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Ecological Risk Assessment of Selected Heavy Metals in Nwaniba River, Akwa Ibom State.

ABSTRACT
This study assessed the ecological risk of heavy metals in sediments and evaluated metal transfer between sediments and water in the Nwaniba River. Water and sediment samples were collected from four sites during the rainy season and analyzed for seven metals (Tl, As, Pb, Cd, Cr, Co, Ni) using the Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) technique. Single-element indices indicated sediment pollution ranging from low to high levels, while multi-element indices revealed elevated ecological risk, with pollution load index (PLI) values of 1.94, 1.92, 0.82, and 1.94, indicating PLI > 1 for the majority of the study area and potential ecological risk index (PERI) values of 406.60, 388.84, 187.00, and 293.79 across the four sites, respectively, indicating moderate to high ecological risk at most locations. Cadmium (Cd) was identified as the primary contributor to the calculated ecological risks. Transfer factor (TF) values determined for metals with measurable concentrations in both water and sediment exceeded 1, (TF >1) suggesting potential metal accumulation and increased ecological risk due to mobility within the river system. These findings confirm that the sediments are contaminated and pose ecological threats, likely influenced by agricultural runoff and unregulated municipal waste. Regular monitoring and sustainable land-use practices are recommended to mitigate ecological risks and protect the Nwaniba River ecosystem.
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1. INTRODUCTION
The introduction of poisonous substances into aquatic ecosystems has been a significant issue for several decades, leading to widespread environmental damage and disruption of these delicate habitats. One of the most prevalent contaminants that harm our aquatic ecosystems and are of ecological significance are trace or heavy metals, which are metallic chemical elements with a relatively high density (more than 6g/cm3) and toxicity at low concentrations (Ogunola &  Falaye, 2018). Heavy metals are a common pollutant of waterbodies, with their distribution facilitated by increased population, urbanization and industrialization. Heavy metals present significant ecological threats due to their high toxicity, non-biodegradability, bioaccumulation and biomagnification (Oluwagbemiga, et al., 2019, Awakama, et al., 2024). Intrusion of heavy metals into aquatic environments results from both geogenic and anthropogenic processes, affecting the concentration, speciation and bioavailability of these pollutants. Anthropogenic activities, such as agriculture, aquaculture, mining, and ship transportation are the primary cause of elevated concentrations of heavy metals in the aquatic environment (Ubong, et al., 2021). This pollution degrades aquatic ecosystems and negatively impacts all living and non-living things within them.
Numerous heavy metals are essential for the proper functioning of plants and animals, although certain metals (such as arsenic, cadmium, lead and mercury) have no identified role in these organisms (Onoyima, et al., 2021). Excessive levels of both essential and non-essential metals might result in detrimental health effects (Obadimu, et al., 2024). Lead (Pb) exposure is reported to account for around 3% of cardiovascular disease and 2% of the global burden of ischaemic heart disease (WHO, 2010). Metals like nickel, cadmium and lead lack biological purpose and are potentially hazardous even at trace levels. Generally, they are not biodegradable and their bioaccumulation in seafood, sediments, and other elements of aquatic ecosystems has been documented worldwide (Ubong, et al., 2023a).
Rivers and other aquatic bodies serve as the last depository for human waste, resulting in the deposition of some harmful heavy metals into coastal sediments (Yawo & Akpan, 2021). Sediments are an intrinsic component of the aquatic ecosystem, as they function as a sink for heavy metals (Obadimu, et al., 2025b). Over 90% of the total heavy metal load in aquatic settings is associated with suspended particulate matter and sediments (Islam, et al., 2017). Heavy metals attached to suspended particles accumulate in sediments via precipitation, coprecipitation, chelation, and biological impacts resulting in the highest concentrations of hazardous metals in aquatic environments being stored in sediments (Hamuna &  Wanimbo, 2021). Research indicates that activities disturbing the seabed, such as trawling, dredging, excavation, piling or drilling frequently expose sediment-encased heavy metals and other pollutants, resulting in their redistribution and recontamination throughout the components of impacted ecosystems, either temporarily or for an extended duration (Fennel, et al., 2019, Isotuk, et al., 2023).
In a riverine ecosystem, sediments serve as environmental indicators of metal pollution owing to their significant physicochemical stability (Sharma, et al., 2021). The quantitative evaluation of pollution indices in river sediments provides valuable insights into the pollution status and potential ecotoxicity of the aquatic environment. Heavy metal contamination in soil and sediments has been assessed using a variety of evaluation techniques. These techniques include geochemical normalization techniques (e.g., ecological risk index, pollutant load index, contamination factor, enrichment factor, sediment quality guidelines, and geo-accumulation index) (Algül & Beyhan, 2020, Onoyima, 2021), and multivariate statistical analysis (Okibe, et al., 2020). Islam et al. (2015) and Varol (2011) independently reported considerable heavy metal enrichment in riverine sediments, as indicated by elevated contamination factors, geo-accumulation indices, and pollution load indices. Both studies revealed moderate to severe contamination, particularly by Cr, As, and Pb, and a progressive decline in sediment quality. In contrast, Isotuk, et al. (2023) recorded negligible ecological risk in the Obolo, Amadaka, and Emeremen rivers, while low to moderate enrichment of As, Th, and U was detected along the Atlantic coastline and Iko River.

The Nwaniba River, located in Uruan Local Government Area of Akwa Ibom State, serves as a vital water source for the local communities. The region is currently under stress from human activities like fishing, farming, deforestation and dredging of the river bed for shellfish and river-run aggregates (sand and gravel). Despite the growing understanding of heavy metal contamination in aquatic ecosystems, specific data on contamination levels, sources, and ecological risks within the Nwaniba River remain limited. This study is aimed at evaluating the levels of seven selected heavy metals (Tl, As, Pb, Cd, Cr, Co and Ni ) from the water and sediment samples obtained from the Nwaniba River, subjecting the data obtained to transfer factor and ecological risk indices (contamination factor, enrichment factor, geo-accumulation index, pollution load index and potential ecological risk index) computation in an attempt to ascertain the extent of metal mobility, accumulation and ecological impact posed to the aquatic ecosystem. This approach will provide critical insight for environmental management and pollution mitigation in the region. 
2. MATERIALS AND METHODS
2.1	The Study Area
The Nwaniba River, encompassing a catchment area of approximately 449 km² and traversing the Mbiakong River within Uruan Local Government Area, was designated as the study location. Geographically situated at 6°40'N latitude and 7°20'E longitude (Figure 1), the river is delineated by several administrative boundaries: Odukpani Local Government Area in Cross River State to the east, Okobo Local Government Area to the south, Nsit Atai and Ibesikpo Asutan Local Government Areas to the west, and Itu Local Government Area to the north (Moses, et al., 2022). Functionally, the river constitutes a major water resource for the adjoining communities. This study examined four sampling sites. The precise geographic coordinates of each sampling site were determined using a Garmin GPSMAP 785 Global Positioning Systemm (GPS) device and are detailed in Table 1.
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Fig. 1.  Map of Study Area Showing Sampling Sites.
Table 1.         Sampling Sites with Corresponding Geographic Coordinates

Sites			Site Name 				GPS Co-ordinates
 1		Ikoneto, Cross River, Nigeria            Latitude 5.041174˚N; Longitude 8.1007˚E
 2		Central Uruan, Akwa Ibom, Nigeria   Latitude 5.034249˚N; Longitude 8.095301˚E
 3		Central Uruan, Akwa Ibom, Nigeria   Latitude 5.021154˚N; Longitude 8.077039˚E
 4		Central Uruan, Akwa Ibom, Nigeria   Latitude 5.021154 ˚N; Longitude 8.077039˚E

2.2   Sampling and Sample Collection
Sampling was conducted in June 2024, during the rainy season, following the methodology outlined by Moses, et al. (2022). Water and sediment samples, representing the environmental matrices, were collected from four locations along the Nwaniba River to evaluate the spatial distribution of heavy metal concentration. The sampling sites were selected based on their specific characteristics and significance as key pollution sources in order to accurately represent the anthropogenic activities within the catchment area. Composite water samples were obtained from each of the four designated sampling sites and individually stored in well-labelled 500 mL polyethylene bottles. To ensure sample integrity and prevent metal precipitation, the collected water samples were immediately acidified with 2ml of concentrated nitric acid (HNO₃) (USEPA, 2023). Additionally, at each sampling site, triplicate sediment samples were collected from a depth of 0–10 cm using a Van Veen grab sampler, following the methodology outlined by Isotuk, et al. (2023). The triplicate samples from each site were subsequently combined to obtain composite samples respectively. The collected sediment samples from the four (4) Sites were placed into pre-labeled polyethylene bags that had been pre-washed and rinsed with 20% HNO₃ to minimize potential adsorption of trace metals onto the inner surfaces of the bags. Sampling was conducted within the intertidal and littoral zones. Water and sediment samples were placed in distinct compartments of an ice-cooled box to prevent cross-contamination and were promptly transported to the laboratory for metal analysis.
2.3   Sample Preparation and Digestion
Aliquots of 20 mL were taken from each water sample and transferred into individual beakers. Subsequently, 400 μL of HNO₃ and 1 mL of concentrated hydrochloric acid (HCl) were added to each sample. The mixtures were heated at 95˚C for one hour under controlled conditions to prevent boiling. After digestion, the beakers were removed from the heat source and allowed to cool to room temperature. The resulting solutions were filtered through Whatman filter paper to remove any suspended particulates, and the final volumes were made up to 20 mL using deionized water. Sediment samples were air-dried at ambient room temperature for 48 hours. Once dried, the samples were gently disaggregated using a porcelain mortar and subsequently sieved through a polyethylene sieve with a particle size of less than 75 µm to eliminate coarse materials and extraneous debris. The sediment samples were then homogenized, and 0.5 g of each sample was accurately weighed. The samples were transferred into clean beakers, followed by the addition of 20 ml of aqua regia. Digestion was performed on a heating block within a fume hood at a temperature not exceeding 90 °C for approximately one hour. After cooling to room temperature, 2 ml of hydrogen peroxide (H₂O₂) was added to each beaker, and the mixture was heated for an additional 10 minutes. Upon completion of the digestion process, the total volume of each digestate was measured. The solutions were subsequently filtered and diluted to a final volume of 50 ml using ultra-pure deionized water for heavy metal analysis.
2.4   Analytical Technique
The concentration of heavy metals in the digested samples was determined using an Inductively Coupled Plasma Optical Emission Spectrometer (Perkin-Elmer OptimaTM 2000DV, ICP-OES). The heavy metals examined in this study were thallium (Tl), arsenic (As), lead (Pb), cadmium (Cd), chromium (Cr), cobalt (Co), and nickel (Ni). 
2.5   Statistical Analysis
Data analysis was carried out using Microsoft Excel 2024. Mean and standard deviation were calculated to summarize the concentrations of heavy metals in water and sediment samples. Bar charts were generated to illustrate the spatial variation of metal levels across sampling locations. Pearson’s correlation analysis between metals in sediment from the four sampling sites were also determined.
2.6   Ecological Risk Assessment
2.6.1   Contamination Factor
 The contamination factor (CF) is commonly used to assess the levels of contaminants and identify the sources of heavy metal pollution. The CF was calculated using the equation:
 ……. (1)
where Mc represents the concentration of the metal in the sample, and Bc denotes the concentration of the background metal. According to previous studies, CF values are categorized into four contamination levels: low contamination (Class 1, CF < 1), moderate contamination (Class 2, 1 ≤ CF < 3), considerable contamination (Class 3, 3 ≤ CF < 6), and very high contamination (Class 4, CF > 6) (Singh, et al., 2021).
2.6.2   Enrichment Factor
The enrichment factor (EF) of the selected metals in the sediment was calculated by normalizing the concentration of each target element to that of a reference element (Fe) in order to assess the potential origin of the metals—whether geogenic or anthropogenic. An enrichment factor > 1 suggests a contribution from anthropogenic sources beyond natural background levels (Kolawole, et al., 2018). Iron (Fe) with reference background value of 47,200 mg/kg was used as the normalization element in this study (Isotuk, et al., 2023). Fe concentrations (76838.10mg/kg, 58937.78mg/kg, 38973.04mg/kg and 62049.40mg/kg) from the general elemental analysis were used solely for EF calculations, though Fe was not among the heavy metals selected for discussion. The EF was calculated by the following equation:
EF =    ……… (2).
(Ci/Cref) represents the concentration ratio of the element of interest to the reference element within the sample, while (Bi/Bref) denotes the corresponding ratio in the background sample. The enrichment factor (EF) is typically interpreted using five established contamination categories:  EF < 2 indicates absence to minimal enrichment; 2<EF<5 reflects moderate enrichment; 5<EF<20 suggest significant enrichment; 20<EF<40 denotes very high enrichment; and EF > 40 indicates extremely high enrichment (Okoye, et al., 2022).
2.6.3   Geo-accumulation Index
The geoaccumulation index (Igeo) serves as a quantitative measure to assess the degree of heavy metal pollution, categorizing contamination levels based on established classification standards (Xie, et al., 2022b). The Igeo is mathematically expressed as:
……….(3)
Where Csample is the Heavy metal concentration in sediment and Cbackground​ is the geochemical background level (mg/kg), a constant of 1.5 is applied to attenuate anthropogenic contributions, predominantly mitigating influences from weathering and lithogenic sources. Müller (1969),  proposed a classification system comprising seven categories for the Geo-accumulation Index (Igeo), which are defined as follows: Igeo ≤ 0 – uncontaminated status (Class 0); 0 < Igeo ≤ 1 – uncontaminated to moderately contaminated status (Class 1); 1< Igeo ≤ 2 – moderate contamination status (Class 2); 2<Igeo≤3 – moderate to heavy contamination status (Class 3); 3<Igeo≤4 – heavy contamination status (Class 4); 4< Igeo ≤5 – heavy to extreme contamination status (Class 5); and Igeo>5 – extreme contamination status(Class 6).
2.6.4    Pollution Load Index
The Pollution Load Index (PLI) is a comprehensive tool used to assess the overall level of heavy metal pollution in a given site or region. It gives a single value that reflects the cumulative pollution status based on multiple heavy metals. The Pollution Load Index (PLI) is calculated based on the Contamination Factors (CFs) of individual metals and is expressed as:
 )…………(4)
where CF represents the contamination factor of a given metal, i and n is the total number of metals or contaminants assessed at a sampling site (Isotuk, et al 2023; Aljahdali & Alhassan, 2020). According to the classification proposed by Onoyima, et al. (2021), the Pollution Load Index (PLI) can be interpreted using defined thresholds: PLI > 1 indicates pollution, PLI < 1 indicates no pollution, and PLI = 1 reflects baseline or background contamination levels.
2.6.5   Potential Ecological Risk Index
The Potential Ecological Risk Index (PERI) is an assessment method that incorporates the toxic response factor and contamination level of individual heavy metals. It enables the evaluation of both the ecological risk posed by individual elements and the cumulative effects of multiple contaminants within an ecosystem. This index was originally developed by Swedish geochemist Lars Hakanson to evaluate the potential ecological risks posed by heavy metals present in sediments (Ma and Han, 2020, Onoyima et al., 2021). The Potential Ecological Risk Index (PERI) was estimated as follows:
 and ……………(5)
Where  ecological risk factor of metal ,  toxic response factor for metal ,  = contamination factor of metal , and  overall potential ecological risk index. The toxic response factors (​) adopted from previous studies include: Cd (30), Cr (2), Ni (5), Hg (40), Pb (5), Zn (1), As (10), Mn (1), V (2), Cu (5), and Ti (1) (Ma and Han, 2020, Isotuk et al., 2023). The and PERI values are categorized as follows:   < 40, low risk; 40 ≤ < 80, moderate risk; 80 ≤  < 160, considerable risk;  ≥ 320, very high risk while PERI < 150 (low ecological risk), 150 ≤ PERI < 300(moderate ecological risk), 300 ≤ PERI < 600 (high ecological risk), and PERI ≥ 600 (very high ecological risk) (Hakanson, 1980).
2.7 Transfer Factor
The transfer factor (TF) of metals from water to sediment reflects the ability of sediments to accumulate heavy metals from the surrounding aquatic environment. It serves as an indicator of metal mobility and potential bioavailability. High TF values suggest strong metal retention and possible ecological risk in sediment compartments. Obadimu et al. (2025a) define the transfer factor (TF), in the context of water-to-sediment transfer, as the ratio between the concentration of a dissolved metal in water and its accumulated concentration in sediment. Transfer factor of the metals from the four sites were determined using the expression:

As reported by Davies et al. (2021), metal transfer factor (TF) values can be categorized as follows: TF < 1 – low transfer (excluders), TF = 1 – no influence, and TF > 1 – high transfer (accumulators).

3.  RESULTS AND DISCUSSION
3.1   Concentration of Heavy Metals in Water and Sediment
Heavy metal concentrations in water and sediments were evaluated at four sites along the Nwaniba River. Descriptive statistics are provided in Table 4, with full datasets in the Supplementary Information (Tables S1–S2) and metal distributions shown in Figures 2 and 3. Sediments generally had higher mean concentrations of heavy metals than the overlying water (Table 4). The results presented in Table 4 reveal that Cr was highest in sediments (73.516 ± 33.038 mg/kg) and Tl was highest in water (0.0243 ± 0.0485 mg/L). The raw concentrations of metals in water and sediments, detailed in the supplementary information (Tables S1–S2), were the input data used for calculating the summarized statistics (Table 2) and all subsequent pollution indices (Tables 3 – 7).









Table 2.  Descriptive Statistics of Heavy Metal Concentrations in the sampling sites	
                                 Mean ± Standard Deviation                              Range
Heavy metal     water(mg/l)      sediment(mg/kg)         water(mg/l)                sediment(mg/kg)
  Tl	      0.0243±0.0485           1.218±2.435		ND – 0.0970	            ND – 4.870
  As	      0.0225±0.0261	   14.891±10.694            ND – 0.0477	            4.936 – 25.806
  Pb	      0.0103±0.0170	   48.714±17.841            ND – 0.0354	            27.167 – 64.302
  Cd	      0.00±0.00                    2.907±0.957                ND	   	            1.732 – 3.813 
  Cr	      0.0140±0.0209	   73.516±33.038            ND – 0.0452	             35.755 – 101.896
  Co	      0.0111±0.0221	   32.715±15.548	ND – 0.0442                  14.026 – 45.847
  Ni	      0.0226±0.0176	   41.780 ± 16.580	ND – 0.0379            	17.535 – 54.610
KEY: ND = NOT DETECTED

Fig 2: Concentrations of Heavy Metals in Water across Sampling Sites


Fig 3.  Concentrations of Heavy Metals in Sediment across Sampling Sites
3.2. Ecological Indices of Heavy Metal Contamination in Sediments
Single-element pollution indices (contamination factor (CF), enrichment factor (EF), and geo-accumulation index (Igeo)) and multi-element pollution indices (pollution load index (PLI) and potential ecological risk index (PERI)) were utilized to evaluate the ecological risks associated with the analyzed heavy metals in the environment. CF, EF and Igeo are used to evaluate the contamination levels of individual heavy metals, whereas the PLI and PERI assess the overall pollution arising from the combined presence of multiple heavy metals in sediments (Onoyima, et al., 2021). The global average background values for shales, as reported by Turekian & Wedepohl (1961) (Table S2), were utilized in this study. The results for the computed CF, EF and Igeo values are listed in Table 3. 
The classification of CF values according to Hakanson (1980), provides a robust framework for assessing pollution levels across the four studied sites. Cd recorded the highest contamination factors (CFs) among all studied metals, with values ranging from 5.77 (Site 3) to 12.71 (Site 1). These values reflected considerable contamination to very high contamination, indicating intense anthropogenic input. The extremely high CF at Site 1 suggests a localized point source, likely tied to indiscriminate disposal of domestic and industrial waste, as well as agricultural runoff. Pb exhibited moderate contamination to considerable contamination across all sites, with CF values ranging from 1.36 (Site 3) to 3.22 (Site 4), while Tl was detected only at Site 1, with a CF of 3.48, categorizing it as considerable contamination. Tl is a less commonly monitored metal, but its toxicity is well established. Its presence at this level could be indicative of industrial emissions, especially from coal combustion or cement production. The ranges of CFs for Co (0.74–2.41), Cr (0.40–1.13), and As (0.38–1.99) across the four sites indicated low contamination to moderate contamination. Ni exhibited the lowest CF values overall (0.26–0.80), falling into the low contamination category at all sites. The CF pattern revealed that Site 1 was the most contaminated, with elevated values across the majority of metals. In general, contamination factor (CF) values ranged from low to very high contamination levels, indicating a wide variation in pollution intensity across the study sites. These findings are consistent with those reported by Yawo & Akpan (2021), who also observed low to high levels of heavy metal contamination in the sediments of the Utibete River, Eastern Obolo, Akwa Ibom State. In contrast, Aigberua & Tarawou (2018) reported only moderate CF values for all heavy metals studied in the bottom sediments of the River Nun, Bayelsa State, Nigeria, suggesting that contamination levels may vary depending on regional environmental conditions and anthropogenic influences. Obadimu, et al. (2025c) utilized machine learning models to assess heavy metal contamination in the Nwaniba River, revealing notably significant levels of pollutants in the river’s sediments.
Cd exhibited the highest enrichment factor (EF) values among all the metals, ranging from 6.42 (Site 4) to 9.48 (Site 2), indicating significant enrichment (5 < EF < 20). The elevated enrichment factors observed for Cd suggest a potential ecological risk. Similar trends were reported by Chris & Anyanwu (2023). Such elevated EFs may result from substantial anthropogenic inputs. Cadmium contamination in aquatic environments is often attributed to the use of fertilizers and pesticides (Cui, et al., 2019). EF values for As, Cr, Co, and Ni indicated absent to minimal enrichment (EF < 2) across all sites. Tl and Pb displayed EF values ranging from minimal enrichment (EF < 2) to moderate enrichment (2 < EF < 5). Notably, Tl was enriched only at Site 1 (EF = 2.14) and was effectively absent (EF = 0) at all other sites. In summary, enrichment factors for the studied metals ranged from no enrichment to significant enrichment, indicating varying anthropogenic influence across the sites. The enrichment of these heavy metals along site 1 to site 4 may be attributed to rapid urbanization, biomass burning associated with agricultural practices, fossil fuel combustion, and the introduction of contaminants from agricultural activities (Lavenir, et al., 2020; Isotuk, et al., 2023).
[bookmark: _Hlk211413291]According to the sediment quality classification by Müller (1969), the geo-accumulation index (Igeo) values for Cr and Ni at all four sites indicated an uncontaminated status (Igeo < 0). In contrast, Cd exhibited the highest Igeo values across all sites (ranging from 1.94 to 3.08), placing the sediments in categories ranging from moderately contaminated (1 < Igeo ≤ 2), through moderately to heavily contaminated (2 < Igeo ≤ 3), to heavily contaminated (3 < Igeo ≤ 4). This pattern aligns with findings by Anyanwu, et al. (2023), who also reported higher Igeo values for Cd compared to other analyzed metals. For Tl, Igeo values ranged from non-detectable at Sites 2 to 4 to moderately contaminated levels (1 < Igeo ≤ 2) at Site 1. Pb, on the other hand, exhibited Igeo values spanning from uncontaminated (Igeo < 0), through uncontaminated to moderately contaminated (0 < Igeo ≤ 1), to moderately contaminated levels (1 < Igeo ≤ 2). The Igeo values for As and Co across the sites ranged from uncontaminated (Igeo < 0) to uncontaminated-to-moderately contaminated levels (0 < Igeo ≤ 1). Overall, the Igeo results from this study indicate a contamination spectrum from uncontaminated to heavily contaminated conditions. These findings differ from those of Olayinka-Olagunju (2021), who reported uncontaminated sediment quality (Igeo < 0) for the metals analyzed in the sediments of the Owena River, Ondo State. However, they are consistent with the observations of Audu, et al. (2022), who reported moderate to strong pollution levels in selected water bodies in the southern senatorial district of Niger State, Nigeria.
The Pollution Load Index (PLI) was used to assess the overall contamination at the four sampled sites. The Pollution Load Index (PLI) values, summarized in Table 4, provide insight into the overall contamination status of the sites. PLI values for Site 1 (1.94), Site 2 (1.92), and Site 4 (1.94) were all greater than 1, indicating pollution from multiple metals. In contrast, Site 3 recorded a PLI of 0.82, which is below 1, suggesting that the site is not polluted with respect to the analyzed metals. This interpretation aligns with the classification system proposed by Barakat, et al. (2020) and Onoyima, et al. (2021), where PLI > 1 indicates polluted conditions and PLI < 1 indicates unpolluted conditions. In summary, Sites 1, 2, and 4 show evidence of pollution, suggesting that a significant portion of the river is at risk from heavy metals. In line with the findings of this study, Pollution Load Index (PLI) values greater than 1 have also been reported in riverine sediments across the Niger Delta region of Nigeria by other researchers (Anyanwu, et al., 2023; Chris & Anyanwu, 2023; Chris & Davies, 2024), suggesting similar levels of anthropogenic influence.
Beyond pollution levels, the ecological impact of heavy metals was assessed using the Potential Ecological Risk Index (PERI), offering a more risk-oriented perspective. The ecological risk factor (, which incorporates the toxic response factor of each metal, was employed to calculate the PERI. The  and PERI results obtained in this study are presented in Table 5. The ecological risk factor assessment in sediment samples across the study sites indicated low risks levels for As, Pb, Cr and Ni ( 40). In contrast, Cd exhibited very high risk at sites 1 and 2 ( ≥ 320), and high risk at sites 3 and 4 (160 ≤  < 320). The potential ecological risk index (PERI), calculated as the sum of the individual risk factors () for each metal per site, ranged from 187.00 to 406.00. Sites 1 and 2 demonstrated high ecological risk (300 ≤ PERI < 600), while sites 3 and 4 showed moderate ecological risk (150 ≤ PERI < 300). Environmental concentrations of Tl and Co were measured but excluded from the PERI assessment due to a lack of established toxic response factors in literature (Hakanson, 1980; Isotuk et al., 2023). As noted by Ma and Han (2020), PERI values are often elevated by heavy metals with high toxic response factors, such as Cd (30) and Hg (40). In the present study, Cd was the primary contributor to the high PERI values observed. Chris and Davies (2024) reported higher PERI values in sediments (589.5–3190.3) from a study conducted at three stations in the coastal marine wetlands of Rivers State, Nigeria. As evidenced by the data in this study, the PERI values point to a moderate to high ecological risk, reflecting the cumulative impact of multiple heavy metals.









Table 3.  Calculated CF, EF and Igeo Values for Heavy Metals in Sediments from the Sampling Sites
Heavy                                  CF                                             EF                                          Igeo
Metals               S1	S2	S3	S4	   S1	    S2	   S3	S4	      S1        S2        S3         S4   
Tl	         3.48	 –	–	–	   2.14       –           –          –               1.21      –          –            –
As	         0.38        1.72     0.50    1.99               0.23     1.37    0.61    1.51             −1.98   0.19   −1.58     0.40
Pb	         3.12        2.05     1.36    3.22              1.92     1.64    1.65      2.45              1.06     0.45   −0.14     1.10
Cd	         12.71      11.84   5.77    8.44              7.81     9.48    6.99    6.42                3.08    2.98     1.94      2.49
Cr	         1.13        1.12     0.40    0.62             0.70    0.89     0.48    0.47               −0.41   −0.42   −1.92   −1.27
Co	         2.41        1.36     0.74    2.38             1.48    1.09     0.89    1.81                 0.69   −0.14   −1.02      0.67
Ni	         0.73        0.80     0.26    0.67             0.45    0.64     0.31    0.51              −1.05   −0.90   −2.54   −1.16
KEY: S1 = SITE 1, S2 = SITE 2, S3 = SITE 3 and S4 = SITE 4. CF = Contamination Factor, EF = Enrichment Factor and Igeo = Geo-accumulation index.
*Tl was below detection limits for S2 to S4 (Table S2)


Table 4: Pollution Load Index (PLI) Results for Study Sites
Site 1		Site 2		Site 3		Site 4

1.94		1.92		0.82		1.94


Table 5:  and PERI of Heavy Metals in Sediments across Sampling Sites
Heavy				
Metals 	     1		 2		 3		 4
  Tl	      –		 –	              –	               –
  As	    3.80             17.15                 5.00                  19.90
  Pb	   15.60	           10.25	           6.80	           16.10
  Cd	   381.30          355.20              173.10               253.20
  Cr	    2.26              2.24	           0.80                   1.24
  Co	      –		 –		 –	              –	
  Ni	    3.63	            4.00	           1.30                   3.35
PERI 	   406.60          388.84	           187.00	           293.79           
KEY: 1 –  4 denotes Ecological risk factors from Sites 1–4, respectively. * values for Tl and Co were not available due to the absence of corresponding toxic response factors. PERI = Potential Ecological Risk Index
3.3 Transfer Factors of Heavy Metals from Water to Sediment Across Sites
Table 6 presents the transfer factor (TF) results of the analyzed heavy metals from water to sediment at the studied sites. The TF values provide insight into the mobility of the metals from the water. Generally, the detectable transfer factors exceeded 1 across the sampling sites, implying strong metal accumulation (Davies et al., 2021). While the transfer factors in the current study are comparatively higher, they align with Obadimu et al. (2025a), who documented TF values above 1 for heavy metals detected (Cr, Cu, Mn, Ni, and Fe) at Ikoneto in the Nwaniba River system. The non‑detectable transfer factors at the observed sites stem from the fact that the metal concentrations were either below detection limits in the water or in the sediment. The higher the TF, the greater the contamination in water and sediment, which could pose a health risk if metals enter the food chain (Obadimu et al., 2025a).
Table 6.   Heavy Metals Transfer Factor from Water to Sediment
 Heavy				
Metals		Site 1		Site 2		Site 3		Site 4
  Tl	           50.21	              ND                  ND                  ND
  As                  116.69	              ND                  ND                  541.01
  Pb	             ND	            1157.46          4851.25             ND
  Cd                   ND	              ND                 ND                    ND
  Cr                  16704.26           21395.32         791.04                ND
  Ni	            1406.75            3138.51            462.66                ND

3.4. Correlation Analysis
The Pearson correlation analysis of heavy metal concentrations in sediment (Table 7 and Figure 4) along the Nwaniba River reveals distinct relationships among the analyzed metals. The correlation matrix demonstrates strong positive associations among Pb, Cd, Cr, Co, and Ni, with correlation coefficients ranging between 0.50 and 0.99. This suggests that these metals may originate from similar sources, possibly linked to anthropogenic inputs such as agricultural runoff, industrial discharge, or natural mineral weathering (Ubong et al., 2023b; Obadimu et al., 2025a). The near-perfect correlation between Cd−Cr and Co−Pb (r = 0.99) indicates they behave similarly in sediment deposition or adsorption processes. Moderate correlations were also observed between As and the other metals, reflecting its potential partial association with the same contamination sources. These correlations provide valuable insights into the geochemical behavior, transport mechanisms, and potential common origins of heavy metals within the Nwaniba River ecosystem.   
Table 7.   Correlation Data of Heavy Metals in Sediment
                   As           Pb         Cd           Cr            Co           Ni          
          As     1.00
          Pb     0.27       1.00
          Cd     0.05       0.52      1.00
          Cr      0.04       0.41      0.99       1.00
          Co     0.22       0.99      0.55        0.44         1.00
          Ni      0.50       0.66      0.89       0.86          0.66         1.00
       *Raw data used for this calculation are provided in the supplementary material (Table S2)     
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Fig 4. Pearson Correlation Heatmap for Heavy Metals in Sediment
4. Conclusion
This study demonstrates that the Nwaniba River is subject to varying degrees of heavy metal contamination, with evidence of both natural and anthropogenic inputs. Pollution indices revealed that while some sites exhibited low contamination, others showed significant pollution levels and ecological risk, particularly due to Cadmium. The high-risk potential of Cd underscores its threat to ecological health. The consistent pattern of transfer factors (TF > 1) observed raises concerns about trophic transfer and potential long-term ecological impacts. These findings highlight the urgent need for improved waste management, pollution control measures, and ongoing monitoring to prevent further degradation of the Nwaniba river system. Strengthening environmental regulations and promoting sustainable agricultural and industrial practices within the catchment are essential to protect aquatic life and human health.
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Table S1.   Heavy metals concentration (mg/l) in water along Nwaniba River
Sampling	Tl           As            Pb        	Cd           Cr               Co	      Ni	   
Site
1	     0.0970	0.0423       ND	              ND          0.061         ND	     0.0351	 
2	       ND		ND	   0.0354	 ND        0.0047         ND	     0.0174	 
3	       ND		ND	   0.0056	 ND        0.0452         ND	     0.0379	 
4	       ND		0.0477	      ND		 ND	    ND          0.0442	       ND	 
ND = Not Detected

Table S2.  Heavy metal concentrations (mg/kg) in sediment along Nwaniba River and Reference Shale values
Sampling    	Tl	     As		Pb		Cd	          Cr	       Co 	Ni
Site
1	          4.870	     4.936      	62.414      	3.813	         101.896         45.847      49.377	
2                	ND	     22.298    	40.974       	3.552	         100.558         25.795      54.610     
3	            ND	     6.525     	27.167       	1.732	          35.755          14.026      17.535      
4	            ND	     25.806   	64.302     	2.532	          55.853           45.191     45.597      
shales*           1.4                13          	         20                   0.3                    90                 19             68       
*source: Turekian and Wedepohl (1961) 


site1	Tl	As	Pb	Cd	Cr	Co	Ni	4.87	4.9359999999999999	62.414000000000001	3.8130000000000002	101.896	45.847000000000001	49.377000000000002	site2	Tl	As	Pb	Cd	Cr	Co	Ni	0	22.297999999999998	40.973999999999997	3.552	100.55800000000001	25.795000000000002	54.61	site 3	Tl	As	Pb	Cd	Cr	Co	Ni	0	6.5250000000000004	27.167000000000002	1.732	35.755000000000003	14.026	17.535	site 4	Tl	As	Pb	Cd	Cr	Co	Ni	0	25.806000000000001	64.302000000000007	2.532	55.853000000000002	45.191000000000003	45.597000000000001	Heavy metals


Heavy metals concentration in mg/kg




site 1	Tl	As	Pb	Cd	Cr	Co	Ni	9.7000000000000003E-2	4.2299999999999997E-2	0	0	6.1000000000000004E-3	0	3.5099999999999999E-2	site 2	Tl	As	Pb	Cd	Cr	Co	Ni	0	0	3.5400000000000001E-2	0	4.7000000000000002E-3	0	1.7399999999999999E-2	site 3	Tl	As	Pb	Cd	Cr	Co	Ni	0	0	5.5999999999999999E-3	0	4.5199999999999997E-2	0	3.7900000000000003E-2	site 4	Tl	As	Pb	Cd	Cr	Co	Ni	0	4.7699999999999999E-2	0	0	0	4.4200000000000003E-2	0	Heavy Metals


heavy metal concentration in  mg/l
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