Geochemical signatures and waste-soil interactions of heavy metals in open dumpsite soils: 
Implications for contaminant dynamics and soil health


ABSTRACT
This work investigated the physicochemical characteristics, heavy metal concentrations, and depth-release properties of soils impacted by the deposition of automechanic (A), paint-processing (P), and abattoir (AB) waste in a coastal milieu in Southern Nigeria. Composite soil samples were collected directly beneath the waste piles at various subsurface depths to assess the vertical distribution and mobility of heavy metals within the waste-impacted soils. The samples were analyzed for their pH, electrical conductivity, organic carbon, organic matter, total nitrogen, available phosphorus, exchangeable calcium, exchangeable magnesium, exchangeable acidity, effective cation exchange capacity, and base saturation. The samples were also analyzed for their aqua regia-extractable concentrations of Lead (Pb), Cadmium (Cd), Chromium (Cr), Nickel (Ni), and Vanadium (V). The results indicated that waste inputs significantly altered the chemical characteristics of the soil, producing significant shifts in soil physicochemical properties. Maximum concentrations of Pb (3918 mg/kg), Cd (116.5 mg/kg), and Ni (226.1mg/kg) were recorded in soils impacted by automechanic wastes, while maximum concentrations of Cr (511.0 mg/kg) and V (179.3mg/kg) were recorded in soils impacted by paint wastes. These concentrations exceeded international guideline limits for residential soils and indicated severe anthropogenic contamination. Measures of contamination factor (CF) indicated severe and widespread heavy-metal contamination across all sites. Heavy Metal Release Percentage (HMR) indicated a vertical gradient in metal release, with the highest percentages of metals released within the topsoil (0-20cm), with attenuation occurring with depth. Overall, these results indicate that indiscriminate disposal of activity-specific wastes has degraded soil quality at the study sites and poses a threat to underlying groundwater resources. Enforcement of stringent waste management regulations, recycling at source, and phytoremediation of contaminated soils are recommended to mitigate further contamination. 
Keywords: Heavy metals, soil contamination, physicochemical properties, waste-soil interaction, environmental geochemistry, remediation

INTRODUCTION
Traditional waste disposal methods such as unregulated landfilling, open dumping, and incineration have persisted despite their well-documented adverse environmental impacts (Ali et al., 2014; Oketola et al., 2015; Kebede et al., 2016; Nwaogu et al., 2017; Sharma et al., 2018; Sharma and Jain, 2020; Agbeshie et al., 2020; Nta et al., 2020; Mekonnen et al., 2020; Alao, 2023;  Sanga et al., 2023; Azuka and Ezeme, 2023; Alao 2024; Omada et al., 2024). These waste disposal systems lack engineered liners, leachate containment mechanisms, and gas recovery infrastructure, allowing for unregulated interactions between waste and the surrounding environment (Ogundiran et al., 2008; Obianefo et al., 2017; Olagunju et al.,2018; Mouhoun-Chouaki et al., 2019; Kulkarni et al., 2024; Udosen et al., 2024a; Drall et al., 2025). 
The decomposition of waste produces large volumes of leachate, a chemically complex solution enriched with organic acids, dissolved solids, heavy metals, and nutrients (Ebong et al., 2020; Udosen, 2022). Upon infiltration, leachate alters the natural physicochemical balance of soils, modifying pH, cation exchange capacity, etc., and promotes the downward migration of pollutants into the unsaturated and saturated zones (Kanmani et al., 2013; Zhao et al., 2016; Jilani and Rashid, 2020; de Jesus et al., 2022; Sarma Bora et al., 2023; Bisht et al., 2024; Udo et al., 2025a; Varier et al, 2025). Simultaneously, the waste decomposition process emits greenhouse gases such as methane (CH4) and carbon dioxide (CO2), aggravating atmospheric warming. Volatile sulfur and nitrogen compounds that are also emitted cause offensive odors and photochemical smog (FAO, 2018). These interlinked soil-air-water interactions have adverse effects that can persist for decades (Knox et al., 1999; Prechthai et al., 2008; He et al. 2015; Chen et al., 2016; Breza-Boruta et al., 2016; Osim et al., 2020; Soubra et al., 2021; Alao, 2024; Ale et al., 2024; Dixit et al., 2024; Das et al., 2025).
Among the types of contaminants released from dumpsites, heavy metals pose the most critical environmental and public health threats (Ahmed et al. 2014; Ihedioha et al. 2017; Kaparwan et al., 2020; Oluyinka et al., 2024). Unlike organic pollutants, heavy metals are non-biodegradable and chemically stable; hence, they accumulate in soils and sediments over time (Wuana and Okieimen, 2011). Once mobilized, they enter terrestrial food webs, causing chronic toxicity in plants, animals, and humans (Gushit et al. 2019; Regmi et al., 2022; Marinho et al., 2022; Junior et al., 2023; Abd-Elhalim et al., 2025). Prolonged exposure to these elements has been associated with kidney and liver dysfunction, neurodegenerative disorders, reproductive impairment, and cancer (WHO, 2011; Maas et al., 2010; Sanga and Pius, 2024). Their persistence and bioaccumulation potential therefore makes the remediation of heavy metal pollution a priority concern for soil scientists, toxicologists, and environmental policymakers (Ghafourian et al., 2016; Ojegu 2016; Orodu and Leizou 2017; Ferronato et al., 2018; Omeiza et al., 2022; Omeiza et. al., 2023; Benhamdoun et al., 2023; Udo et al., 2025b).
This study therefore aimed to evaluate the extent and spatial pattern of heavy metal contamination in soils impacted by three distinct waste streams: automechanic, paint-processing, and abattoir dumpsites in Akwa Ibom, southern Nigeria. It was hypothesized that the waste type would significantly influence the magnitude and pattern of heavy metal accumulation and soil physicochemical alteration. To test this hypothesis, this study integrated physicochemical analysis (pH, electrical conductivity, cation exchange capacity, organic carbon, etc.) and heavy metal concentration analysis to assess contamination levels, controlling factors of metal distribution, and contamination signatures. In addition, Contamination Factor (CF) and Heavy Metal Release Percentage (HMR) analysis were undertaken to assess the severity of heavy-metal pollution and evaluate the metal mobility depth-dependence, respectively. This work’s significance lies in its assessment of waste-derived soil contamination via the integration of physicochemical characterization, total heavy metal concentrations, pollution indices, depth-wise distribution, and release behavior. Some past studies examined dumpsites as uniform entities, overlooking how waste type uniquely modulates soil chemistry and metal mobility. This approach, however, limited the ability to establish causal interrelations between waste composition and soil geochemistry. This work, on the other hand, examined waste profiles from three distinct waste streams: automechanic, paint-processing, and abattoir, the goal being to evaluate their geochemical signatures. Furthermore, unlike previous studies that relied on surface or peripheral soil sampling, soils in this investigation were collected directly beneath active waste piles to capture peak contamination conditions and provide a more realistic assessment of environmental risk. This study therefore contributes globally relevant insights for evaluating and mitigating the long-term environmental implications of open dumpsites in tropical environments.

LOCATION AND GEOLOGY OF THE STUDY SITES
The investigation areas are located in Akwa Ibom State, southern Nigeria, within the humid tropical rainforest belt. Geographically, the State lies between latitudes 4°32′ and 5°33′ N and longitudes 7°25′ and 8°25′ E. The State is bordered by Cross River State to the east, Abia State to the north, Rivers State to the west, and the Atlantic Ocean to the south.
The investigated sites were situated in Etinan, Uyo, and Ikot Ekpene (Figure 1), all in Akwa Ibom. Etinan hosts the defunct Peacock Paint Limited, previously one of the region’s largest paint manufacturing facilities, which contributed to heavy metal contamination through pigment-rich waste discharges. Uyo, the state capital, is undergoing rapid urbanization, industrial expansion, and increased waste production (Opara et al., 2005; Bello et al., 2023). Ikot Ekpene is characterized by extensive automobile repair workshops and food processing industries. Three dumpsite types, abattoir, paint-processing, and auto-mechanic waste sites, were selected within Etinan, Uyo, and Ikot Ekpene to represent diverse contamination sources. Corresponding control sites with no known history of industrial or waste-disposal activities were established in each region to ensure comparable soil type and land use history. 
	The soils of Akwa Ibom are from the Benin Formation (coastal plain sands), which account for approximately 70% of the area (Ekanem and Udosen 2023a, b). Other parent materials are beach ridge sands, sandstones, shales, and alluvial deposits (Udoh and Ibia 2022; Udosen et al. 2024b; Udosen et al. 2025). The dominance of coarse-textured coastal plain sands has contributed to the generally well-drained nature of the soils (Udo et al. 2009a, b).

[bookmark: _Hlk220655467][image: ]
Figure 1: Geologic map of study area


MATERIAL AND METHODS

Soil/waste sampling design and preparation
Soil sampling was undertaken at three major waste dumpsites representing automechanic, paint-processing, and abattoir activities.  Composite samples were collected directly beneath waste piles at three depth intervals (0–20 cm, 20–40 cm, and 40–60 cm). At automobile and paint-processing sites, solid residues and sludge-like materials were collected, while semi-solid materials were collected at abattoir sites. The waste samples (500g) were collected with sterilized plastic scoops, sealed in polyethylene containers, and transported to the laboratory for analysis. To remove large debris, the samples were air-dried at ambient temperature, disaggregated, and sieved through a 2 mm mesh. Subsamples were analysed for physicochemical parameters and heavy metal concentrations (APHA, 2017)
The total concentrations of Pb, Cd, Cr, Ni, and V were evaluated using the aqua regia digestion method (Abegunde et al. 2018). One gram of soil was placed in a digestion flask to which 20 ml of aqua regia (HCl: HNO3 = 3:1) was added. This mixture was heated gradually on a mantle under a fume hood until the volume reduced to about 5 ml. After cooling, the digest was filtered and transferred into a 50 ml volumetric flask, which was then diluted with deionized water. The metal concentrations were then quantified using an Atomic Absorption Spectrophotometer (AAS, Model AA500) operated under standard conditions.
For quality assurance, all glassware and plastic containers were pre-cleaned by soaking in 10% HNO3 for 24 hours and rinsed with double-distilled water. Analytical blanks were processed with every batch of samples. The detection limits for analyzed metals were <0.01 mg/l for Cd and Pb, and <0.05 mg/l for Cr, Ni, and V.  All analyses were performed in triplicate, and results were expressed as mean values. Precision was maintained below 5% for all measurements, ensuring the reliability of the analytical data.  Statistical analyses were performed using two-way analysis of variance (ANOVA) to evaluate differences in physicochemical properties and metal concentrations among sites and soil depths. Where significant differences were observed (p < 0.05), the means were separated using Least Significant Difference (LSD).

Contamination Factor (CF)
Contamination factor (CF) was computed to assess anthropogenic metal enrichment within the soils. This pollution index evaluated contamination intensity by comparing metal concentrations at impacted sites with their corresponding background levels, the aim being to differentiate anthropogenic inputs from natural geochemical inputs.  The contamination factor is given as:
							(1)
where = concentration of a given metal in soil collected from waste-impacted locations, and  = concentration of the same metal in uncontaminated control soils. According to established classification criteria, CF < 1 denotes low contamination; 1 ≤ CF < 3 denotes moderate contamination; 3 ≤ CF < 6 denotes considerable contamination; and CF ≥ 6 denotes very high contamination. 

Heavy Metal Release Percentage
The percentage of heavy metals released from waste materials into the surrounding soils (de Vries and Bakker 1996) was expressed by:
					(2)		
where HMR (%) = heavy metal release percentage, = concentration of a given metal in soil collected from waste-impacted locations,  = concentration of the same metal in uncontaminated control soils, and W = concentration of the metal in the corresponding waste (mg/kg). This computation provided a relative index of the transfer potential of each heavy metal from the waste materials to the surrounding soil. 

RESULTS AND DISCUSSION
Physicochemical properties of the dumpsite soils
The physicochemical attributes of the soil samples are summarized in Table 1. The results show that all the soils had a predominantly sandy texture with negligible variations (p > 0.05) in sand, silt, and clay proportions. This uniformity corresponds to the coastal plain sand formation characteristic of Akwa Ibom (Akpan-Idiok, 2012; Obi et al., 2020; Udoh and Ibia, 2022).
Soil pH values varied significantly, ranging from strongly acidic (4.63) in control soils to slightly alkaline (7.99) in paint waste-impacted soils. The automechanic soils exhibited a near-neutral pH (7.37), while abattoir soils remained mildly acidic (6.49). These variations highlighted the strong influence of waste type on the soil’s acid-base balance.  For example, paint residues often contain alkaline additives and pigments which elevate pH, while organic matter in abattoir-waste soils release organic acid, causing acidity and decreased pH values. Slightly alkaline conditions enhance the precipitation of metal hydroxides, whereas acidic conditions promote solubilization and bioavailability (Kabata-Pendias and Pendias, 2001). 



	Soil property 
	Range 
	
	Dumpsite 
	

	
	
	Control 
	Automechanic 
	Paints 
	Abattoir 

	
Sand (k/kg) 
	Min 
Max 
	719.00 
779.00 
	645.00 
899.00 
	603.00 
875.00 
	693.00 
883.00 

	
	Mean 
	739.00a 
	795.66a 
	795.88a 
	826.33a 

	
Silt (k/kg) 
	Min 
Max 
	30.00 
90.00 
	30.00 
98.00 
	28.00 
118.00 
	34.00 
114.00 

	
	Mean 
	63.33a 
	65.56a 
	66.44a 
	73.00a 

	
Clay (k/kg) 
	Min 
Max 
	131.00 
251.00 
	71.00 
287.00 
	67.00 
323.00 
	73.00 
267.00 

	
	Mean 
	187.67a 
	138.78ab 
	139.67ab 
	107.89b 

	
pH (H2O) 
	Min 
Max 
	4.50 
4.80 
	6.70 
8.20 
	7.30 
8.40 
	5.70 
7.30 

	
	Mean 
	4.63d 
	7.36b 
	7.99a 
	6.49c 

	
EC (µS/cm) 
	Min 
Max 
	27.00 
99.10 
	40.30 
337.00 
	82.02 
352.32 
	167.80 
1259.00 

	
	Mean 
	56.73b 
	146.01b 
	166.40b 
	536.42a 

	
OC (g/kg) 
	Min 
Max 
	10.73 
18.13 
	10.15 
33.95 
	2.43 
7.35 
	26.25 
46.25 

	
	Mean 
	13.57c 
	21.31b 
	4.98d 
	37.10a 

	
OM (g/kg) 
	Min 
Max 
	18.46 
31.26 
	17.49 
58.23 
	4.22 
12.67 
	45.26 
79.74 

	
	Mean 
	23.37c 
	36.74b 
	8.58d 
	63.96a 

	
TN (k/kg) 
	Min 
Max 
	0.98 
3.22 
	0.56 
3.64 
	0.56 
0.84 
	0.98 
21.98 

	
	Mean 
	1.77b 
	1.31b 
	0.67b 
	13.22a 

	
Available P. (mg/kg) 
	Min 
Max 
	16.37 
22.28 
	16.34 
42.77 
	24.92 
58.39 
	33.62 
63.15 

	
	Mean 
	20.53b 
	24.58b 
	39.79b 
	48.30a 

	
	Min 
	1.60 
	1.60 
	3.60 
	25.20 

	Ca (Cmol/kg) 
	Max 
	3.20 
	27.00 
	11.60 
	40.00 

	
	Mean 
	2.49d 
	20.47b 
	7.20c 
	32.53a 

	
Mg (Cmol/kg) 
	Min 
Max 
	0.80 
1.60 
	5.20 
12.20 
	2.00 
7.60 
	6.40 
18.40 

	
	Mean 
	1.20c 
	8.47b 
	4.00c 
	12.71a 

	
K (Cmol/kg) 
	Min 
Max 
	0.06 
0.15 
	0.95 
4.69 
	0.33 
0.90 
	3.16
6.58 

	
	Mean 
	0.10c 
	2.77b 
	0.58c 
	4.80a 

	
Na (Cmol/kg) 
	Min 
Max 
	0.04 
0.10 
	0.31 
2.35 
	0.13 
0.64 
	0.04 
4.61 

	
	Mean 
	0.07c 
	2.35b 
	0.48c 
	3.06a 

	
EA (Cmol/kg) 
	Min 
Max 
	0.24 
2.00 
	0.24 
0.56 
	0.32 
0.48 
	0.56 
0.80 

	
	Mean 
	1.68a 
	0.41c 
	0.42c 
	0.68b 

	
ECEC (Cmol/kg) 
	Min 
Max 
	4.51 
70.23 
	19.82 
47.04 
	6.53 
21.13 
	36.53 
70.23 

	
	Mean 
	5.43c 
	33.30b 
	12.54c 
	53.78a 

	
	Min 
	55.60 
	97.17 
	93.69 
	98.02 

	BS (%)
	Max 
	99.40 
	99.40 
	98.11 
	99.09 

	
	Mean 
	67.91c 
	98.63a 
	96.21b 
	98.69a 



Table 1: Physicochemical properties of the dumpsite soils (Udo et al. 2025a). Symbols a, b, c and d indicate means which are statistically different and are compared horizontally across the table.

Organic carbon (OC) content ranged between 4.98 g/kg (paint soils) and 37.10 g/kg (abattoir soils), following the order: abattoir > automechanic > control > paint. The elevated OC in abattoir soils reflected the presence of degradable organic matter, while elevated OC in automechanic soils reflected the presence of hydrocarbons within the wastes (Johnbosco et al., 2020). Conversely, the low OC in paint-contaminated soil indicated the minimal organic input of paints within such soils and the possible oxidative degradation of carbon compounds by paint solvents.
Electrical conductivity (EC) varied between 56.73 µS/cm in the control and 536.42 µS/cm in abattoir soils, indicating substantial ionic enrichment. The cation exchange capacity (ECEC) and base saturation (BS) were consistently higher in contaminated soils, particularly at the abattoir sites (ECEC = 53.78 cmol/kg; BS = 98.69%). These suggested enhanced nutrient retention and exchangeable cation accumulation within the sites. Collectively, the physicochemical results confirm that waste inputs substantially altered soil electrochemical equilibrium, influencing nutrient cycling, buffering potential, and contaminant mobility.

Concentrations of heavy metals 
An analysis of the trend of heavy metal concentrations (mg/kg) (Table 2) indicated that mean Pb values were 7.0, 3918.0, 1548.0, and 54.0 mg/kg for control (C), automechanic (A), paints (P), and abattoir (AB) soils, respectively, with LSD (0.05) value of 400.0.

	Dumpsite
	Pb
	Cd 
	Cr 
	Ni 
	V 

	
	                                                         mg/kg 

	Control 
	7.0
	0.6
	1.0
	4.0
	1.4

	Auto mechanic  
	3918.0
	116.5
	402.8
	226.1
	152.7

	Paints 
	1548.0
	90.1
	511.0
	137.6
	179.3

	Abattoir  
	54.0
	20.7
	81.5
	99.2
	81.0

	LSD (0.05) 
	400.0
	12.3
	33.6
	38.9
	31.9


Table 2: Mean concentrations of heavy metals extracted with aqua regia. Key: LSD = Least significance difference
Values for C and AB were not significantly different from each other and were the lowest, followed by P, with A showing the highest Pb concentration. The sequence for Pb levels was C < AB < P < A (Figure 2a). The 7.0 mg/kg recorded for C was likely a natural background level. The Pb level in A soil (3918.0 mg/kg) was extremely high compared to the maximum limit of 300 mg/kg set by FAO (2004) for soils in residential zones. The results here are higher than those from previous studies like Okoro et al. (2013); Osu and Okereke (2015); Johnbosco et al. (2020), as those researchers collected soil samples around the dumpsites, and not directly underneath the waste piles. Collecting soil samples away from the actual dumping sites may yield results that do not accurately reflect the true impact of the wastes. 
Mean values of Cd (Table 2) were 0.6, 116.5, 90.1, and 20.7 mg/kg for C, A, P, and AB soils, respectively, with an LSD (0.05) value of 21.3. Concentrations of Cd in all soils were significantly different from each other and followed the sequence C < AB < P < A (Figure 2b). The lowest Cd value, 0.64 mg/kg, was found within the control soil, indicating a natural background level from natural sources. High Cd levels within automechanic waste sites were likely due to battery wastes (nickel-cadmium batteries), brake pads, and used oils/fluids. In the paint processing dumpsites, Cd probably originated from paint pigments and coatings such as cadmium sulfide and cadmium selenide. 
Cr values were 1.0, 402.8, 511.0, and 81.5 mg/kg for C, A, P, and AB soils, respectively, with an LSD (0.05) value of 33.6. Concentrations of Cr followed the sequence C < AB < A < P (Figure 2c). The 1.0 mg/kg in C soil was assumed to be from natural sources. The 402.8 mg/kg in A soil likely originated from chrome-plated vehicle parts and waste oils/fluids. The 511.0 mg/kg in P soil resulted from chrome-based paint wastes such as pigments. Only soils from A and P were contaminated beyond the permissible limit of 300 mg/kg for residential zones set by FAO (2004). 
Mean Ni levels were 4.0, 226.1, 137.6, and 99.2 mg/kg for C, A, P, and AB soils, respectively, with an LSD (0.05) value of 38.9, following the sequence C < AB < P < A (Figure 2d). The 4.0 mg/kg Ni found in C soils represented background levels from natural sources. In A soils, Ni (probably from stainless steel, waste oils, and alloyed vehicle parts) was higher than 150 mg/kg, the limit set by FAO (2004) for residential zones. The Ni levels of 137.6 and 99.2 mg/kg in P and AB soils, respectively, were below this limit. 
Vanadium (V) concentrations were 1.4, 152.7, 179.3, and 81.0 mg/kg for C, A, P, and AB soils, respectively, with an LSD value of 31.0 (Table 2). The V concentration in C soil was significantly different from the others; however, levels in A and P soils did not differ significantly. The sequence followed was C < AB < A < P (Figure 2e). All V values were below the critical threshold of 300 mg/kg for residential zones set by FAO (2004). 
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Figure 2: (a) Concentration of lead in dumpsite soils (b) concentration of cadmium in dumpsite soils (c) concentration of chromium in dumpsite soils (d) concentration of nickel in dumpsite soils (e) concentration of vanadium in dumpsite soils. Key: C = control site, AB = abattoir wastes dumpsite, P = paint processing wastes dumpsite, A =automechanic wastes dumpsite.





Comparison between heavy metal concentrations in soils and waste
Figure 3 illustrates the comparative concentrations of Pb, Cd, Cr, Ni, and V in waste materials and corresponding dumpsite soils. The results demonstrated that metal concentrations were consistently higher in waste materials than in the underlying soils, indicating that the wastes represented the primary contamination sources, while the soils only acted as secondary sinks for leaching, adsorption, and downward migration processes.
Lead (Pb) concentrations (Figure 3a) showed. elevated Pb levels in the associated soils, particularly at the automechanic (A) and abattoir (AB) sites, suggesting substantial transfer from wastes into the soil matrix. Cadmium (Cd) concentrations (Figure 3b) exhibited marked variability among dumpsite types, with high levels in paint processing (P) and automechanic (A) wastes. Although Cd concentrations decreased in soils relative to wastes, detectable levels across all dumpsite soils indicated their high mobility. Chromium (Cr) concentrations (Figure 3c) peaked in paint processing (P) wastes, a likely consequence of metal alloys, corrosion inhibitors, pigments, and industrial residues (Wuana and Okieimen, 2011; Igwe and Nwachukwu, 2016; Kaparwan et al., 2020). The observed attenuation from waste to soil indicated some degree of geochemical stabilization.
Nickel (Ni) concentrations (Figure 3d) displayed relatively high values across all dumpsite wastes, particularly at automechanic (A) sites, consistent with sources such as engine oils, fuel residues, metal scraps, and mechanical wear products. Elevated Ni levels in soils beneath these dumpsites suggest enhanced vertical transfer. Vanadium (V) concentrations (Figure 3e) were prominently associated with automechanic (A) and paint (P) processing wastes, attributable to petroleum products, combustion residues, alloys, and pigments. Although soil concentrations were reduced relative to wastes, persistence of Vanadium contamination indicated gradual incorporation into the soil system (Eissa et al., 2017).
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[bookmark: _Hlk220661007]Figure 3: (a) Concentration of lead in dumpsite soils vs wastes (b) concentration of cadmium in dumpsite soils vs wastes (c) concentration of chromium in dumpsite soils vs wastes (d) concentration of nickel in dumpsite soils vs wastes (e) concentration of vanadium in dumpsite soils vs wastes.  Key: AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, A =automechanic wastes dumpsite

Contamination Factor (CF)
Contamination Factor (CF) values indicated severe heavy-metal contamination across all sites, with CF for all metals exceeding the very high contamination threshold (CF > 6). Lead showed the most extreme enrichment, particularly in automechanic soils.  CF values ranged from 6.54 at an abattoir site (20–40 cm) to 4715.3 at 40–60 cm at an automechanic site. Paint-processing soils also exhibited high Pb contamination (CF ≈ 110–1907), while abattoir soils showed lower but still elevated values (6.54–41.52). Cadmium contamination was also pronounced, with CF values exceeding 100 at most sites and peaking at 658.7 and 648.3 at 40–60 cm depths in automechanic and paint-processing soils, respectively. Chromium recorded exceptionally high CF values, reaching values as high as 3621.6.  Nickel and vanadium also showed high levels of enrichment, with maximum CF values of 569.7 and 963.4, respectively. Overall, CF values indicated severe contamination, highlighting intense anthropogenic loading and potential groundwater risk.

Heavy Metal Release Percentage (HMR)
The HMR results indicated a clear vertical gradient in metal release, with the highest percentages consistently recorded in the topsoil (0–20 cm), followed by a progressive decline at 20–40 cm and 40–60 cm depths across most sites and metals (Table 3). This pattern reflected the dominant influence of surface waste deposition, leachate generation, and recent anthropogenic inputs, which preferentially enrich the upper soil horizons (Winegardner, 2019).
Across all dumpsites, Pb and Ni had higher mean release percentages compared to Cd, Cr, and V, suggesting greater mobility or weaker binding of these metals in the dumpsite soils. Among the dumpsite groups, the abattoir (AB) sites displayed the highest Pb release. This suggested intense Pb loading and possible downward migration due to high leachate fluxes, soil permeability, or complexation with organic matter. The automechanic sites showed comparatively moderate but consistent release patterns, with Ni and Cr displaying relatively elevated mean values, indicating mixed sources and sustained mobility. The paint sites were characterized by notably high Ni release in surface soils and variable Cd behavior.
Depth-wise, the sharp reduction in release percentages at 40–60 cm for most metals, particularly Cr and V, suggested attenuation mechanisms such as adsorption onto clay minerals and reduced organic matter availability at depth. However, the persistence of relatively high Pb and Ni values in some subsurface layers indicated a potential risk of vertical transport, which may pose long-term threats to underlying groundwater systems.



	Dumpsite 
	Soil depth
	Metal release percentages

	
	
	Pb 
	Cd 
	Cr 
	Ni 
	V 

	A 1
	0 -20
	48.61
	46.46
	47.05
	41.97
	51.92

	
	20 - 40
	49.16
	28.00
	39.22
	29.02
	33.10

	
	40 - 60
	37.82
	15.67
	25.31
	20.05
	15.33

	
	Mean 
	45.20
	30.04
	37.19
	36.35
	33.45

	A 2
	 0 - 20
	52.79
	46.50
	40.41
	53.37
	41.01

	
	20 - 40
	45.99
	30.29
	36.10
	41.97
	28.49

	
	40 - 60
	40.91
	16.86
	31.44
	24.71
	12.42

	
	Mean 
	46.56
	31.22
	35.98
	40.02
	27.31

	A 3
	 0 - 20
	48.02
	43.14
	47.04
	60.10
	43.00

	
	20 - 40
	44.48
	25.52
	42.66
	45.54
	30.26

	
	40 -60
	40.35
	12.87
	37.88
	32.19
	15.97

	
	Mean 
	44.28
	27.18
	42.53
	49.94
	29.74

	P 1
	 0 - 20
	31.21
	43.08
	42.36
	58.79
	49.50

	
	20 - 40
	27.45
	18.19
	38.19
	39.44
	25.64

	
	40 - 60
	25.11
	9.94
	27.31
	24.99
	14.00

	
	Mean 
	27.92
	23.74
	35.95
	41.07
	29.71

	P 2
	 0 - 20
	35.12
	73.06
	39.51
	47.31
	45.17

	
	20 - 40
	32.15
	36.29
	35.50
	36.10
	39.24

	
	40 - 60
	27.74
	22.12
	33.66
	19.73
	22.42

	
	Mean 
	31.67
	43.82
	36.22
	34.38
	35.61

	P 3
	0 - 20
	49.12
	44.40
	46.33
	61.89
	51.14

	
	20 - 40
	46.03
	36.74
	40.99
	42.39
	41.88

	
	40 - 60
	34.30
	17.02
	32.90
	26.16
	31.92

	
	Mean 
	43.15
	32.72
	40.07
	43.48
	41.65

	AB1
	0 - 20
	36.82
	45.10
	43.40
	48.40
	54.32

	
	20 - 40
	21.42
	33.94
	28.73
	39.18
	36.56

	
	40 - 60
	15.37
	25.99
	24.98
	26.99
	28.34

	
	Mean 
	24.54
	35.01
	32.37
	38.19
	39.71

	AB 2
	0 - 20
	74.37
	42.63
	44.95
	40.66
	44.66

	
	20 - 40
	89.60
	31.32
	33.44
	31.10
	39.92

	
	40 - 60
	50.91
	24.35
	22.13
	19.36
	28.15

	
	Mean 
	71.63
	32.77
	33.51
	30.37
	35.58

	AB 3
	0 - 20
	52.01
	41.59
	44.40
	49.58
	40.56

	
	20 - 40
	88.24
	33.62
	32.91
	57.76
	32.51

	
	40 - 60
	50.94
	23.96
	22.24
	30.36
	24.45

	
	Mean 
	63.72
	33.06
	33.18
	45.90
	32.51


 
Table 3: Percentages of release of heavy metals into dumpsites soils. Key: AI, A2, A3= automechanic sites at Etinan, Uyo and Ikot Ekpene, respectively.  PI, P2, P3 = paint processing sites at Etinan, Uyo and Ikot Ekpene, respectively.  AB1, AB2, AB3 = abattoir sites at Etinan, Uyo and Ikot Ekpene, respectively.  
CONCLUSION 
This study integrated physicochemical characterization, total metal concentrations, depth-wise distribution, Contamination Factor (CF), and Heavy Metal Release Percentage (HMR) analysis to differentiate geochemical signatures associated with distinct anthropogenic activities (automechanic, paint-processing, and abattoir wastes).The strong positive correlations between metal concentrations in waste materials and the corresponding soils indicate that the wastes are the primary sources of contamination. The soils’ sandy texture and moderate organic matter content have facilitated downward metal mobility through leaching and infiltration. The persistence and mobility of these metals pose serious risk to soil health, groundwater quality, food safety, and the overall integrity of the local terrestrial ecosystem.
	The following recommendations should be considered for implementation to achieve sustainable environmental development. National and local environmental agencies should enforce stringent waste management regulations and conduct periodic environmental audits in contamination-prone regions. Recyclable materials should be recovered and processed through licensed recycling facilities to reduce environmental loading. Contaminated soils should be rehabilitated using phytoremediation, biochar application, or microbial-assisted metal immobilisation, which are sustainable and cost-effective for tropical sandy soils. 
	In summary, the study has demonstrated that anthropogenic waste inputs have significantly deteriorated soil quality in the study area, necessitating immediate remediation and policy-driven waste management reforms to mitigate further damage to groundwater systems and the ecosystem. The study has contributed to the global database on soil contamination in tropical regions, and results obtained are expected to aid policy-makers in ongoing waste management reforms. The integrated framework and methodologies employed in this study are generalizable to other regions worldwide.
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