


Spatiotemporal Monitoring of Heavy Metal Attenuation and Ecological Risk Dynamics in Oil Degraded Soils of the Niger Delta, Nigeria



Abstract
This study investigates the presence of metals, their pollution levels, and the associated ecological risks at an oil spill site in Eleme, Nigeria. Twenty-six soil samples were analyzed, with twenty-two from the spill site and four from reference sites. The concentrations of cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc (Zn) were obtained for two 6-month interval sampling phases. The geoaccumulation index (Igeo) showed values < 2 after the first sampling phase, indicating moderate contamination, with values < 1 after the second phase, signifying uncontaminated levels. The metal pollution index (MPI) decreased from 1.01 to 0.59, indicating a significant reduction in pollution. The contamination factor (CF) primarily indicated low contamination for most heavy metals across the samples, except Cd, which remained predominantly persistent, and the potential ecological risk index (PERI) revealed a shift from moderate to low ecological risks. The findings established progressive contaminant reduction and improved environmental quality, revealing heavy metals spatial concentration in the site’s southern parts, with significant second-phase reductions, particularly of Cr and Pb, falling within permissible limits of the U.S. Environmental Protection Agency (USEPA). However, Cd, Zn, and Fe remained persistent in certain areas, reflecting ongoing attenuation dynamics that potentially affect heavy metal behaviour and mobility, and highlighting the need for targeted remedial efforts and public health protection. 	Comment by HP: What could be responsible for the reduction was not mentioned. However, use Nigerian permissible standard; like NESREA
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1. Introduction	Comment by HP: The background of the study should be able to provide necessary/ important information. Try and have a well precise and compressive information.
The exploration and mining of crude oil in the Niger Delta, along with the transportation and processing of oil through extensive networks of pipelines, have caused significant environmental degradation within the region (George et al., 2023; Onomhoale et al., 2025b). The primary source of this environmental damage is petroleum hydrocarbon contamination from pipeline leaks and spills, which is exacerbated by pipeline corrosion and sabotage (Ahmed et al., 2019; Onwuka et al., 2021). These spills have significantly polluted soils and groundwater systems, adversely affecting environmental quality, public health, economic stability, and social displacement (Bello et al., 2019; Jimoh et al., 2020; Ahmed et al., 2024d). The urgency to identify and assess these contaminated sites cannot be overemphasized. Effective monitoring and remedial approaches are required for contaminant reduction, to enhance impacted soil restoration, and to ensure the efficiency and sustainability of clean-up efforts (Aparicio et al., 2022; Onomhoale et al., 2025a). The capacity to monitor soil health is critical to ensuring ecosystem functionality, as soil directly supports a range of vital environmental processes (USDA, 2001; USEPA, 2011). 
Spatiotemporal heavy metal assessment targets monitoring contaminant concentration and distribution and mapping reduction in impacted sites over geographic space and time (Mohamed et al., 2024; Muhammad et al., 2024), which affects risks to human health and the environment (Seifu & Elias, 2018). The choice of parameters to assess for monitoring varies depending on the type and chemical concentration of contaminants, such as heavy metals (Dhaliwal et al., 2020). Soil geochemistry is crucial in understanding contaminant behaviour and fate within soils (Singh & Steinnes, 1994). Detailed chemical analyses of soil samples offer valuable perceptions into the composition, speciation, and transformation of hydrocarbon contaminants and the associated inorganic pollutants such as heavy metals (Lehmann et al., 2020; Kara, 2024). Oil spills significantly accumulate heavy metals in soils, which may be essential or harmful to organisms. Heavy metals such as zinc (Zn), nickel (Ni), copper (Cu), and iron (Fe) are required in trace by organisms, while heavy metals like lead (Pb), cadmium (Cd), and mercury (Hg) are highly toxic and do not benefit organisms (Aparicio et al., 2022). The growing concern regarding the toxicity and accumulation of heavy metals within environmental systems emphasizes the need for effective attenuation evaluation, especially in areas impacted by oil spills (Imasuen et al., 2014; Jayakumar et al., 2021). 
Assessing environmental quality and human health involves analyzing various ecosystem parameters, including chemical factors such as heavy metal concentrations, which are vital indicators for evaluating ecological conditions (Khatri & Tyagi, 2015). Heavy metals like cadmium (Cd) are highly toxic and can accumulate in geo-systems, posing significant risks to humans and environmental health (Khan et al., 2017). Prolonged cadmium exposure can lead to severe health issues, such as kidney, lung, and bone damage (Mishra et al., 2019). In plants, cadmium accumulation can interfere with nutrient uptake, hamper growth, and threaten food safety (Hung et al., 2020). Similarly, Pb has been widely regarded as a health hazard to humans, especially in the nervous system of children, cardiovascular health, and cognitive development (Imasuen et al., 2014). Lead environmental exposures can also harm animal life and contribute to bioaccumulation in the food chain (Ukaogo et al., 2020). Essential trace elements, such as Cu and Zn, require careful monitoring, as elevated levels can damage the ecosystem (Omokpariola et al., 2022). Elevated Ni levels in environmental systems can impair the growth and development of organisms and pose human health risks when accumulated in the food chain (Lee et al., 2023). Chronic exposure to high nickel concentrations can result in liver damage, respiratory issues, and skin irritation (Chinedu & Chukwuemeka, 2018). Chromium (Cr), particularly hexavalent chromium (Cr(VI)), is another hazardous metal that can cause severe environmental and health impacts. Long-term exposure to chromium has been linked to respiratory disorders, kidney damage, and various cancers (USDA, 2000). Iron (Fe) is a critical nutrient for organisms, but it can become problematic when present in excess. Elevated iron concentrations can lead to the eutrophication of water bodies, fostering the growth of algae that depletes oxygen levels and disrupts aquatic ecosystems (Desaules, 2012). Excessive iron can also affect plant and animal health by altering the soil's nutrient balance (Rajendran et al., 2022). 
To assess the contamination levels, various pollution indices are used to quantify the extent of pollution and ecological disruption caused by heavy metals in the environment (Onyele & Anyanwu, 2018). These indices include the Geoaccumulation Index (Igeo), Contamination Factor (CF), and Metal Pollution Index (MPI) (Kolawole et al., 2023). The Igeo measures the degree of environmental contamination by comparing heavy metals' current concentration to their natural background levels, with higher values indicating severe contamination (Müller, 1969). The MPI integrates the concentrations of multiple heavy metals to generate a comprehensive measure of pollution, and the CF assesses the degree of contamination by calculating the ratio of metal concentration to a reference value (Ahmed et al., 2024a). Higher index values imply higher pollution severity, usually linked to anthropogenic activities like mining, industrial emissions, and oil spills (Jimoh et al., 2020). In combination with pollution indicators, risk assessments are crucial for evaluating the potential impacts of contamination on the environment and human health (Ordinioha & Brisibe, 2013). The potential Ecological Risk Index (PERI) is a vital tool to assess heavy metals’ ecological risks by providing a cohesive measure of the potential harm caused by specific metals based on their toxicity and environmental concentration (Bello et al., 2019; Ahmed et al., 2024e). MPI and PERI are significant in assessing ecological risks and environmental contamination levels. Monitoring these environmental quality indicators is crucial for evaluating the overall ecosystem health, as they present integrated measures of contamination levels (Rahman et al., 2019; Ahmed et al., 2024a). Elevated PERI and HPI values typically imply higher metal concentrations have detrimental environmental effects, including soil degradation and biodiversity disruptions (Jimoh et al., 2020; Ahmed et al., 2024b). These accumulations in organisms can constitute considerable risks to human and animal health, relying on these ecosystems for sustenance (Kacholi & Sahu, 2018). Likewise, lower values of these indices suggest reduced contamination levels, contributing to healthier and more sustainable ecosystems (Li et al., 2012). 
Understanding and managing pollution indices, potential risks, contaminants’ levels, and their distributions in geographic locations over specific periods is crucial for sustainable environmental management of oil-impacted sites (Mohamed et al., 2024). Through tracking pollution levels and assessing associated risks, the current site health and quality can be determined, making it possible to implement targeted strategies to mitigate the harmful effects of heavy metal pollution (Neider al., 2018), thereby ensuring the protection and restoration of ecosystems and the well-being of human populations that depend on these ecosystems for water, food, and other resources (Perera et al., 2024). These indices and assessments are particularly relevant for regions like the Niger Delta, where oil spills and industrial activities have led to widespread pollution of water, soil, and the food chain (Muhammad et al., 2024). Eleme Local Government Area (LGA), in the Niger Delta, has been particularly affected by oil spills, resulting in extensive soil contamination (Ahmed et al., 2024e; Onomhoale et al., 2025a). The inorganic residues, particularly heavy metals, left behind by these spills pose significant risks to environmental health and human well-being. The challenge of effectively mapping and monitoring these contaminants even after treatments remains a critical concern (George et al., 2023; Muhammad et al., 2024). This study aims to address this gap by utilizing spatiotemporal mapping and monitoring of heavy metals concentrations, and their corresponding pollution levels and ecological risk assessment for environmental quality of oil-degraded sites. 



2. Materials and Methods 

2.1 Fieldwork and Laboratory Analysis

2.1.1 Field Description and Sampling
[bookmark: _tyjcwt]The study commenced with a reconnaissance survey to understand the layout of the study area and identify critical sites for data collection. The study activities included grading the site for soil collection using simple hand augers to conduct geochemical soil sampling, and preparing and analyzing samples in the laboratory. The Eleme L.G.A. of Rivers State, Nigeria, is the study area; it lies roughly at Latitude 4o 46'29.60'' N and Longitude 7o 07'35.46'' E, as shown in Fig. 1. Eleme occupies around 230 km2, and it’s an important town due to extensive activities of oil and gas industries; including the Onne Oil and Gas Free Zone, and the Nigerian National Petroleum Corporation (NNPC) refinery (Amadi, 2016). Such industrial capacities significantly contribute to the nation's economy and the local community by creating employment opportunities and attracting numerous investments (Ngulube, 2011). Agriculture has been Eleme's primary occupation, and farming and fishing are the basis of their livelihood. The main crops cultivated in the area include yams, cassava, and pumpkin, stressing the critical need for healthy and uncontaminated soils to prevent food-borne diseases (Ngulube, 2011). 	Comment by HP: This should not be here.

[bookmark: _Hlk145600208]Table 1. Samples identification and description.
	S/No.
	Stations
	Depth (0.2m)
	Latitude (N)
	Longitude (E)

	[bookmark: _Hlk145711001]SN 1
	CT-1
	
Control
	4o46'33.49"
	7o 7'36.06"

	SN 2
	CT-2
	
	4o46'34.86"
	7o 7'38.48"

	SN 3
	CT-3
	
	4o46'34.83"
	7o 7'37.67"

	SN 4
	CT-4
	
	4o46'33.18"
	7o 7'39.30"

	SN 5
	PR-1
	



First
Sampling
Phase

	4°46'19.68"
	7° 7'37.71"

	SN 6
	PR-2
	
	4°46'18.77"
	7° 7'35.69"

	SN 7
	PR-3
	
	4°46'19.45"
	7° 7'36.56"

	SN 8
	PR-4
	
	4°46'20.11"
	7° 7'37.32"

	SN 9
	PR-5
	
	4°46'19.17"
	7° 7'35.32"

	SN 10
	PR-6
	
	4°46'18.92"
	7° 7'36.30"

	SN 11
	PR-7
	
	4°46'19.56"
	7° 7'37.12"

	SN 12
	PR-8
	
	4°46'20.17"
	7° 7'37.84"

	SN 13
	PR-9
	
	4°46'18.69"
	7° 7'35.17"

	SN 14
	PR-10
	
	4°46'19.30"
	7° 7'35.88"

	SN 15
	PR-11
	
	4°46'19.95"
	7° 7'36.67"

	SN 16
	PR-12
	



Second
Sampling
Phase
	4°46'19.68"
	7° 7'37.71"

	SN 17
	PR-13
	
	4°46'18.77"
	7° 7'35.69"

	SN 18
	PR-14
	
	4°46'19.45"
	7° 7'36.56"

	SN 19
	PR-15
	
	4°46'20.11"
	7° 7'37.32"

	SN 20
	PR-16
	
	4°46'19.17"
	7° 7'35.32"

	SN 21
	PR-17
	
	4°46'18.92"
	7° 7'36.30"

	SN 22
	PR-18
	
	4°46'19.56"
	7° 7'37.12"

	SN 23
	PR-19
	
	4°46'20.17"
	7° 7'37.84"

	SN 24
	PR-20
	
	4°46'18.69"
	7° 7'35.17"

	SN 25
	PR-21
	
	4°46'19.30"
	7° 7'35.88"

	SN 26
	PR-22
	
	4°46'19.95"
	7° 7'36.67"



Twenty-six soil samples were randomly collected, with twenty-two samples from the study site and four controls from an uncontaminated location (Table 1). For the first and second phases of the survey and sampling, eleven experimental soil samples were obtained at 0.2m depths, and two reference soil samples were used to benchmark the monitoring of the concentration values of residual heavy metals introduced by the oil spill and assess their alteration and reduction dynamics over six months (Tomei & Daugulis, 2013). Consistent sampling locations across both phases ensured accurate monitoring of the site, which was carried out under comparable meteorological conditions from October to March, predominantly during the alternating wet and dry seasons (Ahmed et al., 2024e; Onomhoale et al., 2025b), to get reliable outcomes. Systematic random sampling ensured even distribution with coordinates and carefully recorded sampling stations, providing a representative study area analysis (IAEA, 2004). The samples were stored in airtight plastic bags, preserved in ice-packed coolers away from direct sunlight and transported immediately after collection to the laboratory for analysis (Ahmed et al., 2024a).
























Fig. 1. Map of Nigeria, showing Rivers State and Eleme L.G.A.

 2.1.2 Mapping and Geospatial Analysis
The study was conducted in Alode community of Eleme L.G.A., focusing on a right-of-way spill site along the compromised 24-inch petroleum flow-line owned by the Nigerian Pipeline Storage Company (NPSC) (Fig. 2). Using ArcGIS 10.4 and Surfer 24, geographical digitization mapped the region, and geospatial analysis plotted the spatial distribution of the metals level (Cd, Cu, Cr, Fe, Ni, Zn, and Pb) across sampling stations within the study site. 

[image: ]
Fig. 2. Map showing the study site and sample stations.

Sample point coordinates allowed for precise analysis, with software algorithms generating graphical outputs, including contour maps and distribution curves, to visualize spatiotemporal variations of heavy metals over time (Ahmed & Taiwo, 2023). Consistent sampling locations across the first and second phases enabled reliable tracking of concentration changes, hence providing sufficient contaminants attenuation progress and site pollution status. 

2.1.3 Laboratory Analysis 
Regarding the laboratory analysis, the sampled soils were being sent in for determination of the heavy metal levels, focusing on cadmium (Cd), iron (Fe), copper (Cu), zinc (Zn), lead (Pb), chromium (Cr), and nickel (Ni). The starting procedure for the determination of heavy metals included digesting 50 ml of each sample in a 250 ml conical flask with the addition of 10 ml of aqua regia (USEPA, 1996). This mixture was heated on a hot plate to reduce its volume to 7-12 ml. Filtered through Whatman filter paper, the digest was readjusted to 50 ml in a volumetric flask, and then the filtered solution was stored in plastic containers for Atomic Absorption Spectroscopy (AAS) analyses (Fishman & downs, 1966). In the AAS process, the aspirated samples are introduced into the flame, where they become atomized, while passing through the flame into the monochromator and then hit a detector, which reads the absorbance of light by the atomized metal. Since each of the metals absorbs light at a specific wavelength, an element-specific source lamp reduces spectral or radiational interference. For analysis, the sample is thoroughly mixed, and 100 ml is transferred to a 250 ml glass beaker before aspiration into an oxidizing air-acetylene or nitrous oxide-acetylene flame, with sensitivity noted for 1% absorption in aqueous samples (Fishman & Downs, 1966). 	Comment by HP: Soil in ml?

2.2 Pollution Assessments, Ecological Risks and Contaminants Reduction

[bookmark: _Hlk160033565][bookmark: _Hlk160033599]2.2.1 Geoaccumulation Index (Igeo)
This index evaluates the contamination level of a sample and quantifies the degree of contamination. Its calculation is guided by Equation 1, as proposed by Müller (1969).

----------------------------------(1)

Where: Cn represents the measured heavy metal levels, while Bn denotes the background geochemical composition for average crustal shale (Müller, 1969), with the factor of 1.5 incorporated in the equation to complement the differences in background values caused by geogenic influences and lithological variations. This corresponds with baseline levels of the same metal, which can be obtained from literature or determined from texturally comparable natural sediments. For this study, reference concentration levels were derived from selected credible sources, including the Turekian and Wedepohl, 1961 research on the element’s distribution in primary Earth crustal zones. The index of geo-accumulation classifies contamination into seven distinct categories, ranging from unpolluted to extremely polluted, as described by Müller (1969) and Guan et al. (2014) (Table 2).  

[bookmark: _Hlk155183395]Table 2. Index standards, Identification, and description for geoaccumulation (Müller, 1969)
	Igeo
	Class
	
	Contamination level

	Igeo ≤ 0,
	Class 0 
	
	Uncontaminated

	0 < Igeo ≤ 1
	Class 1
	
	Uncontaminated to Moderately Contaminated  

	1 < Igeo ≤ 2
	Class 2
	
	Moderately Contaminated  

	2 < Igeo≤ 3
	Class 3
	
	Moderately to Heavily Contaminated  

	3 < Igeo ≤ 4
	Class 4
	
	Heavily Contaminated

	4 < Igeo ≤ 5
	Class 5
	
	Heavily to Extremely Contaminated

	Igeo > 5
	Class 6
	
	Extremely Contaminated


[bookmark: 2.4_Soil_heavy_metals_(Co,_Cr,_Cu,_Fe,_M]
[bookmark: _Hlk154483128]2.2.2 Contamination Factor (CF)
The Contamination Factor (CF) was derived from Equation 2, outlined by Hakanson (1980). 

 ------------------------------(2)

Where: Cn is the study area metal levels, with Bn representing the metal ambient or background levels. The adopted reference for this calculation corresponds to the targets or standard values presented in Table 3 (Hakanson, 1980).

[bookmark: _Hlk160034212]Table 3. Description and identification of contamination factor (CF) (Hakanson, 1980) 
	Value 
	Soil Quality 

	CF < 1 
	Low contamination factor indicating low contamination 

	1 ≤ CF < 3 
	Moderate contamination factor 

	3 ≤ CF < 6 
	Considerable contamination factor 

	6 ≤ CF
	Very high contamination factor 


[bookmark: _Hlk154483142][bookmark: _Hlk160032434]
2.2.3 Metal Pollution Index (MPI)
The Metal Pollution Index ( represents the correlation between the concentration of heavy metals in the soil samples and the corresponding baseline values. It is computed following Equation 3 and is categorized into five distinct groups or classes, as outlined in Table 4 (Hakanson, 1980). 

	----------------------------------------(3)

Where (i) is the number of studied heavy metals 

Table 4. Description and Identification of metal pollution index (MPI) (Hakanson, 1980).
	Values
	Soil Quality

	MPI< 1 
	Unpolluted

	1 <MPI< 2 
	Slightly Polluted

	2<MPI< 3 
	Moderately Polluted

	3< MPI <5 
	Severely Polluted

	6< MPI < 10 
	Heavily Polluted



[bookmark: _Hlk154483161]2.2.4 Potential Ecological Risk Index (PERI)
The Potential Ecological Risk Index (PERI), introduced by Hakanson (1980), is designed to evaluate the ecological and environmental risk posed by heavy metals contamination in the study area soils sampled. The calculation of PERI incorporates the contamination degree (, the potential ecological risk factor (, and the toxic-response factor (. Using this approach, the ecological risk index for a single element (and the overall index of ecological risk ( are determined through Equations 4, 5, and 6, as described by Hakanson (1980). 

 ------------------------------------------(4)					
	-------------------------------------------(5)
	-------------------------------------------(6)

Where:  denotes the concentration of respective heavy metal measured at specific sample locations, while  denotes the reference or baseline levels of the respective metals. 

Equation 6 defines the pollution factor for a single element. The PERI for a singular element (and the comprehensive PERI (are calculated using associated toxic response factors (). The toxic reaction indicators for various metals are as follows: Zn = 1, Fe = 1, Cr = 2, Cu = 5, Pb = 5, Ni = 5, and Cd = 30 (Hakanson, 1980; Huang et al., 2020). Metals such as Fe, with an value ≤ 1, are excluded from the calculations (Gbadamosi, 2018; Pobi et al., 2019). The levels of ecological risk are categorized into five distinct classes distinguished in relation to pre-industrial baseline levels (Pobi et al., 2019). These background values () establish the standards for evaluating prospective soil risks, with specific concentrations provided for Cd (0.2), Pb (20), Cu (32), and Zn (129), as summarized in Table 5 (Pobi et al., 2019). 

[bookmark: _Hlk160034241][bookmark: _Hlk164708133]Table 5. Description and identification of individual potential risks (Eir) (Pobi et al., 2019)
	Value
	Soil Quality

	EiR ≤ 40
	low ecological risk

	40 < EiR ≤ 80
	moderate ecological risk

	80 < EiR ≤ 160
	considerable ecological risk

	160 < EiR ≤ 320
	high ecological risk

	EiR > 320
	very high ecological risk



The PERI ( is categorized into four distinct groups, with corresponding values from below 150 to above 600, as outlined in Table 6 (Pobi et al., 2019). 

Table 6. Description and Identification of potential ecological risk index (RI) (Pobi et al., 2019).
	Value
	Soil Quality

	RI ≤ 150
	Low Ecological Risk

	150 < RI ≤ 300
	Moderate Ecological Risk

	300 < RI ≤ 600
	Considerable Ecological Risk

	RI > 600
	Very High Ecological Risk



2.2.5 Contaminants Reduction Assessment
This study assessed the contaminants reduction by using a straightforward temporal heavy metal percentage reduction method (Altan et al., 2011). The spatiotemporal changes for each heavy metal were determined based on the alterations or reductions observed across the corresponding sample points between the first and second sampling phases (Altan et al., 2011). The assessment compares the initial average contamination levels in the first phase with the final average contamination levels observed in the second phase multiplied by a hundred percent to determine the overall drop in residual heavy metal contamination (Mohamed et al., 2024). It was calculated using Equation 7. 

  --------------(7)	

[bookmark: _Hlk176008687]3. Results and Discussion

3.1 Heavy Metal Flux and Spatiotemporal Distribution

3.1.1 Chromium
Chromium (Cr) levels show substantial reductions between the first and second sampling phases, as seen in Fig. 3. PR-1 had an initial concentration of 4.51 mg/kg, which decreased to 1.22 mg/kg in PR-12 in the second phase. This reduction represents a decrease of approximately 73%, indicating strong attenuation (Mohamed et al., 2024). Similarly, PR-2 decreased from 4.86 mg/kg in the first phase to 0.87 mg/kg in the corresponding second-phase sample point PR-13, showing a reduction of nearly 82%. Other sample points, such as PR-9 (5.98 mg/kg), also exhibited significant reductions, with PR-20 (its second-phase counterpart) showing a much lower concentration of 0.98 mg/kg. The declines in Cr levels at these points brought concentrations closer to those in control samples, such as CT-3 (0.49 mg/kg) and CT-4 (0.61 mg/kg), suggesting highly Cr displacement (Diagne et al., 2015). However, some sample points in the second phase, like PR-15 (2.12 mg/kg) and PR-22 (1.02 mg/kg), still had slightly elevated Cr levels compared to control samples, implying the need for more time or enhanced natural attenaution to fully meet USDA (2000) soil quality standards across the site. 


Fig. 3. Plot of chromium concentrations for the first and second sampling phases 

The spatiotemporal distribution of chromium (Cr) is illustrated in Fig. 4(a) and (b), revealing a considerable spread across the southern part of the study site. Notably, Cr concentrations increased in this region during the second sampling phase, suggesting that factors contributing to Cr accumulation were more prevalent in this period (Kara, 2024). The increase could be attributed to localized contamination sources or geochemical interactions that mobilized Cr (Diagne et al., 2015). While Cr reduced in some locations, the spatial analysis indicates that some southern regions require additional intervention to control Cr levels effectively and prevent further spread (George et al., 2023). 

[image: ]
Fig. 4. Spatiotemporal distribution of chromium for the first and second sampling phases

3.1.2 Cadmium
Cadmium (Cd) concentrations decreased noticeably between corresponding sample points, as shown in Fig. 5. PR-1 initially had a Cd concentration of 0.58 mg/kg, which later dropped to 0.31 mg/kg in PR-12 in the second sampling phase, marking a reduction of nearly 47%. However, PR-2, which started at a higher concentration of 1.13 mg/kg, only showed a slight decrease to 1.06 mg/kg in PR-13, indicating limited attenuation for Cd (Diagne et al., 2015). 


Fig. 5. Plot of cadmium concentrations for the first and second sampling phases 

Other points, such as PR-4 (1.42 mg/kg), showed a more substantial decline, dropping to 0.92 mg/kg in PR-15. Despite Cd levels relative decreasing in some areas, they did not uniformly reach control sample levels (e.g., CT-3 at 0.25 mg/kg). While the overall findings in Cd levels across most corresponding points reflects positive declines, the data suggests specific sample areas like PR-13 may require efforts to fully comply with the environmental standards of the U.S. Department of Agriculture, Soil Quality Institute (USDA, 2000), and the U.S. Environmental Protection Agency (USEPA, 2011). 	Comment by HP: You can also use Nigeria Standard like NESREA
Cadmium (Cd) spatiotemporal distribution, illustrated in Fig. 6(a) and (b), is primarily observed in specific locations within the southern region of the site. In both sampling phases, Cd levels extended towards the northern parts, though at lower concentrations. This distribution pattern suggests localized Cd levels in the south, with diffusion towards the north possibly due to subsurface migration or environmental factors like rainfall and groundwater flow (Ahmed et al., 2024a). The spatial reduction in Cd from the first to the second phase reflects a positive attenuation in limiting its spread (Mohamed et al., 2024); however, further southern zone monitoring is recommended for full Cd mitigation. 

[image: ]
Fig. 6. Spatiotemporal distribution of cadmium for the first and second sampling phases

3.1.3 Copper
In the case of Copper (Cu), concentrations showed varied results across the site, as depicted in Fig. 7. The first-phase sample PR-1 had a Cu concentration of 3.85 mg/kg, which decreased to 2.23 mg/kg in PR-12 in the second phase, demonstrating substantial reductions but still slightly higher than control levels like CT-3 at 1.65 mg/kg. 

[bookmark: _GoBack]
Fig. 7. Plot of copper concentrations for the first and second sampling phases

Similarly, PR-11 reduced from 3.19 mg/kg in the first phase to 2.19 mg/kg in PR-22. Also, some sample points, such as PR-17 (2.66 mg/kg) and PR-13 (2.12 mg/kg), revealed only moderate reductions and remained slightly elevated compared to control samples. While the general trend indicates a successful decrease in Cu levels, the drop varied between sample points. The continued elevation in certain areas suggests that further targeted efforts may be beneficial in achieving uniform compliance with USDA (2000) soil quality standards for Cu. 
Copper (Cu) spatiotemporal distribution, depicted in Fig. 8(a) and (b), reveals more significant intensities predominantly within the southern part of the area of study, with lower levels spreading towards the southeastern and southwestern areas. In the first sampling phase, elevated Cu concentrations were mainly in the southeastern region, while in the second phase, they shifted towards the southwest. This shift may indicate the influence of soil and surface water (rain) dynamics affecting Cu distribution (Hazarika et al., 2023). Despite Cu levels reduction in some areas, high Cu concentrations in the south suggest specific hotspots of targeted concerns. 

[image: ]
Fig. 8. Spatiotemporal distribution of copper for the first and second sampling phases

3.1.4 Nickel
Nickel (Ni) concentrations showed notable reductions across corresponding sample points as shown in Fig. 9. PR-1 had an initial Ni level of 2.05 mg/kg, which dropped to 0.55 mg/kg in PR-12, representing a decrease of 73%. Similarly, PR-4 decreased from 0.97 mg/kg to 0.42 mg/kg in its corresponding point, PR-15. These reductions brought Ni concentrations close to the control values like CT-3 at 0.45 mg/kg, indicating effective attenuation across most of the site (Diagne et al., 2015). Moreover, PR-7 (1.15 mg/kg) in the first phase significantly reduced PR-18 (0.36 mg/kg) in the second phase, nearing control levels. The consistent decrease across all corresponding points demonstrates Ni satisfying USEPA (2011) guidelines and encouraging the site’s overall health and quality. 


Fig. 9. Plot of nickel concentrations for the first and second sampling phases

Nickel (Ni) spatiotemporal distribution presented in Fig. 10(a) and (b) show a marked reduction in Ni levels in the southernmost parts. High Ni concentrations in the first sampling phase were concentrated in the south, but these levels significantly diminished by the second phase. Both phases displayed lower Ni levels across the northernmost parts of the area, indicating a stable but low-level presence in these regions (Liu et al., 2023). This spatial reduction highlights the high metal mobility in reducing Ni contamination, particularly in the south (Guan, 2014). 

[image: ]
Fig. 10. Spatiotemporal distribution of nickel for the first and second sampling phases

3.1.5 Lead
Lead (Pb) levels presented in Fig. 11, showed substantial reductions across corresponding sample stations. PR-1 in the first phase had a Pb concentration of 1.75 mg/kg, which dropped to 0.62 mg/kg in PR-12 in the second phase. PR-9 showed an exceptionally high initial level of 3.79 mg/kg, which decreased dramatically to 0.59 mg/kg in PR-20, suggesting high flux in Pb contamination (Sánchez-Castro et al., 2023), with most second-phase values aligning closely with control samples like CT-3 at 0.49 mg/kg. The uniformity of Pb reductions across the site represents high flux in Pb levels falling within safe limits as per USDA (2000) standards. 


Fig. 11. Plot of lead concentrations for the first and second sampling phases

Lead (Pb) spatiotemporal distribution illustrated in Fig. 12(a) and (b), reflect significant decrease from the first to the second sampling phase, as initial Pb levels were 3.8 mg/kg, but dropped to 0.64 mg/kg after the second phase. Low Pb levels were uniformly spread in the northern parts of the area, with substantial reduction across the site demonstrating high flux in Pb contamination (Mohamed et al., 2024), particularly in the southern zones, where concentrations initially peaked. The spatiotemporal data submits that further intervention may not be necessary, as Pb levels are now within acceptable limits permitted by USDA (2000) and the USEPA (2011) standards. 

[image: ]
Fig. 12. Spatiotemporal distribution of lead for the first and second sampling phases

3.1.6 Zinc 
Zinc (Zn) concentrations decreased across corresponding points. However, the degree of reduction varied, as illustrated in Fig. 13. PR-1 had a Zn concentration of 6.86 mg/kg, which reduced to 3.93 mg/kg in PR-12, approaching but still slightly higher than values at control CT-3 (2.91 mg/kg). Likewise, PR-9 declined from 7.95 mg/kg to 4.26 mg/kg in PR-20, exhibiting positive flux (Diagne et al., 2015) but still to fully reach background levels. Some points, like PR-22 (4.74 mg/kg), retained slightly elevated Zn levels in the second phase, necessitating continued attenuation in these areas to ensure compliance with environmental standards (George et al., 2023). 


Fig. 13. Plot of zinc concentrations for the first and second sampling phases

The spatiotemporal distribution of zinc (Zn), presented in Fig. 14(a) and (b), shows low levels in the site’s northern parts, with higher presence in isolated pockets in the south during both sampling phases. This distribution pattern suggests that Zn contamination is localized rather than widespread (Hazarika et al., 2023). Although there was a general reduction in Zn levels from the first to the second phase, certain pockets in the south retained elevated concentrations, likely due to persistent contamination sources (George et al., 2023). Targeted attenuation is required in these isolated areas to prevent potential soil and groundwater quality risks in surrounding zones. 

[image: ]
Fig. 14. Spatiotemporal distribution of zinc for the first and second sampling phases

3.1.7 Iron 
Iron (Fe) concentrations demonstrated varied reduction levels across corresponding points, as shown in Fig. 15. PR-1 started with a concentration level of 6.93 mg/kg and decreased to 6.40 mg/kg in PR-12, a moderate reduction that still exceeds control levels like CT-3 (4.16 mg/kg). However, more substantial reductions were observed at PR-8, where Fe levels decreased from 9.65 mg/kg in the first phase to 3.69 mg/kg in PR-19 for second phase, approaching control values. Some sample points, such as PR-17 (5.10 mg/kg), still exhibited Fe concentrations above control values in the second phase, beyond the USEPA (2011) environmental standards. The mixed results suggest that while there was an overall reduction in Fe, targeted effort is needed for uniform compliance (Aloa et al., 2024). 


Fig. 15. Plot of iron concentrations for the first and second sampling phases

The spatiotemporal pattern indicates that Fe contamination was predominantly spread across the southern part of the study site (Hazarika et al., 2023), with medium concentrations in the northern part during the first phase, as shown in Fig. 16(a). In the second phase map, these medium Fe levels in the north reduced to lower concentrations, as illustrated in Fig. 16(b). These trends suggest high flux in the site’s southern and northern parts (Mohamed et al., 2024). However, since Fe concentrations within the south are still greater than in the north, additional reductions are needed to balance the distribution and achieve uniform environmental quality (Ghrefat et al., 2021).  

[image: ]
Fig. 16. Spatiotemporal distribution of iron for the first and second sampling phases

3.2 Pollution Trends and Ecological Risks Shifts

3.2.1 Geoaccumulation Index (Igeo)
The Index of Geoaccumulation (Igeo), initiated by Müller (1969), was originally developed to deliver a quantitative assessment of the concentrations of metals in marine sediments. It has since gained widespread use for estimating pollution of metals in estuarine, riverine, and lacustrine sediments, generating significant interest in environmental science (Ergin et al., 1991). This study assessed the extent and degree of pollution in soil samples using background concentration values provided by Turekian & Wedepohl (1965). 

Table 7. Geoaccumulation Index values
	[bookmark: OLE_LINK4]Station
	Cr
	Cd
	Cu
	Ni
	Pb
	Zn
	Fe

	
	
	
	
	
	
	
	

	First sampling phase

	PR-1
	-4.904
	0.366
	-4.066
	-5.637
	-4.1
	-4.377
	-13.303

	PR-2
	-4.796
	1.328
	-6.941
	-6.941
	-4.85
	-4.307
	-13.252

	PR-3
	-6.121
	-0.206
	-4.914
	-6.63
	-5.442
	-4.551
	-13.005

	PR-4
	-4.561
	1.658
	-6.547
	-6.716
	-5.247
	-4.604
	-12.987

	PR-5
	-4.752
	0.617
	-4.797
	-7.107
	-3.718
	-5.151
	-13.455

	PR-6
	-4.832
	1.181
	-5.196
	-6.588
	-5.193
	-4.836
	-12.89

	PR-7
	-6.766
	0.984
	-5.822
	-6.471
	-4.238
	-4.813
	-14.022

	PR-8
	-5.693
	-0.244
	-6.132
	-6.746
	-5.551
	-4.008
	-12.826

	PR-9
	-4.497
	1.237
	-4.369
	-7.068
	-2.985
	-4.164
	-13.047

	PR-10
	-5.178
	0.063
	-4.854
	-6.434
	-5.62
	-5.424
	-14.396

	PR-11
	-6.041
	0.737
	-4.338
	-7.013
	-5.668
	-4.616
	-12.877

	CT-1
	-7.913
	-1.244
	-5.351
	-8.031
	-5.966
	-5.377
	-14.002

	CT-2
	-8.136
	-0.968
	-5.289
	-7.959
	-6.027
	-5.244
	-14.382

	Mean
	-6.32
	0.08
	-5.17
	-7.1
	-5.15
	-4.81
	-13.65

	Igeo Class
	Class 1
	Class 1 & 2
	Class 1
	Class 1
	Class 1
	Class 1
	Class 1

	
	
	
	
	
	
	
	


Second sampling phase
	PR-12
	-6.79
	-0.538
	-4.854
	-7.535
	-5.597
	-5.18
	-13.418

	PR-13
	-7.278
	1.236
	-4.927
	-6.658
	-5.907
	-5.014
	-13.642

	PR-14
	-5.844
	-0.538
	-6.026
	-7.362
	-5.823
	-5.331
	-13.506

	PR-15
	-5.993
	1.032
	-5.324
	-7.924
	-5.85
	-4.801
	-13.661

	PR-16
	-7.79
	-0.492
	-5.179
	-7.644
	-5.62
	-5.468
	-14.343

	PR-17
	-7.02
	-0.1
	-4.6
	-7.167
	-5.966
	-5.604
	-13.746

	PR-18
	-6.778
	-0.206
	-5.04
	-8.146
	-5.668
	-5.098
	-13.917

	PR-19
	-5.808
	0.596
	-4.927
	-7.362
	-5.573
	-5.271
	-14.213

	PR-20
	-7.106
	-0.791
	-5.611
	-7.702
	-5.668
	-5.064
	-13.873

	PR-21
	-5.993
	-0.282
	-6.212
	-6.994
	-5.907
	-5.546
	-13.936

	PR-22
	-7.048
	-0.685
	-4.88
	-7.484
	-5.668
	-4.91
	-13.704

	CT-3
	-8.106
	-0.848
	-5.289
	-7.824
	-5.936
	-5.614
	-14.04

	CT-4
	-7.79
	-0.968
	-4.997
	-8.031
	-5.878
	-5.49
	-14.248

	Mean
	-6.87262
	-0.19877
	-5.22046
	-7.52562
	-5.77392
	-5.26085
	-13.8652

	Igeo Class
	Class 0
	Class 0 & 1
	Class 0
	Class 0
	Class 0
	Class 0
	Class 0



The accumulation index for the study area is presented in Tables 7. According to the first sampling phase values for the study, all studied heavy metals (Cr, Cu, Fe, Ni, Pb, Zn) fall into class one, except for Cd, which falls under class zero in stations PR-3, PR-8, and the control samples; class one in PR-1, PR-5, PR-7, PR-10, and PR-11; and class two in locations PR-2, PR-4, PR-6, and PR-9, as depicted in Fig. 17a. For the second phase, as shown in Fig. 17b, Cd falls under class one in stations PR-19, class two in PR-13 and PR-15, and class zero in other stations, including the control samples (Tables 7). These classifications range from uncontaminated to moderately contaminated (class 1) and moderately contaminated (class 2). The effect attenuation over time could be seen in the reduced number of locations contaminated with Cd. However, the resistant concentration of Cd remaining in the environment indicates that effort should be made to monitor the factors contributing to the resistant of Cd (Aloa et al., 2024) or factors responsible for this low concentration found in PR-13 and PR-15.  


Fig. 17a. Geoaccumulation index (Igeo) of the first sampling phase


Fig. 17b. Geo-accumulation index of the second sampling phase
3.2.2 Contamination Factor (CF)
This index of pollution is commonly applied for the assessment of the anthropogenic contribution of heavy metal contaminants to sediments (George et al., 2023). The results from the first phase exercise conducted on the site for metallic contaminants like Cd, Cr, Cu, Fe, Ni, Pb, and Zn indicate that all parameters, including the control samples for Cd, fall under the category of low contamination. However, Cadmium is classified as moderately contaminated in all stations except for PR-2, PR-4, PR-6, and PR-9, which fall under the considerable contamination category (Hakanson, 1980), as presented in Table 8. The mean Cd value is 2.359 mg/kg, while the min value is 0.633 mg/kg with a max of 4.733 mg/kg, totaling 30.667 g/kg across all samples. 
Table 8. Contamination factor values
	Station
	Cr
	Cd
	Cu
	Ni
	Pb
	Zn
	Fe

	
	
	
	
	
	
	
	

	First sampling phase

	PR-1
	0.05
	1.933
	0.09
	0.03
	0.088
	0.072
	0.0

	PR-2
	0.054
	3.767
	0.074
	0.012
	0.052
	0.076
	0.0

	PR-3
	0.022
	1.3
	0.05
	0.015
	0.035
	0.064
	0.0

	PR-4
	0.064
	4.733
	0.016
	0.014
	0.04
	0.062
	0.0

	PR-5
	0.056
	2.3
	0.054
	0.011
	0.114
	0.042
	0.0

	PR-6
	0.053
	3.4
	0.041
	0.016
	0.041
	0.053
	0.0

	PR-7
	0.014
	2.967
	0.027
	0.017
	0.08
	0.053
	0.0

	PR-8
	0.029
	1.267
	0.021
	0.014
	0.032
	0.093
	0.0

	PR-9
	0.067
	3.533
	0.073
	0.011
	0.19
	0.084
	0.0

	PR-10
	0.041
	1.567
	0.052
	0.017
	0.031
	0.035
	0.0

	PR-11
	0.023
	2.5
	0.074
	0.012
	0.03
	0.061
	0.0

	CT-1
	0.006
	0.633
	0.037
	0.006
	0.024
	0.036
	0.0

	CT-2
	0.005
	0.767
	0.038
	0.006
	0.023
	0.04
	0.0

	Sum
	0.484
	30.667
	0.647
	0.181
	0.78
	0.771
	0.0

	Class
	Low
	Low to Consid.
	Low
	Low
	Low
	Low
	Low



	Second sampling phase

	PR-12
	0.014
	1.033
	0.052
	0.008
	0.031
	0.041
	0.0

	PR-13
	0.01
	3.353
	0.049
	0.015
	0.025
	0.046
	0.0

	PR-14
	0.026
	1.033
	0.023
	0.009
	0.027
	0.037
	0.0

	PR-15
	0.024
	3.067
	0.037
	0.006
	0.026
	0.054
	0.0

	PR-16
	0.007
	1.067
	0.041
	0.008
	0.031
	0.034
	0.0

	PR-17
	0.011
	1.4
	0.062
	0.01
	0.024
	0.031
	0.0

	PR-18
	0.014
	1.3
	0.046
	0.005
	0.03
	0.044
	0.0

	PR-19
	0.027
	2.267
	0.049
	0.009
	0.032
	0.039
	0.0

	PR-20
	0.011
	0.867
	0.031
	0.007
	0.03
	0.045
	0.0

	PR-21
	0.024
	1.233
	0.02
	0.012
	0.025
	0.032
	0.0

	PR-22
	0.011
	0.933
	0.051
	0.008
	0.03
	0.05
	0.0

	CT-3
	0.005
	0.833
	0.038
	0.007
	0.025
	0.031
	0.0

	CT-4
	0.007
	0.767
	0.047
	0.006
	0.026
	0.033
	0.0

	Sum
	0.191
	19.153
	0.546
	0.11
	0.362
	0.517
	0.0

	Class
	Low
	Low to Mod.
	Low
	Low
	Low
	Low
	Low




Fig. 18a. Contamination factor for the first sampling phase 
All other parameters retained their low contamination status for the second phase. At the same time, Cd concentrations decreased to low contamination levels in most locations but remained moderately contaminated in locations PR-13 and PR-15. Fig. 18a and 18b illustrate the reduction in Cd concentration across all locations, however, despite these drops, Cd remains persistent in the environment. 


Fig. 18b. Contamination factor for the second sampling phase 

3.2.3 Metal Pollution Index (MPI)

The MPI was utilized in evaluating the contamination of metals in the soil samples retrieved from the study area, with results presented in Table 9. From the first sampling measures, the analysis of metals (Cd, Cr, Cu, Fe, Ni, Pb, and Zn) yielded an index of 1.007. This indicated ongoing metal contamination in the study area (Diagne et al., 2015). However, after the second sampling phase, the index value dropped to 0.587 to signify a reduction in contamination levels, which suggested that the environment has become less polluted. Specifically, the concentration of Cadmium decreased from 30.667 in the first sampling phase to 19.153 in second sampling phase, demonstrating a significant reduction in contamination. 

Table 9. Metal pollution index
	[bookmark: _Hlk165217035]Sample
	Cr
	Cd
	Cu
	Ni
	Pb
	Zn
	Fe

	
	
	
	
	
	
	
	

	First sampling phase

	(∑Cf)
	0.484
	30.667
	0.647
	0.181
	0.78
	0.771
	0.00

	MPI = (Cf1*Cf2*Cf3*…..Cfn)1/n
		= 1.007









	Second sampling phase

	(∑Cf)
	0.191
	19.153
	0.546
	0.110
	0.362
	0.517
	0.00

	MPI = (Cf1*Cf2*Cf3*…..Cfn)1/n
		= 0.587







3.2.4 Potential Ecological Risk Index (PERI)
The ecological risk assessment of the metals Cd, Cr, Cu, Fe, Ni, Pb, and Zn was conducted at the study site following the first phase of activity. The results are summarized in Table 10. The findings indicate that, with the exception of Cd, all metals have and  values below 40 and 150, correspondingly. These values classify them within Group A of the ecological risk standard level, as defined by Li et al. (2012). Cd ecological risk concentration shows values less than 40 in samples PR-3 and PR-8 and the control samples CT-1 and CT-2, indicating low ecological risk. This risk level corresponds to the (Hakanson, 1980) classification, which is a low ecological risk (i.e., when EiR < 40) shown in Tables 10. Sample PR-1, PR-5, PR-10, and PR-11 have values falling between 40 and 80 and are categorized under moderate ecological risk, while sample PR-9, PR-7, PR-6, PR-4, and PR-2 have values falling between 80 and 160, which indicates considerable ecological risk in the index table. 

Table 10. Potential ecological risk index
	Station
	Cr
	Cd
	Cu
	Ni
	Pb
	Zn
	Fe
	∑RI

	

	First sampling phase

	PR-1
	0.1
	58
	0.45
	0.15
	0.44
	0.07
	0.0
	59.21

	PR-2
	0.1
	113
	0.4
	0.1
	0.3
	0.1
	0.0
	113.9

	PR-3
	0.04
	39
	0.25
	0.08
	0.17
	0.06
	0.0
	39.6

	PR-4
	0.13
	142
	0.08
	0.07
	0.2
	0.06
	0.0
	142.54

	PR-5
	0.11
	69
	0.27
	0.05
	0.57
	0.04
	0.0
	70.05

	PR-6
	0.11
	102
	0.2
	0.08
	0.21
	0.05
	0.0
	102.65

	PR-7
	0.03
	89
	0.13
	0.08
	0.4
	0.05
	0.0
	89.7

	PR-8
	0.06
	38
	0.11
	0.07
	0.16
	0.09
	0.0
	38.49

	PR-9
	0.13
	106
	0.36
	0.06
	0.95
	0.08
	0.0
	107.58

	PR-10
	0.08
	47
	0.26
	0.09
	0.15
	0.03
	0.0
	47.62

	PR-11
	0.05
	75
	0.37
	0.06
	0.15
	0.06
	0.0
	75.68

	CT-1
	0.01
	19
	0.18
	0.03
	0.12
	0.04
	0.0
	19.38

	CT-2
	0.01
	23
	0.19
	0.03
	0.12
	0.04
	0.0
	23.39

	Mean
	0.07
	70.77
	0.25
	0.07
	0.3
	0.06
	0.0
	71.52

	
Class
	Low 
Ecol. Risk
	Low-Consid. Risk
	Low 
Ecol.
Risk
	Low
Ecol. 
Risk
	Low 
Ecol. 
Risk
	Low 
Ecol. 
Risk
	Low 
Ecol. 
Risk
	Low- 
Consid. 
Risk


		
	Second sampling phase

	PR-12
	0.03
	31
	0.26
	0.04
	0.16
	0.04
	0.0
	31.52

	PR-13
	0.02
	106
	0.25
	0.07
	0.13
	0.05
	0.0
	106.51

	PR-14
	0.05
	31
	0.12
	0.05
	0.13
	0.04
	0.0
	31.38

	PR-15
	0.05
	92
	0.19
	0.03
	0.13
	0.05
	0.0
	92.45

	PR-16
	0.01
	32
	0.21
	0.04
	0.15
	0.03
	0.0
	32.44

	PR-17
	0.02
	42
	0.31
	0.05
	0.12
	0.03
	0.0
	42.54

	PR-18
	0.03
	39
	0.23
	0.03
	0.15
	0.04
	0.0
	39.47

	PR-19
	0.05
	68
	0.25
	0.05
	0.16
	0.04
	0.0
	68.54

	PR-20
	0.02
	26
	0.15
	0.04
	0.15
	0.04
	0.0
	26.4

	PR-21
	0.05
	37
	0.1
	0.06
	0.13
	0.03
	0.0
	37.36

	PR-22
	0.02
	28
	0.25
	0.04
	0.15
	0.05
	0.0
	28.52

	CT-3
	0.01
	25
	0.19
	0.03
	0.12
	0.03
	0.0
	25.39

	CT-4
	0.01
	23
	0.23
	0.03
	0.13
	0.03
	0.0
	23.44

	Mean
	0.03
	48.36
	0.21
	0.04
	0.14
	0.04
	0.0
	48.83

	
Class
	Low 
Ecol. Risk
	Low- Consid. Risk
	Low 
Ecol. Risk
	Low 
Ecol. Risk
	Low 
Ecol. 
Risk
	Low 
Ecol. 
Risk
	Low 
Ecol. 
Risk
	Low 
Ecol. 
Risk



However, the ecological risk index results for the heavy metals at the study site after the second sampling phase exercise revealed that all the metals studied except for Cd exhibits values of and  < 40 and 150, respectively. They fall in Group A of the ecological risk standard level (Pobi et al., 2019). The values for ecological risks of Cd in these stations PR-12, 14, 16, 18, 20, 21, and 22, and control CT-3 and 4 were assessed under low ecological risk as their concentrations were less than 40 (Table 10). Sample PR-17 falls under moderate risk (40-80), and sample PR-13 has the value falling under considerable risk (80< EiR < 160). The mean concentration value of Cd was reduced to 48.36 compared to 70.77 in the first sampling phase exercise, and a range from 23 to 106 as against 19 to 142 in the second phase exercise. The second sampling phase exercise was observed to have reduced the risks of Cd within the environment in most locations. 

3.3 Environmental Quality Assessment
The spatiotemporal heavy metal monitoring through the comparative analysis across corresponding sample stations between the first and second sampling phases demonstrates significant reductions in metal concentrations over the six months. Nickel (Ni), Chromium (Cr), and Lead (Pb) had the most substantial improvements, with concentrations at many corresponding points approaching or matching control sample levels, reflecting effective attenuation aligned with USEPA (2011) and USDA (2000) standards. Cadmium (Cd), Zinc (Zn), and Iron (Fe) levels, while generally decreased, still showed residual contamination in some areas, including PR-13 for Cd, PR-22 for Zn, and PR-17 for Fe, suggesting the need for targeted efforts or more time in these zones (Mohamed et al., 2024). The high levels of Fe, likely influenced by geogenic factors and exacerbated by low pH (Kara, 2024), may raise concerns about long-term neurological effects and oxidative damage from human and animal consumption of plants within the area due to contaminant bioaccumulation (Bello et al., 2019). The distribution of contaminants reveals that while natural attenaution reduced the concentrations of several metals across the study site, the southern parts parallel to the right-of-way spill source consistently show higher contamination levels, indicating possible recontamination from the sabotaged pipeline (Ahmed et al., 2024e). 
Cr, Cd, Cu, and Fe concentrations remain elevated in isolated pockets within the south, indicating the need for continued monitoring in these zones (Hazarika et al., 2023). Conversely, Ni and Pb showed more uniform reductions across the site, with concentrations aligning closely with background levels by the second sampling phase. From Table 11, Cr initial average concentration was roughly 4.4 mg/kg in the first sampling phase but dropped to about 1.5 mg/kg in the second sampling phase, achieving approximately 65.9% contaminant reduction. Despite this significant reduction, certain areas in the site’s southern part still show elevated levels, indicating the need for localized intervention (George et al., 2023). For Cd, the initial average level was around 0.92 mg/kg in the first sampling phase, which decreased to 0.55 mg/kg in the second sampling phase, resulting in a 40.2% reduction. This moderate effectiveness suggests that specific zones with residual contamination may require additional time for better decline or enhanced natural attenuation (Aparicio et al., 2022). Cu saw an initial average concentration of roughly 2.5 mg/kg in the first phase, reduced to about 1.6 mg/kg in the second phase, indicating a 36.0% reduction. This moderate effectiveness suggests that while attenuation has been helpful, more time or further efforts may be necessary (Dhaliwal et al., 2020), particularly in southern areas. This emphasizes the importance of addressing the site contamination’s environmental and health implications (Aloa et al., 2024), hence, minimizing exposure to Ni, Pb, Zn, and Fe remains crucial due to their possible dangerous impacts (USEPA, 2011). 

Table 11. Contaminants Percentage Reduction
	Heavy Metal
	Initial Average Concentration (mg/kg)
	Final Average Concentration (mg/kg)
	Percentage
Reduction (%)

	Chromium (Cr)
	4.4
	1.5
	65.9%

	Cadmium (Cd)
	0.92
	0.55
	40.2%

	Copper (Cu)
	2.5
	1.6
	36.0%

	Nickel (Ni)
	1.2
	0.6
	50.0%

	Lead (Pb)
	1.8
	0.6
	66.7%

	Zinc (Zn)
	5.8
	3.8
	34.5%

	Iron (Fe)
	7.0
	4.7
	32.9%



Ni concentrations decreased from an initial average of around 1.2 mg/kg in the first phase to 0.6 mg/kg in the second sampling phase, achieving about 50.0% reduction. This indicates good attenuation progress, with most locations nearing background levels (Imasuen et al., 2014). Pb initial levels averaging around 1.8 mg/kg in the first sampling phase but dropping to about 0.6 mg/kg in the second sampling phase, resulting in a 66.7% reduction. This substantial decrease brought Pb concentrations near control levels, highlighting the success of natural attenuation over time (Aparicio et al., 2022). For Zn, the initial average concentration of 5.8 mg/kg in the first sampling phase was reduced to about 3.8 mg/kg in the second sampling phase, indicating a 34.5% reduction. While natural attenuation has been beneficial, some hotspots may require additional contaminants mitigation (Mohamed et al., 2024). Iron (Fe) saw an initial average level of 7.0 mg/kg in the first phase, which decreased to about 4.7 mg/kg in the second, reflecting a 32.9% reduction. Although with partial deductions, elevated Fe levels in the southern part reflect on going iron mobility and suggest the need for more time to meet environmental standards across the entire site (Sánchez-Castro et al., 2023). Overall, the findings reflect the positive progress of the contaminant attenuation, with most sample points showing compliance with environmental standards for most heavy metals. 
[bookmark: _Hlk206146627]The degree of the environmental quality observed from the pollution evaluation shows that Geoaccumulation Index (Igeo) values for most heavy metals by the second sampling phase fell into the Class 0 category, suggesting the soils were uncontaminated primarily, except for Cd that persisted in Class 1 as moderately contaminated. This persistence of Cd contamination indicates the complexity of fully attenuating this metal, possibly due to site-specific factors such as soil pH and organic matter content (Dhaliwal et al., 2020; Rajendran et al., 2022). Supporting the Igeo findings, the Contamination Factor (CF) values also revealed that most metals exhibited low contamination levels after the first sampling, with only a few stations showing moderate contamination for Cd. The second phase showed a continued drop in Cd, shifting these areas from moderate to low contamination levels, reflecting that attenuation were active overall (Diagne et al., 2015). The Metal Pollution Index (MPI), which integrates the contamination factors of all studied metals, decreased from 1.007 after the first sampling phase to 0.587 after the second. This reduction reflects an overall improvement in environmental quality (Mohamed et al., 2024), indicating that attenuation have effectively reduced metal pollution in the study area. Despite the decrease in overall contaminations, the persistence of metals, especially Cd, shows the need for continuous monitoring and possible clean-up strategies to address these sources effectively (George et al., 2023). The Potential Ecological Risk Index (PERI) analysis showed a substantial reduction in ecological risk between the first and second phase efforts (Bello et al., 2019). Initially, some locations exhibited considerable ecological risk due to Cd but reduced in the second phase, with only a few places still posing a moderate risk. This reduction in ecological risk underscores the advantage of active contaminant mass reduction over time in mitigating potential environmental harm (George et al., 2023; Ahmed et al., 2024a). 
4. Conclusion
This study highlights the challenges of soil contamination in the Niger Delta, particularly in Eleme, where oil spills have led to significant heavy metal pollution. The spatiotemporal monitoring approach employed in this research provided valuable insights into the contaminant’s attenuation over time. The results show that the first sampling phase disclosed elevated heavy metals concentrations, including cadmium, chromium, and lead. In the second sampling phase, concentrations of the metal contaminants showed mixed results, with declines in some metals but still prominent levels in others, reflecting ongoing variations in metal mobility. The findings demonstrate that while natural attenuation has partially reduced the concentrations of most heavy metals, cadmium remains particularly resistant. This persistent contamination emphasizes the need for ongoing monitoring and potentially more induced strategies to fully mitigate heavy metals health and environmental risks in the study area. The natural attenuation reduced heavy metal contamination across the site, having an overall decline rate of roughly 33%–67%, varying with the individual metal. Pb and Cr showed the most substantial declines, demonstrating their requirements for the least further mitigation actions to meet the control sample levels. Conversely, Zn and Fe exhibited slower attenuation rates, submitting the need for continued treatment in specific areas, particularly in the southern part of the site, which are the regions parallel to the pipeline. This implies that sensitive areas bordering the pipeline spill source require more effective in-situ cleaning strategies like remediation by enhanced natural attenuation (RENA) and targeted bioventing to prevent recontamination. To achieve complete clean-up and restoration to background levels, the study suggests an additional 6–18 months of ongoing efforts may be required, depending on the specific metal, its spatial concentration and other atmospheric and geological dynamics like rainfall and groundwater horizontal and vertical fluctuations. Consistent monitoring and targeted interventions in hotspots will be imperative in sustaining the attenuation progress to ensure compliance with environmental standards and enhance environmental quality. 
While the study provides robust insights into heavy metal attenuation and ecological risk dynamics, it was conducted over two sampling phases within a six-month interval, offering a focused medium-term assessment of contaminant behavior. Sampling targeted surface soils (0.2 m depth) across twenty-six strategically distributed locations, providing representative site coverage for the study objectives. The analysis emphasized total heavy metal concentrations and established pollution indices, which effectively captured contamination trends and ecological risk shifts. Future investigations may further enhance understanding through extended temporal monitoring, inclusion of metal speciation and bioavailability assessment, and additional statistical evaluations such as ANOVA or distance-based concentration modeling. Graphical representation could also be refined using advanced plotting tools such as Origin software to allow axis-break specifications where required, and inclusion of a dedicated PERI distribution figure may strengthen visual risk interpretation. Additionally, integrating hydrogeological modeling tools such as MODFLOW in future studies would provide complementary insight into subsurface flow dynamics and contaminant transport pathways, thereby supporting predictive environmental management. Future research incorporating these complementary approaches would further strengthen long-term monitoring frameworks and sustainable remediation planning for oil-impacted environments in the Niger Delta. 
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1st Zn	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	6.8599999999999985	7.2	6.08	5.8599999999999985	4.01	4.99	5.07	8.8600000000000048	7.95	3.32	5.81	3.4299999999999997	3.7600000000000002	2nd Zn	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	3.9299999999999997	4.41	3.54	5.1099999999999985	3.22	2.9299999999999997	4.1599999999999975	3.69	4.26	3.05	4.74	2.9099999999999997	3.17	Location

Zinc (mg/kg)



1st Fe	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	6.9300000000000024	7.18	8.52	8.629999999999999	6.24	9.2299999999999986	4.21	9.65	8.2800000000000011	3.25	9.31	4.2699999999999996	3.2800000000000002	2nd Fe	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	6.4	5.48	6.02	5.41	3.3699999999999997	5.0999999999999996	4.53	3.69	4.67	4.4700000000000024	5.25	4.1599999999999975	3.6	Location

Iron (mg/kg)



Cr	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	-4.9039999999999999	-4.7960000000000003	-6.1209999999999978	-4.5609999999999973	-4.7519999999999998	-4.8319999999999999	-6.766	-5.692999999999997	-4.4969999999999999	-5.1779999999999973	-6.0410000000000004	-7.9130000000000003	-8.136000000000001	Cd	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	0.36600000000000021	1.3280000000000001	-0.20600000000000004	1.6579999999999993	0.61700000000000033	1.181	0.98399999999999999	-0.24400000000000008	1.2369999999999994	6.3E-2	0.73700000000000032	-1.244	-0.9680000000000003	Cu	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	-4.0659999999999972	-6.9409999999999998	-4.9139999999999997	-6.5469999999999997	-4.7969999999999997	-5.1959999999999971	-5.8219999999999974	-6.1319999999999997	-4.3689999999999971	-4.8539999999999974	-4.3380000000000001	-5.351	-5.2889999999999997	Ni	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	-5.6369999999999996	-6.9409999999999998	-6.63	-6.7160000000000002	-7.1069999999999975	-6.5880000000000001	-6.4710000000000027	-6.7460000000000004	-7.067999999999997	-6.4340000000000002	-7.0129999999999972	-8.0309999999999988	-7.9589999999999996	Pb	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	-4.0999999999999996	-4.8499999999999996	-5.4420000000000002	-5.2469999999999999	-3.718	-5.192999999999997	-4.2380000000000004	-5.5510000000000002	-2.9849999999999999	-5.6199999999999974	-5.6679999999999966	-5.9660000000000002	-6.0269999999999975	Zn	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	-4.3769999999999998	-4.3069999999999995	-4.5510000000000002	-4.6039999999999974	-5.1509999999999971	-4.8360000000000003	-4.8129999999999971	-4.008	-4.163999999999997	-5.4239999999999995	-4.615999999999997	-5.3769999999999998	-5.2439999999999998	Fe	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	-13.303000000000004	-13.252000000000002	-13.005000000000004	-12.987	-13.455000000000005	-12.89	-14.022	-12.826000000000002	-13.047000000000001	-14.396000000000004	-12.877000000000002	-14.002000000000002	-14.382000000000005	Location

Geoaccumulation index values


Cr	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-6.79	-7.2779999999999996	-5.8439999999999985	-5.9930000000000003	-7.79	-7.02	-6.7779999999999996	-5.8079999999999945	-7.1059999999999945	-5.9930000000000003	-7.048	-8.1060000000000034	-7.79	Cd	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-0.53800000000000003	1.236	-0.53800000000000003	1.032	-0.49200000000000038	-0.1	-0.20600000000000004	0.59599999999999997	-0.79100000000000004	-0.28200000000000008	-0.68500000000000005	-0.84800000000000064	-0.96800000000000064	Cu	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-4.8539999999999965	-4.9269999999999996	-6.0259999999999945	-5.3239999999999945	-5.1790000000000003	-4.5999999999999996	-5.04	-4.9269999999999996	-5.6109999999999856	-6.2119999999999997	-4.88	-5.2889999999999997	-4.9969999999999999	Ni	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-7.5350000000000001	-6.6579999999999755	-7.3619999999999965	-7.9239999999999995	-7.6439999999999975	-7.1669999999999945	-8.145999999999999	-7.3619999999999965	-7.702	-6.9939999999999998	-7.484	-7.8239999999999945	-8.0309999999999988	Pb	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-5.5969999999999995	-5.907	-5.8229999999999755	-5.85	-5.6199999999999966	-5.9660000000000002	-5.66799999999997	-5.5730000000000004	-5.66799999999997	-5.907	-5.66799999999997	-5.9359999999999999	-5.8780000000000001	Zn	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-5.18	-5.0139999999999985	-5.3310000000000004	-4.8010000000000002	-5.468	-5.6039999999999965	-5.0979999999999945	-5.2709999999999999	-5.0639999999999965	-5.5460000000000003	-4.91	-5.6139999999999946	-5.49	Fe	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	-13.418000000000001	-13.641999999999999	-13.506	-13.661	-14.343	-13.745999999999999	-13.917	-14.213000000000001	-13.873000000000006	-13.936	-13.704000000000001	-14.04	-14.247999999999999	Location

Geo-accumulation index values


Cr	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	0.05	5.3999999999999999E-2	2.1999999999999999E-2	6.4000000000000098E-2	5.6000000000000001E-2	5.2999999999999999E-2	1.4E-2	2.9000000000000001E-2	6.7000000000000004E-2	4.1000000000000002E-2	2.3E-2	6.0000000000000097E-3	5.0000000000000096E-3	Cd	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	1.9330000000000001	3.7669999999999999	1.3	4.7329999999999997	2.2999999999999998	3.4	2.9670000000000001	1.2669999999999999	3.5329999999999999	1.5669999999999999	2.5	0.63300000000000201	0.76700000000000201	Cu	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	0.09	7.3999999999999996E-2	0.05	1.6E-2	5.3999999999999999E-2	4.1000000000000002E-2	2.70000000000001E-2	2.1000000000000001E-2	7.2999999999999995E-2	5.1999999999999998E-2	7.3999999999999996E-2	3.6999999999999998E-2	3.7999999999999999E-2	Ni	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	0.03	1.2E-2	1.4999999999999999E-2	1.4E-2	1.0999999999999999E-2	1.6E-2	1.7000000000000001E-2	1.4E-2	1.0999999999999999E-2	1.7000000000000001E-2	1.2E-2	6.0000000000000097E-3	6.0000000000000097E-3	Pb	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	8.8000000000000106E-2	5.1999999999999998E-2	3.5000000000000003E-2	0.04	0.114	4.1000000000000002E-2	0.08	3.2000000000000001E-2	0.19	3.10000000000001E-2	0.03	2.4E-2	2.3E-2	Zn	PR-1	PR-2	PR-3	PR-4	PR-5	PR-6	PR-7	PR-8	PR-9	PR-10	PR-11	CT-1	CT-2	7.1999999999999995E-2	7.5999999999999998E-2	6.4000000000000098E-2	6.2E-2	4.2000000000000003E-2	5.2999999999999999E-2	5.2999999999999999E-2	9.3000000000000194E-2	8.4000000000000005E-2	3.5000000000000003E-2	6.0999999999999999E-2	3.5999999999999997E-2	0.04	Location

Contamination factor



Cr	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	1.4E-2	0.01	2.5999999999999999E-2	2.4E-2	7.0000000000000097E-3	1.0999999999999999E-2	1.4E-2	2.70000000000001E-2	1.0999999999999999E-2	2.4E-2	1.0999999999999999E-2	5.0000000000000096E-3	7.0000000000000097E-3	Cd	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	1.0329999999999999	3.35299999999999	1.0329999999999999	3.0670000000000002	1.0669999999999999	1.4	1.3	2.2669999999999999	0.86700000000000099	1.2330000000000001	0.93300000000000005	0.83300000000000096	0.76700000000000201	Cu	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	5.1999999999999998E-2	4.9000000000000099E-2	2.3E-2	3.6999999999999998E-2	4.1000000000000002E-2	6.2E-2	4.5999999999999999E-2	4.9000000000000099E-2	3.10000000000001E-2	0.02	5.0999999999999997E-2	3.7999999999999999E-2	4.7E-2	Ni	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	8.0000000000000192E-3	1.4999999999999999E-2	8.9999999999999993E-3	6.0000000000000097E-3	8.0000000000000192E-3	0.01	5.0000000000000096E-3	8.9999999999999993E-3	7.0000000000000097E-3	1.2E-2	8.0000000000000192E-3	7.0000000000000097E-3	6.0000000000000097E-3	Pb	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	3.10000000000001E-2	2.5000000000000001E-2	2.70000000000001E-2	2.5999999999999999E-2	3.10000000000001E-2	2.4E-2	0.03	3.2000000000000001E-2	0.03	2.5000000000000001E-2	0.03	2.5000000000000001E-2	2.5999999999999999E-2	Zn	PR-12	PR-13	PR-14	PR-15	PR-16	PR-17	PR-18	PR-19	PR-20	PR-21	PR-22	CT-3	CT-4	4.1000000000000002E-2	4.5999999999999999E-2	3.6999999999999998E-2	5.3999999999999999E-2	3.4000000000000002E-2	3.10000000000001E-2	4.3999999999999997E-2	3.9E-2	4.4999999999999998E-2	3.2000000000000001E-2	0.05	3.10000000000001E-2	3.3000000000000002E-2	Location

Contamination factor
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