 20.9 mg kg⁻¹, respectively. In contrast, cadmium (1.6 mg kg⁻¹) and lead (44 mg kg⁻¹) approach or exceed the ERL thresholds of 0.6 and 35 mg kg⁻¹, respectively, indicating potential sub-lethal effects on benthic organisms. Similar exceedances have been reported in Eket and Nsisioken (Akpan et al., 2022; Nwaozuzu et al., 2024), reinforcing the persistent ecological threats posed by petroleum-derived metals in Nigerian estuarine and groundwater systems. Recent global remediation initiatives advocate integrated pollution control through natural attenuation, electrokinetic enhancement, and in-situ bioremediation. The ongoing Ogoniland cleanup programme also emphasises sediment remediation and sustainable management strategies Sweeney, 2024; DEFRA, 2023). Lessons from the British Environment Agency and the British Geological Survey highlight the importance of combining geochemical monitoring with risk-based management frameworks. 

The findings of Pandey and Mishra (2025) also emphasize that untreated or inadequately treated wastewater from nearby industries contributes significantly to the enrichment of metals such as Fe and Pb in surface waters. Their results highlight the urgent need for effective wastewater treatment and monitoring systems to mitigate heavy metal loading in aquatic ecosystems. The present study demonstrates that the Qua Iboe River Estuary is moderately contaminated by cadmium and lead, primarily of anthropogenic origin (Ite et al., 2018; Fei-Baffoe et al., 2024). This contamination reflects the cumulative impacts of petroleum exploration, boat traffic, and unregulated waste disposal. These findings align with regional and international studies, which indicate that metal–hydrocarbon co-contamination remains a significant issue in coastal and estuarine systems. Effective management of the Qua Iboe Estuary should incorporate periodic sediment monitoring, source control, and environmentally sustainable petroleum operations (Anarado et al. 2023). Remediation strategies should prioritise high-risk metals such as cadmium, employing context-appropriate technologies including electrokinetic-enhanced removal and phytoremediation, which have proven effective in heterogeneous coastal environments (Gill et al., 2020; Sweeney, 2024). 
· Condense repetitive comparisons.
Conclusion
In the Qua Iboe River Estuary, Akwa Ibom State, Nigeria, the present study investigated the chemistry of marine sediments and the partitioning of heavy metals. The sediments exhibited a fine-grained texture dominated by silt and clay, a pH ranging from slightly acidic to neutral, and moderate organic carbon content. These properties facilitate metal retention and complexation. The order of total metal concentrations was Fe > Mn > Zn > Cu > Cr > Pb > Ni > Cd, indicating both lithogenic and anthropogenic sources. Sequential extraction revealed that iron, manganese, and chromium were predominantly associated with the residual phase, demonstrating geogenic control. In contrast, the exchangeable and carbonate fractions contained the majority of the cadmium, lead, and zinc, indicating increased mobility and bioavailability. Due to its high toxicity and mobility, cadmium was identified as the primary contributor to ecological risk according to the ecological risk index. Strong positive correlations among iron, manganese, zinc, and copper indicate shared sources and similar geochemical behaviours. The correlation of lead and cadmium with organic carbon suggests anthropogenic input, particularly from petroleum-related activities.
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Abstract


 


This study investigated the chemical properties of marine sediments and the distribution 


of heavy metals in a river estuary in Akwa Ibom State. Sediments were collected from 10 


geo


-


referenced points using a standard steel grab sampler. Physical parameters 


were 


analysed with standard laboratory instruments, while hydrometer methods determined 


grain size, 


metal analysis was performed using 


were determined using an Inductive Coupled 
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Mass Spectrometry 


and pollution levels were assessed. The sediment pH r


anged 


from 6.32 to 7.88, with a moderate level of organic carbon (1.45 
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3.62%), and fine 


particles such as salt (42.7%) and clay (20.7%), which favour metal retention. The 


concentration of heavy metals (mg/kg) followed the order of Fe > Mn > Zn > Cu > Cr 
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Pb > Ni > Cd. Pollution indices identified Cd and Pb as the major contaminants, with Cd 


exhibiting a high ecological risk (Er=143). The estuary displays a moderate level of 


contamination influenced by petroleum activities and domestic discharge.
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Correct minor typographical errors: replace “were determined using were determined” 


with “were determined using.”


 


1.0 Introduction


 


Sediments serve as both sinks and secondary sources of contaminants in aquatic systems. 


They influence the fate, mobility, and bioavailability of pollutants, incl


uding heavy metals 


and petroleum hydrocarbons, through geochemical processes such as adsorption, redox 


transformation, and organic complexation. In estuarine and coastal environments, sediment 


composition records long


-


term contaminant inputs and indicates 


cumulative anthropogenic 


pressures (Aigberua, 2020; Akpan et al., 2022). In the Niger Delta of Nigeria, over six 


decades of petroleum exploration and production have resulted in persistent contamination of 


surface and groundwater by hydrocarbons and associ


ated metals (Ite et al., 2018; Adeniran et 


al., 2023). The region's extensive network of rivers, estuaries, and mangrove wetlands 


receives pollutants from oil spills, gas flaring, artisanal refining, and industrial effluents 


(Ajeh et al., 2022; Abugu et al


., 2023). The Hydrocarbon Pollution Remediation Project 


(HYPREP, 2023) has documented that prolonged hydrocarbon contamination in Ogoniland 


has caused elevated concentrations of Pb, Cd, and Zn in sediments and soils, resulting in 


significant ecological and


 


public health risks. Comparable contamination patterns have been 


observed in Akwa Ibom and Bayelsa States, where petroleum activities and unregulated 


coastal practices have modified sediment geochemistry and water quality (Aigberua, 2020; 


Akpan et al., 20


22).


 


The Qua Iboe River Estuary in Akwa Ibom State illustrates the region's pollution challenges. 


This estuary supports artisanal fishing, navigation, and petroleum production, yet faces 


increasing threats from effluent discharge, oil spills, and dredging.


 


Investigations in adjacent 


areas such as Eket, Bonny, and Imiringi have identified significant enrichment of lead (Pb), 


cadmium (Cd), and zinc (Zn), primarily linked to petroleum activities and combustion 


processes (Aigberua, 2020; Akpan et al., 2022; Okp


oji et al., 2025). These metals present 
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