


Heavy Metal Geochemistry and Ecological Risk of Stream Sediments in the Orashi River, Niger Delta, Nigeria

 Abstract
Stream sediments play a crucial role in regulating the distribution, retention, and ecological effects of heavy metals in fluvial environments. This study evaluated the geochemical characteristics and ecological risks of heavy metals in surface sediments of the Orashi River, Rivers State, Niger Delta, Nigeria. Surface sediment samples were collected from six spatially distributed sites along the river during the dry season, with triplicate sampling at each location. Sediment physicochemical properties were determined using standard analytical methods, while concentrations of Fe, Mn, Pb, Cd, Cr, Ni, Zn, and Cu were quantified following mixed-acid digestion using Atomic Absorption Spectrophotometry. Sediment quality and ecological risk were assessed using contamination factor, geo-accumulation index, enrichment factor, and potential ecological risk index models. Sediment pH ranged from 6.2 ± 0.2 to 6.9 ± 0.2, indicating slightly acidic to near-neutral conditions, while organic matter content increased downstream from 2.74 ± 0.68% to 4.18 ± 0.90%. Mean metal concentrations exhibited a clear downstream enrichment trend, with iron dominating the sediment matrix (15,840 ± 2,760 to 20,180 ± 3,720 mg/kg). Cadmium concentrations (0.72 ± 0.24 to 1.94 ± 0.55 mg/kg) recorded the highest contamination and enrichment levels among the analysed metals. Contamination factor and geo-accumulation index classified cadmium as moderately to strongly contaminated, while lead and zinc showed moderate contamination. Ecological risk assessment identified cadmium as the principal contributor to ecological risk, with potential ecological risk index values increasing from 85.4 upstream to 217.4 downstream, indicating low to moderate ecological risk. The findings demonstrate progressive sediment enrichment driven largely by anthropogenic inputs along the Orashi River, with cadmium posing the greatest ecological concern. Continuous sediment monitoring and targeted management strategies are recommended to minimise long-term ecological impacts within the river system.
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1.0 Introduction
Stream sediments are critical components of aquatic systems because they regulate the transport, storage, and long-term fate of contaminants, particularly heavy metals. Metals introduced into river systems through natural weathering processes and human activities are rapidly scavenged by fine particles and organic matter, leading to their preferential accumulation in sediments (Ekesiobi et al., 2025). As a result, sediment quality often provides a more integrated and time-averaged measure of environmental contamination than surface water alone, especially in dynamic fluvial environments (Okpoji et al., 2025; Umueni et al., 2025).
The Niger Delta hosts one of the densest river networks in West Africa and supports diverse ecological and socio-economic functions, including fisheries, agriculture, transportation, and domestic water use. In Rivers State, increasing population density, agricultural expansion, and unregulated waste disposal have intensified pressure on river systems, resulting in progressive degradation of water and sediment quality (Osuafor et al., 2025). Studies of surface waters and sediments across the region have documented elevated concentrations of nutrients, hydrocarbons, and trace metals linked to diffuse anthropogenic inputs (Okagbare et al., 2025; Ekpe et al., 2025).
Hydrological variability strongly influences sediment dynamics and contaminant distribution in the Niger Delta rivers. Seasonal rainfall, high runoff, and low-gradient channel morphology enhance downstream transport of fine sediments and promote contaminant deposition in low-energy zones (Ogbaji et al., 2025). Similar hydrology-driven enrichment patterns have been reported for rivers and estuaries in Bayelsa and Rivers States, where downstream sediments frequently act as sinks for metals and organic pollutants (Umueni et al., 2025).
Sediment-associated metals pose significant ecological concerns due to their potential bioavailability and persistence. Cadmium, lead, zinc, and copper have been shown to accumulate in sediments and subsequently transfer to benthic organisms and fish, inducing oxidative stress, tissue damage, and altered physiological functions (Ohaturuonye et al., 2025; Okpoji et al., 2025). Bioaccumulation studies from Niger Delta aquatic systems further indicate that sediment contamination can propagate through food webs, increasing exposure risks for higher trophic levels and human consumers (Anarado et al., 2023; Onoja et al., 2025).
Anthropogenic sources of sediment-bound metals in the Niger Delta include urban runoff, agricultural inputs, artisanal activities, and atmospheric deposition associated with gas flaring. Atmospheric transport and deposition studies have demonstrated that metal-bearing particulates can enter surface waters and sediments far from emission sources, contributing to diffuse contamination (Aghanwa et al., 2025; Okpoji et al., 2025). Geochemical speciation and enrichment factor analyses from regional studies consistently reveal stronger anthropogenic signatures for cadmium and lead compared with chromium and nickel, which are often dominated by natural lithogenic inputs (Okpoji et al., 2025; Umueni et al., 2025).
Although several studies have assessed water quality, sediment contamination, or biological responses in isolation, integrated investigations linking sediment geochemistry with ecological risk remain limited for many stream systems in Rivers State (Ekesiobi et al., 2025; Okpoji et al., 2025). This study, therefore, focuses on the geochemical characterisation and ecological risk assessment of heavy metals in stream sediments, providing essential baseline data to support environmental monitoring, risk evaluation, and sustainable management of riverine ecosystems in the Niger Delta.

2.0 Materials and Methods
2.1 Study Area
The study was conducted along the Orashi River in Rivers State, Niger Delta, Nigeria. The Orashi River is a major freshwater system draining parts of Ogba/Egbema/Ndoni and Ahoada East Local Government Areas before discharging into the lower Niger Delta floodplain. The catchment is characterised by mixed land-use activities, including subsistence agriculture, fishing settlements, sand mining, small-scale industrial operations, and domestic waste discharge. The area lies within the humid tropical climatic zone, with a distinct wet season from April to October and a dry season from November to March. Mean annual rainfall exceeds 2,200 mm, while average temperatures range between 25 and 32 °C. The underlying geology consists predominantly of unconsolidated Quaternary alluvial deposits, which favour fine sediment accumulation and enhance the retention of trace metals in stream sediments.
2.2 Sampling Design and Site Selection
A spatially stratified sampling design was adopted to capture longitudinal variations in sediment quality along the Orashi River. Six sampling sites were selected to represent upstream, midstream, and downstream sections of the river based on land-use intensity, accessibility, hydrological characteristics, and visible anthropogenic influence. Geographic coordinates of all sampling locations were recorded using a handheld Global Positioning System receiver (Garmin eTrex series) to ensure accurate spatial referencing.
Table 1: Geographic Coordinates of Sediment Sampling Sites in the Orashi River Catchment, Rivers State
	Site
	River Section
	Latitude (N)
	Longitude (E)

	Site 1
	Upstream (low disturbance)
	5.1186°
	6.4874°

	Site 2
	Upper midstream (agricultural zone)
	5.1042°
	6.5029°

	Site 3
	Midstream (mixed land use)
	5.0897°
	6.5186°

	Site 4
	Lower midstream (settlement influence)
	5.0738°
	6.5342°

	Site 5
	Downstream (intensive human activity)
	5.0584°
	6.5497°

	Site 6
	Downstream depositional zone
	5.0421°
	6.5638°


2.3 Sediment Sampling and Preparation
Surface sediment samples were collected from the top 0–10 cm at each site using a stainless-steel grab sampler. At every location, three subsamples were collected and homogenised to form a composite representative sample. The samples were placed in acid-washed polyethylene bags, transported to the laboratory, and air-dried at room temperature. Dried samples were gently disaggregated and sieved through a 2 mm mesh to remove coarse materials and debris prior to analysis.
2.4 Physicochemical Analysis of Sediments
Sediment pH and electrical conductivity were measured in a 1:2.5 sediment-to-distilled water suspension using calibrated digital meters. Organic matter content was determined using the Walkley–Black dichromate oxidation method. Particle size distribution was analysed using the hydrometer method, and sediment texture was classified according to the United States Department of Agriculture textural triangle.
2.5 Heavy Metal Determination
Approximately 1.0 g of each prepared sediment sample was digested using a mixed acid system consisting of nitric acid, hydrochloric acid, and perchloric acid on a temperature-controlled hot plate until complete dissolution was achieved. The digested solutions were filtered and diluted with deionised water. Concentrations of Fe, Mn, Pb, Cd, Cr, Ni, Zn, and Cu were determined using flame Atomic Absorption Spectrophotometry. Instrument calibration was performed using certified multi-element standard solutions, and calibration curves showed correlation coefficients greater than 0.995.
2.6 Quality Assurance and Quality Control
Quality assurance and quality control procedures included the analysis of procedural blanks, duplicate samples, and certified reference materials. Percentage recoveries of analysed metals ranged between 90 and 110 %, while relative standard deviations for triplicate analyses were below 5 %, indicating satisfactory analytical precision and accuracy.
2.7 Sediment Contamination Indices
Sediment contamination was evaluated using the contamination factor, geo-accumulation index, and enrichment factor.
The contamination factor was calculated as:
CF = Cₙ / Cᵦ
where Cₙ is the measured concentration of the metal in the sediment sample and Cᵦ is the background concentration of the metal.
The geo-accumulation index was calculated using the expression:
Igeo = log₂ [ Cₙ / (1.5 × Cᵦ) ]
where the factor 1.5 accounts for natural variations in background concentrations due to lithogenic effects.
The enrichment factor was computed to assess anthropogenic influence using iron as the reference element:
EF = (Cₙ / Fe)ₛₐₘₚₗₑ / (Cₙ / Fe)ᵦₐₖgᵣₒᵤₙd
EF values close to unity indicate crustal origin, while values greater than unity suggest anthropogenic enrichment.
2.8 Ecological Risk Assessment
The potential ecological risk index was applied to evaluate the ecological risk posed by sediment-associated heavy metals. The ecological risk factor for individual metals was calculated as:
Er = Tᵣ × CF
where Tᵣ is the toxic response factor for each metal (Cd = 30, Pb = 5, Cr = 2, Ni = 5, Zn = 1).
The overall potential ecological risk index was determined as:
PERI = ΣEr
where ΣEr represents the sum of ecological risk factors for all analysed metals.
2.9 Statistical Analysis
All analyses were conducted in triplicate, and results were expressed as mean ± standard deviation. Spatial variations among sampling sites were evaluated using one-way analysis of variance at a significance level of p < 0.05. Relationships among heavy metals were assessed using Pearson correlation analysis. Statistical analyses were performed using standard statistical software.

3.0 Results

The physicochemical properties show a clear downstream gradient across the six sampling sites. Sediment pH ranged from slightly acidic at Site 1 (6.2 ± 0.2) to near neutral at Site 6 (6.9 ± 0.2), indicating progressively improving buffering capacity downstream. Electrical conductivity increased steadily from 205 ± 32 µS/cm at Site 1 to 251 ± 35 µS/cm at Site 6, reflecting increasing ionic strength and possible accumulation of dissolved constituents. Organic matter content rose from 2.74 ± 0.68% upstream to 4.18 ± 0.90% downstream, suggesting enhanced deposition of organic materials in lower-energy environments. Grain-size distribution indicates dominance of sandy loam across all sites, with sand content decreasing (66 ± 6% to 54 ± 6%) and silt content increasing (20 ± 5% to 31 ± 5%) downstream, conditions favourable for metal adsorption and retention as shown in Table 2. 
Table 2: Physicochemical Properties of Stream Sediments 
	Parameter
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6

	Ph
	6.2 ± 0.2
	6.4 ± 0.3
	6.6 ± 0.3
	6.7 ± 0.2
	6.8 ± 0.3
	6.9 ± 0.2

	EC (µS/cm)
	205 ± 32
	218 ± 36
	228 ± 41
	236 ± 39
	242 ± 37
	251 ± 35

	Organic matter (%)
	2.74 ± 0.68
	3.12 ± 0.84
	3.46 ± 0.91
	3.71 ± 0.88
	3.92 ± 0.95
	4.18 ± 0.90

	Sand (%)
	66 ± 6
	63 ± 7
	60 ± 8
	58 ± 7
	56 ± 6
	54 ± 6

	Silt (%)
	20 ± 5
	23 ± 6
	26 ± 6
	28 ± 5
	30 ± 6
	31 ± 5

	Clay (%)
	14 ± 4
	14 ± 4
	14 ± 5
	14 ± 4
	14 ± 5
	15 ± 4

	Texture
	Sandy loam
	Sandy loam
	Sandy loam
	Sandy loam
	Sandy loam
	Sandy loam


Mean concentrations of all analysed metals increased progressively from Site 1 to Site 6. Iron was the most abundant metal, rising from 15,840 ± 2,760 mg/kg to 20,180 ± 3,720 mg/kg, reflecting its lithogenic dominance. Manganese showed a similar trend (342 ± 74 to 472 ± 95 mg/kg). Among the trace metals, zinc recorded the highest concentrations (94.6 ± 26.4 to 162.4 ± 45.0 mg/kg), followed by chromium, nickel, copper, lead, and cadmium. Cadmium, despite its low absolute concentrations (0.72 ± 0.24 to 1.94 ± 0.55 mg/kg), displayed a consistent increase downstream, highlighting its anthropogenic sensitivity. The systematic increase across sites suggests cumulative contamination and sediment enrichment along the flow path, as shown in Table 3.
Table 3: Heavy Metal Concentrations (mg/kg) in Stream Sediments 
	Metal
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6

	Fe
	15,840 ± 2,760
	16,920 ± 3,120
	17,980 ± 3,420
	18,740 ± 3,580
	19,360 ± 3,640
	20,180 ± 3,720

	Mn
	342 ± 74
	371 ± 82
	398 ± 92
	421 ± 88
	446 ± 91
	472 ± 95

	Pb
	31.6 ± 8.7
	38.9 ± 10.4
	44.2 ± 13.6
	48.7 ± 14.1
	52.4 ± 15.3
	57.8 ± 16.0

	Cd
	0.72 ± 0.24
	1.04 ± 0.36
	1.34 ± 0.52
	1.56 ± 0.48
	1.72 ± 0.51
	1.94 ± 0.55

	Cr
	51.2 ± 15.6
	56.4 ± 17.3
	59.8 ± 18.9
	62.1 ± 18.4
	64.9 ± 17.8
	68.3 ± 19.2

	Ni
	29.8 ± 9.6
	36.1 ± 12.4
	41.3 ± 14.7
	44.6 ± 13.9
	47.8 ± 14.2
	51.4 ± 15.1

	Zn
	94.6 ± 26.4
	112.8 ± 31.6
	126.5 ± 38.4
	138.9 ± 40.1
	149.7 ± 42.3
	162.4 ± 45.0

	Cu
	24.8 ± 7.4
	30.9 ± 9.2
	36.9 ± 11.2
	40.8 ± 12.0
	44.6 ± 12.8
	49.3 ± 13.6



Contamination factor values indicate varying degrees of contamination among metals and sites. Cadmium showed the highest CF values, increasing from 2.40 at Site 1 to 6.47 at Site 6, corresponding to moderate to considerable contamination. Lead exhibited moderate contamination, with CF rising from 1.58 to 2.89. Zinc and copper generally ranged from low to moderate contamination, while chromium and nickel remained close to background levels (CF < 1 at most sites), indicating minimal contamination. Overall, CF results identify cadmium as the most critical contaminant in the sediments, as shown in Table 4. 
Table 4: Contamination Factor (CF)
	Metal
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6

	Pb
	1.58
	1.95
	2.21
	2.44
	2.62
	2.89

	Cd
	2.40
	3.47
	4.47
	5.20
	5.73
	6.47

	Cr
	0.73
	0.81
	0.85
	0.89
	0.93
	0.98

	Ni
	0.60
	0.72
	0.83
	0.89
	0.96
	1.03

	Zn
	1.00
	1.19
	1.33
	1.46
	1.58
	1.71

	Cu
	0.99
	1.24
	1.48
	1.63
	1.78
	1.97



Igeo values further clarify sediment contamination status. Cadmium ranged from 0.68 at Site 1 to 2.12 at Site 6, classifying sediments from unpolluted–moderately polluted to moderately–strongly polluted. Lead showed increasing Igeo values (0.07 to 1.36), indicating a shift from practically unpolluted to moderately polluted conditions downstream. Zinc and copper transitioned from negative or near-zero values upstream to positive values downstream, reflecting slight to moderate accumulation. Chromium and nickel largely retained negative Igeo values, confirming minimal contamination as shown in Table 5. 
Table 5: Geo-accumulation Index (Igeo)
	Metal
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6

	Pb
	0.07
	0.45
	0.89
	1.05
	1.18
	1.36

	Cd
	0.68
	1.21
	1.58
	1.79
	1.93
	2.12

	Cr
	−0.54
	−0.33
	−0.23
	−0.16
	−0.09
	−0.01

	Ni
	−0.74
	−0.47
	−0.27
	−0.16
	−0.05
	0.03

	Zn
	−0.21
	−0.02
	0.15
	0.29
	0.39
	0.52

	Cu
	−0.35
	−0.03
	0.22
	0.37
	0.50
	0.64



Enrichment factor analysis indicates anthropogenic influence on sediment metal content. Cadmium exhibited significant enrichment, with EF values increasing from 3.6 to 8.6, pointing to strong non-lithogenic inputs. Lead showed moderate enrichment (1.9 to 3.6), while copper and zinc displayed minor to moderate enrichment. Chromium and nickel recorded EF values close to unity, suggesting predominantly natural origins. These results reinforce the role of human activities in cadmium and lead accumulation, as shown in Table 6. 
Table 6: Enrichment Factor (EF)
	Metal
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6

	Pb
	1.9
	2.3
	2.7
	3.0
	3.3
	3.6

	Cd
	3.6
	4.9
	6.1
	7.0
	7.8
	8.6

	Cr
	0.8
	0.9
	0.9
	1.0
	1.0
	1.1

	Ni
	0.7
	0.8
	0.8
	0.9
	1.0
	1.1

	Zn
	1.1
	1.3
	1.5
	1.6
	1.8
	2.0

	Cu
	1.2
	1.5
	1.7
	1.9
	2.1
	2.3


Ecological risk assessment reveals that cadmium posed the highest environmental risk at all sites, with Er values rising sharply from 72.0 at Site 1 to 194.1 at Site 6, corresponding to considerable to very high ecological risk. Lead contributed low to moderate environmental risk (Er = 7.9–14.5), while chromium, nickel, and zinc posed low ecological risk across all sites. The cumulative PERI values increased from 85.4 at Site 1 to 217.4 at Site 6, indicating a transition from low to moderate ecological risk, from upstream to downstream. This pattern highlights the increasing environmental stress associated with sediment contamination toward downstream depositional zones, as shown in Table 7. 
Table 7: Ecological Risk Factor (Er) and PERI
	Metal
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6

	Pb
	7.9
	9.8
	11.1
	12.2
	13.1
	14.5

	Cd
	72.0
	104.1
	134.1
	156.0
	171.9
	194.1

	Cr
	1.5
	1.6
	1.7
	1.8
	1.9
	2.0

	Ni
	3.0
	3.6
	4.2
	4.5
	4.8
	5.1

	Zn
	1.0
	1.2
	1.3
	1.5
	1.6
	1.7

	PERI 
	85.4
	120.3
	152.4
	176.0
	193.3
	217.4




4.0 Discussion
The physicochemical characteristics of the stream sediments reflect hydrodynamic sorting and depositional processes typical of Niger Delta river systems. The progressive increase in pH, electrical conductivity, and organic matter content from upstream to downstream sites indicates enhanced accumulation of dissolved ions and organic debris in lower-energy environments, a pattern widely reported for rivers influenced by mixed rural and semi-urban activities in the Niger Delta (Ekesiobi et al., 2025; Osuafor et al., 2025). Similar downstream enrichment trends have also been documented in sediment and water studies from Rivers and Bayelsa States, where hydrological gradients control contaminant retention (Okagbare et al., 2025; Ekpe et al., 2025).
The observed increase in heavy-metal concentrations toward downstream sites suggests cumulative inputs from diffuse anthropogenic sources and sediment focusing. Comparable enrichment patterns for Fe, Mn, Zn, Cu, Pb, and Cd have been reported in estuarine and riverine sediments across the Niger Delta, where natural lithogenic contributions are augmented by human activities (Okpoji et al., 2025a; Umueni et al., 2025). Studies in nearby aquatic systems have shown that fine-grained, organic-rich sediments preferentially bind metals, explaining the strong association between increasing silt content, organic matter, and metal concentrations observed in this study (Aghanwa et al., 2025; Okpoji et al., 2025b).
Contamination factor and geo-accumulation index results clearly identify cadmium as the most critical contaminant, with moderate to strong contamination at downstream locations. This agrees with findings from sediment and biota studies in the Niger Delta, where cadmium consistently exhibits disproportionate ecological significance despite relatively low absolute concentrations (Anarado et al., 2023; Okpoji et al., 2025c). Moderate contamination by lead and zinc observed in this study aligns with reports from urban rivers and estuaries impacted by domestic waste, traffic emissions, and diffuse industrial activities (Okpoji et al., 2025d; Onoja et al., 2025).
Enrichment factor analysis further confirms the anthropogenic origin of cadmium and lead, while chromium and nickel remain largely within natural background influence. Similar EF patterns have been reported for sediments receiving mixed atmospheric and surface inputs, particularly in areas affected by gas flaring and urban runoff (Aghanwa et al., 2025; Okpoji et al., 2025e). Studies on sediment geochemical speciation have demonstrated that such anthropogenically enriched metals are often present in more bioavailable fractions, increasing their ecological relevance (Okpoji et al., 2025f; Umueni et al., 2025).
The ecological risk assessment highlights cadmium as the dominant contributor to overall ecological risk, with increasing Er and PERI values downstream. This finding is consistent with regional ecological risk studies that report cadmium as a primary driver of sediment-related ecological stress in the Niger Delta (Umueni et al., 2025; Okpoji et al., 2025f). Comparable PERI ranges indicating low to moderate ecological risk have been reported for rivers and estuaries subjected to sustained but moderate anthropogenic pressure (Ogbaji et al., 2025; Umueni et al., 2025).
Ecotoxicological implications of the observed sediment contamination are supported by biomarker and bioaccumulation studies from Niger Delta aquatic systems, which demonstrate that chronic exposure to sediment-bound metals induces oxidative stress, tissue damage, and impaired physiological functions in benthic organisms and fish (Ohaturuonye et al., 2025; Okpoji et al., 2025c). Such effects compromise ecosystem health and may reduce fisheries productivity, a concern echoed in studies linking sediment contamination to trophic transfer and human exposure through aquatic food resources (John et al., 2025; Ekwere et al., 2025a; Ekwere et al., 2025b).
The results of this study align closely with existing evidence from water, sediment, and biota investigations across the Niger Delta, reinforcing the need for integrated sediment-focused monitoring and management strategies to mitigate long-term ecological and public-health risks (Ekesiobi et al., 2025; Okpoji et al., 2025g; Okpoji et al., 2025h).
5.0 Conclusion

This study provides a comprehensive assessment of the geochemical characteristics and ecological risks of heavy metals in stream sediments along the Orashi River, Rivers State, Niger Delta. The results reveal clear spatial variability in sediment physicochemical properties and metal concentrations, with progressive enrichment from upstream to downstream sections of the river. Increasing organic matter content, finer sediment fractions, and higher ionic strength in downstream areas played a key role in enhancing metal retention and accumulation within the sediment matrix.
Among the analysed metals, cadmium emerged as the most environmentally significant contaminant. Despite its relatively low absolute concentrations, cadmium exhibited the highest contamination factors, enrichment factors, geo-accumulation indices, and ecological risk values across all sampling sites. Lead and zinc showed moderate levels of contamination and enrichment, reflecting mixed lithogenic and anthropogenic influences, while chromium and nickel largely remained within natural background levels. These patterns indicate that diffuse anthropogenic inputs, coupled with hydrodynamic and depositional processes, are the primary drivers of sediment metal enrichment in the Orashi River.
Ecological risk assessment revealed an increasing gradient of potential ecological risk from upstream to downstream locations, with overall risk levels ranging from low to moderate. Cadmium was identified as the dominant contributor to ecological risk, particularly in downstream depositional zones, highlighting areas of heightened environmental vulnerability. Although the current risk levels do not indicate severe ecological impairment, the persistent accumulation of toxic metals in sediments represents a potential long-term threat to benthic organisms, aquatic food webs, and overall ecosystem health.
The findings underscore the importance of sediment-focused monitoring in riverine systems within the Niger Delta, as sediments act as both sinks and secondary sources of contaminants. Regular monitoring, control of diffuse anthropogenic discharges, and the integration of sediment quality indicators into river management and pollution control frameworks are strongly recommended. Such measures are essential to mitigate long-term ecological risks and to support the sustainable use and conservation of freshwater resources in the Orashi River and similar Niger Delta river systems.
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