


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

ABSTRACT
This study investigated the physicochemical properties, heavy metal concentrations, and depth-dependent release behavior of soils impacted by automechanic, paint-processing, and abattoir wastes in Akwa Ibom State, Nigeria. Composite soil samples collected directly beneath waste piles and from a control site were analyzed for texture, pH, organic carbon, electrical conductivity, cation exchange capacity, and base saturation, alongside aqua regia-extractable Pb, Cd, Cr, Ni, and V. Waste inputs significantly altered soil chemical properties, producing marked shifts in pH, organic carbon, ionic strength, and exchange capacity. Heavy metal concentrations in dumpsite soils were substantially elevated relative to the control, with mean values following the general sequence C < AB < P < A for Pb, Cd, Cr, and Ni. Lead and cadmium concentrations in automechanic and paint-processing soils exceeded international guideline limits for residential soils, indicating severe contamination. Depth-profile analysis revealed that Pb and V were relatively uniform with depth, while Cd and Ni showed significant attenuation with depth. Heavy Metal Release Percentage (HMR) analysis demonstrated the highest release in the topsoil (0–20 cm), declining with depth, though persistently high Pb and Ni release at some subsurface layers suggested potential groundwater risk. The study highlights the need for improved waste management, soil remediation, and continuous environmental monitoring to protect soil and groundwater resources in the region.
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INTRODUCTION
Traditional waste disposal techniques: open dumping, uncontrolled landfilling, and rudimentary incineration, have persisted despite their well-documented environmental consequences (Ali et al. 2014; Oketola et al. 2015; Kebede et al. 2016; Nwaogu et al. 2017; Sharma et al. 2018; Sharma & Jain, 2020; Agbeshie et al. 2020; Nta et al. 2020; Mekonnen et al. 2020; Sanga et al. 2023; Azuka and Ezeme 2023). These legacy systems lack engineered liners, leachate containment mechanisms, and gas recovery infrastructure, allowing for uncontrolled interaction 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; Drall et al. 2025). The decomposition of organic fractions produces large volumes of leachate, a chemically complex solution enriched with organic acids, dissolved solids, heavy metals, and nutrients (Ebong et al., 2020). Upon infiltration, leachate alters the natural physicochemical balance of soils, modifying pH, cation exchange capacity, and redox potential, and promotes the downward migration of pollutants into the unsaturated and saturated zones (Zhao et al., 2016; Sarma Bora et al., 2023; Kanmani et al., 2013; Jilani and Rashi,d 2020; Bisht et al. 2024; Udo et al., 2025a). Simultaneously, the decomposition process emits greenhouse gases such as methane (CH4) and carbon dioxide (CO2), aggravating atmospheric warming, while volatile sulfur and nitrogen compounds cause offensive odors and photochemical smog (FAO, 2018). These interlinked soil-air-water interactions render open dumpsites complex environmental systems whose cumulative effects can persist for decades (Chen et al., 2016; Soubra et al., 2023; Alao, 2024; Prechthai et al., 2008; Breza-Boruta et al., 2016; Osim et al., 2023).
Among the suite of contaminants released from dumpsites, heavy metals pose the most critical environmental and public health threats. Metals such as lead (Pb), cadmium (Cd), zinc (Zn), copper (Cu), nickel (Ni), and chromium (Cr) are common constituents of automechanic, paint-processing, and abattoir wastes (Ahmed et al. 2014; Ihedioha et al. 2017; Kaparwan et al., 2020). Unlike organic pollutants, heavy metals are non-biodegradable and chemically stable; hence, they accumulate in soils and sediments over time (Wuana & Okieimen, 2011). Once mobilized, they enter terrestrial food webs, causing chronic toxicity in plants, animals, and humans. Prolonged exposure to these elements has been associated with kidney and liver dysfunction, neurodegenerative disorders, reproductive impairment, and carcinogenic outcomes (WHO, 2011; Maas et al., 2010). On a global scale, over 10 million contaminated sites have been identified, with heavy metals accounting for more than half of all pollution sources (He et al., 2015). This persistence and bioaccumulation potential make heavy metals a priority concern for soil scientists, toxicologists, and environmental policymakers (Ghafourian et al., 2016; Ferronato et al., 2018; Omeiza et al., 2022, 2023; Udo et al., 2025b).
Despite numerous investigations on waste-induced heavy metal contamination, critical gaps persist in understanding the differential behavior of metals derived from heterogeneous waste sources under varying soil physicochemical conditions. Most previous studies have examined dumpsites as uniform entities, overlooking how waste type uniquely modulates soil chemistry and metal mobility. The absence of such approaches limits the ability to establish causal relationships between waste composition, soil geochemistry, and contamination pathways. Additionally, tropical regions such as southern Nigeria remain underrepresented in global datasets, despite their distinct geoclimatic conditions that influence pollutant migration and persistence. A multi-waste comparative assessment combining physicochemical and geochemical indices was necessary to unravel the mechanisms of heavy metal mobilization and accumulation in these complex soil systems.
This study aims 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 State, southern Nigeria. It is hypothesized that waste type significantly influences the magnitude and pattern of heavy metal accumulation and soil physicochemical alteration. To test this hypothesis, the study integrates physicochemical analysis (pH, electrical conductivity, cation exchange capacity, organic carbon, etc.) to elucidate contamination levels, potential ecological risks, and controlling factors of metal distribution. By adopting a multi-metric analytical design, this research advances beyond traditional dumpsite assessments by providing waste-specific contamination fingerprints and mechanistic explanations for metal mobility in tropical soils. The outcomes are expected to enhance the predictive understanding of soil–metal interactions under heterogeneous waste loading and inform sustainable waste management and remediation strategies aligned with the United Nations Sustainable Development Goals (SDGs 3, 6, 11, 12, and 15). This study contributes a regionally grounded but globally relevant framework for evaluating and mitigating the long-term environmental implications of open dumpsites in data-scarce tropical environments.

Geology of study area
Akwa Ibom State is located in the southern part of Nigeria, within the humid tropical rainforest belt of West Africa (Figure 1). Geographically, it lies between latitudes 4°32′ and 5°33′ N and longitudes 7°25′ and 8°25′ E (Ibia, 2019), occupying an estimated land area of 8,412 km². 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. Its coastal location exerts a strong influence on both the climatic and pedological characteristics of the region.
Climatically, Akwa Ibom experiences a tropical monsoonal climate characterized by high rainfall, temperature, and humidity throughout most of the year. The rainfall pattern is bimodal, comprising a major rainy season extending from April to July, and a minor rainy season from September to November, with a brief dry spell in August and a longer dry season from December to March. Mean annual rainfall varies between 2,500 mm and 3,000 mm. Values as high as 3,000 mm are recorded in the southern coastal belt, and these gradually decline northwards to about 2,000 mm. The mean annual temperature ranges from 27°C to 28°C, while relative humidity remains high (75–80%) throughout the year, fostering intense weathering and leaching processes that influence soil development.
The soils of Akwa Ibom State are predominantly derived from coastal plain sands, accounting for approximately 70% of the total land area. Other notable parent materials include beach ridge sands, sandstones, shales, and alluvial deposits (Udoh and Ibia 2022). These lithological formations have given rise to a range of soil types that are typically deep, highly weathered, and acidic, with low base saturation and limited cation exchange capacity. The dominance of coarse-textured coastal plain sands contributes to the generally well-drained but nutrient-poor nature of the soils (Udo et al. 2009a, b). Continuous leaching due to high rainfall further enhances soil acidity and promotes ferrallitic and lateritic characteristics. Consequently, the soils are often fragile and susceptible to erosion and nutrient depletion, posing challenges for sustainable land management and agricultural productivity in the region.

MATERIAL AND METHODS
Study locations and site selection criteria
The study was conducted across three Local Government Areas (LGAs) in Akwa Ibom State, Nigeria: Etinan, Uyo, and Ikot Ekpene (Fig. 1). These sites were chosen based on their distinct anthropogenic activities and waste-generation histories. Etinan hosts the defunct Peacock Paint Limited, previously one of the region’s largest paint manufacturing facilities, which potentially contributed to heavy metal contamination through pigment-rich waste discharges. Uyo, the state capital, experiences rapid urbanization, industrial expansion, and increased waste production. It is estimated that nearly 40% of the state’s slaughtered animals originate from Uyo (Bello et al., 2023), indicating significant abattoir-related waste loads (Opara et al., 2005). Ikot Ekpene, a rapidly growing commercial hub, is characterized by extensive automobile repair workshops and food processing industries. These anthropogenic activities are known to influence soil quality through heavy metal accumulation (Sharma and Jain, 2020).
Three dumpsite types: abattoir, paint-processing, and auto-mechanic waste sites, were selected within each LGA, representing diverse contamination sources. Corresponding control sites with no known history of industrial or waste-disposal activities were established within each LGA, approximately 2–3 km from the dumpsites, ensuring comparable soil type and land use history. The geographical coordinates of all sampling sites are presented in Table 1, while the spatial distribution of sampling locations is illustrated in Figure 1.
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Figure 1: Geologic map of study area










Table 1. Coordinates of dumpsites and control locations in the study area. Keys: A1–A3 = Auto-mechanic waste sites; P1–P3 = Paint waste sites; AB1–AB3 = Abattoir waste sites; C1–C3 = Control sites.

	S/N
	Local Government Area (LGA)
	Waste Disposal Site Description
	Site Code
	Latitude (Decimal)
	Longitude (Decimal)

	1
	Etinan
	Automechanic waste site
	A1
	4.831111
	7.852500

	2
	Etinan
	Paints processing waste site
	P1
	4.809167
	7.883611

	3
	Etinan
	Abattoir waste site
	AB1
	4.870556
	7.844444

	4
	Etinan
	Control site
	C1
	4.935556
	7.841389

	5
	Uyo
	Automechanic waste site
	A2
	5.023333
	7.897778

	6
	Uyo
	Paints processing waste site
	P2
	5.027500
	7.942500

	7
	Uyo
	Abattoir waste site
	AB2
	5.056389
	7.884444

	8
	Uyo
	Control site
	C2
	4.966944
	7.979444

	9
	Ikot Ekpene
	Automechanic waste site
	A3
	5.161944
	7.731667

	10
	Ikot Ekpene
	Paints processing waste site
	P3
	5.163056
	7.732500

	11
	Ikot Ekpene
	Abattoir waste site
	AB3
	5.113611
	7.787778

	12
	Ikot Ekpene
	Control site
	C3
	5.156944
	7.744722



 
Soil/waste sampling design and preparation
A total of 12 sampling locations were investigated: nine waste-impacted sites (3 × 3) and three corresponding control sites (3 × 1). Within each dumpsite, three random auger points were established to account for spatial variability. Soil samples were collected from three different depths (0-20 cm, 20-40 cm, 40-60 cm) after carefully clearing surface debris and waste materials. These depths were chosen to represent different reactive zones for pollutant accumulation, biological activity, and anthropogenic input.
            Representative waste samples were collected from each of the nine dumpsites. For automobile and paint-processing sites, solid residues and sludge-like materials were collected, whereas semi-solid materials were obtained from abattoir sites. Approximately 500 g of each waste sample was collected using sterilized plastic scoops, sealed in polyethylene containers, and transported to the laboratory for analysis. All samples were air-dried at ambient temperature, gently disaggregated, and sieved through a 2 mm mesh to remove large debris. Subsamples were taken for physicochemical and heavy metal analyses (APHA, 2017).
Total concentrations of Pb, Cd, Cr, Ni, and V were determined using aqua regia digestion following 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. The mixture was heated gradually on a mantle under a fume hood until the volume was reduced to approximately 5 ml. After cooling, the digest was filtered, transferred into a 50 ml volumetric flask, and diluted with deionized water. Metal concentrations were quantified using an Atomic Absorption Spectrophotometer (AAS, Model AA500, PG Instruments Ltd., UK) operated under standard conditions with an air–acetylene flame.
            To determine the concentration of heavy metals in waste materials, the waste samples were digested following the modified Novozamsky et al. (1983) method. A 0.2 g subsample was weighed into a 50 ml conical flask, to which 10 ml of a sulphuric-salicylic acid (H2SO4- C7H6O3) mixture was added and allowed to stand overnight (18 hours). The mixture was subsequently heated at 100 °C for 2 hours, cooled, and treated with 5 ml perchloric acid until a clear solution was obtained. The digests were filtered, diluted to 50 ml with deionized water, and analyzed for Pb, Cd, Cr, Ni, and V using the same AAS system under optimized parameters. 
            For quality assurance and data integrity, 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 concurrently with every batch of samples. Instrument calibration was conducted using multi-element standard solutions prepared from certified stock standards. 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, expressed as relative standard deviation (RSD), was maintained below 5% for all measurements, ensuring the reliability of the analytical data.

Estimation of Heavy Metal Release Percentage
The percentage of heavy metals released from waste materials into the surrounding soils was estimated using the mass balance approach described by de Vries and Bakker (1996), as expressed by:
						(1)		
where HMR (%) = heavy metal release percentage; S = concentration of the metal in waste-impacted soil (mg/kg); B = concentration in the control soil (mg/kg); W = concentration of the metal in the corresponding waste (mg/kg). This calculation provided a quantitative index of the transfer potential of each heavy metal from waste to soil.

RESULTS AND DISCUSSION
Physicochemical properties of the dumpsite soils
 	The physicochemical attributes of the soil samples (Udo et al 2025a) are summarized in Table 2. 

Table 2: Physicochemical properties of the dumpsite soils. Symbols a, b, c and d indicate means which are statistically different and are compared horizontally across the table. 

	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 



Across all dumpsites, the soils exhibited a dominantly sandy texture with negligible variations (p > 0.05) in sand, silt, and clay proportions, reflecting a common pedogenic origin. This uniformity corresponds to the coastal plain sand formation characteristic of Akwa Ibom State (Akpan-Idiok, 2012; Obi et al., 2020; Udoh and Ibia, 2022), which provides a porous matrix with low water-holding and metal-retention capacities.
Soil pH values varied markedly, ranging from strongly acidic (4.63) in the control to slightly alkaline (7.99) in the paint waste-impacted soil. The automechanic soil exhibited a near-neutral pH (7.37), while abattoir soil remained mildly acidic (6.49). These shifts highlight the strong influence of waste type on the soil’s acid-base balance. Paint residues, often containing alkaline additives and pigments, elevate pH, whereas organic decomposition in abattoir waste contributes to acidity through organic acid release. Such variations have implications for metal mobility --- soil pH can regulate the concentrations of metallic ions by making them more or less active with their associated attendant environmental risks.  Slightly alkaline conditions enhance the precipitation of metal hydroxides, while acidic conditions promote solubilization and bioavailability (Kabata-Pendias and Pendias, 2001). 
Organic carbon (OC) content ranged between 4.98 g/kg (paint soil) and 37.10 g/kg (abattoir soil), following the order: abattoir > automechanic > control > paint. The elevated OC in abattoir soils reflects continuous deposition of degradable organic matter, while hydrocarbons and lubricants contributed to the relatively high OC in automechanic soils (Johnbosco et al., 2020). Conversely, the low OC in paint-contaminated soil indicates minimal organic input and 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 soil, indicating substantial ionic enrichment. The cation exchange capacity (ECEC) and base saturation (BS) were consistently higher in contaminated soils, particularly at the abattoir site (ECEC = 53.78 cmol/kg; BS = 98.69%). These trends suggest enhanced nutrient retention and exchangeable cation accumulation due to anthropogenic influences. Collectively, the physicochemical results confirm that waste inputs substantially alter soil electrochemical equilibrium, influencing nutrient cycling, buffering potential, and contaminant mobility.

Concentrations of the heavy metals extracted with aqua regia 
The results of Pb concentrations extracted with Aqua regia are presented in Table 3.

Table 3: Mean concentrations of heavy metals extracted with aqua regia 
	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


Key: LSD = Least significance difference

The mean values obtained 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 the LSD (0.05) value of 400.0. The table revealed that the 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. The 7.0 mg/kg recorded for C is likely a natural background level, probably from natural sources. The Pb level in A soil (3918.0 mg/kg) is extremely high compared to the maximum limit of 300 mg/kg set by FAO (2004) for soils in residential zones. Past studies, such as Abegunde et al. (2018), reported an alarmingly high Pb level of 44,433.33 mg/kg in dumpsite soils, while Ebong et al. (2020) recorded 0.55 and 0.75 mg/kg for Pb in the abattoir waste dumpsite in Akwa Ibom State. 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, not directly underneath the waste piles, which are more impacted by the wastes, as done in this study. 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 4) 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 studied were significantly different from each other (C < AB < P < A). Abegunde et al. (2018) recorded a Cd value of 3.00 mg/kg from dumpsite soils. The nature of the wastes dumped there was not specified (probably a general waste dumpsite). Száková et al. (2000) reported a mean Cd level of 80.2 mg/kg. The lowest Cd value, 0.64 mg/kg, was found in the control soil, likely indicating a natural background level from natural sources. This level does not appear to pose an environmental threat, as it is below the 5 mg/kg limit for residential zones set by FAO (2004). High Cd levels within the automechanic waste sites are likely due to battery wastes (nickel-cadmium batteries), brake pads, and used oils/fluids. In the paint processing dumpsites, Cd originated from paint pigments and coatings, such as cadmium sulfide and cadmium selenide. In the AB soils, elevated Cd levels may result from veterinary medical materials. Comparative analysis shows Cd levels in A soils exceed those in P, AB, and C soils by 1.3, 5.5, and 194.0 times, respectively. 
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. 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 dumping 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. Past studies reported Ni values of 3.75 mg/kg (Ojegu, 2016) and 0.14 mg/kg (Orodu and Leizou, 2017). The 4.0 mg/kg Ni found in C soils represents background levels from natural sources. In A soil, 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. The Vanadium 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. All Vanadium values were below the critical threshold of 300 mg/kg for residential zones set by FAO (2004). 
Analyzing the trend of heavy metal concentrations (mg/kg) across soil depths (cm), Pb showed no significant difference across the depths. Pb concentrations at 0-20, 20-40, and 40-60 cm depths were 1534, 1419.0, and 1192.0 mg/kg, respectively, with an LSD of 409.0. The contaminant appears to have permeated the profile, raising concerns about groundwater contamination. Vanadium showed a similar pattern to Pb, but Cadmium and Nickel levels varied significantly across the depths. Chromium levels did not significantly differ between 0-20 and 20-40 cm depths, but at 40-60 cm depth, it was significantly higher than at the other depths. 

Heavy metal concentrations in waste materials and dumpsite soils
Figures 2–6 illustrate the concentrations of Pb, Cd, Cr, Ni, and V in waste materials and corresponding dumpsite soils associated with abattoir (AB), paint processing (P), and automechanic (A) activities. In general, all figures demonstrate that metal concentrations are consistently higher in waste materials than in the underlying soils, indicating that the wastes represent the primary contamination sources, while the soils act as secondary sinks through leaching, adsorption, and downward migration processes.
Lead (Pb) concentrations (Figure 2) show pronounced enrichment in wastes from automechanic and paint processing dumpsites, reflecting the extensive use of lead-containing components such as batteries, lubricants, metal scraps, pigments, and additives. Elevated Pb levels in the associated soils, particularly at the automechanic and abattoir sites, suggest substantial transfer from wastes into the soil matrix, likely facilitated by acidic leachates and strong Pb affinity for organic matter and fine-grained soil fractions. The persistence of Pb in soils highlights its low mobility once immobilized, posing long-term ecological and human health risks.

Figure 2: Concentrations of lead in waste materials and dumpsite soils
Keys: AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, A =automechanic wastes dumpsite

Cadmium (Cd) concentrations (Figure 3) exhibit marked variability among dumpsite types, with notably high levels in paint processing and automechanic wastes. This pattern is consistent with the high levels of Cd in automechanic waste materials and Cd-based pigments, stabilizers, and additives in paint formulations. Although Cd concentrations decrease in soils relative to wastes, detectable levels across all dumpsite soils indicate their high mobility and weak sorption capacity, which enables redistribution within the soil profile. This behavior underscores Cd’s potential to migrate beyond surface horizons under favorable geochemical conditions.

Figure 3: Concentrations of cadmium in waste materials and dumpsite soils
Keys: AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, A =automechanic wastes dumpsite

Chromium (Cr) concentrations (Figure 4) peaked in paint processing wastes; likely this could originate from 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 indicates some degree of geochemical stabilization; however, the presence of Cr in soils still reflects sustained anthropogenic input.

Figure 4: Concentrations of chromium in waste materials and dumpsite soils
Keys: AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, A =automechanic wastes dumpsite

Nickel (Ni) concentrations (Figure 5) display relatively high values across all dumpsite wastes, particularly at automechanic 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, reflecting Ni’s moderate mobility under near-neutral to slightly acidic conditions. This trend implies ongoing accumulation in soils with potential for deeper migration over time.

Figure 5: Concentrations of nickel in waste materials and dumpsite soils
Keys: AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, A =automechanic wastes dumpsite

Vanadium (V) concentrations (Figure 6) are prominently associated with automechanic and paint processing wastes, attributable to petroleum products, combustion residues, alloys, and pigments. Although soil concentrations are reduced relative to wastes, their persistence indicates gradual incorporation into the soil system especially through adsorption onto Fe-Mn oxides and clay minerals (Eissa et al., 2017).
 The distribution pattern suggests that V mobility is controlled by redox conditions and adsorption processes, particularly onto oxide minerals.

Figure 6: Concentrations of vanadium in waste materials and dumpsite soils
Keys: AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, A =automechanic wastes dumpsite

Overall, Figures 2–6 collectively demonstrate that dumpsite-specific waste composition strongly governs the type and magnitude of heavy metal contamination, while soil concentrations reflect both metal-specific geochemical behavior and site conditions. The consistent enrichment of soils beneath the dumpsites confirms active waste–soil interaction and highlights the environmental significance of uncontrolled waste disposal practices. These findings emphasize the need for targeted remediation and long-term monitoring, especially at automechanic and paint processing dumpsites where metal loads are most pronounced.
 
Heavy metal concentrations in different dumpsite soils
Figures 7–11 present the concentrations of Pb, Cd, Cr, Ni, and V in soils from abattoir (AB), paint processing (P), and automechanic (A) dumpsites, compared with control (C) soils. Across all metals, the figures reveal a clear enrichment of heavy metals in dumpsite soils relative to the control (Winegardner, 2019), confirming the dominant influence of anthropogenic waste inputs on soil geochemistry.
Lead (Pb) concentrations (Figure 7) are markedly elevated in soils from automechanic and paint processing dumpsites compared to the control. This enrichment reflects inputs from lead-containing automotive components, lubricants, batteries, pigments, and paint residues. Abattoir soils also exhibit higher Pb levels than the control, suggesting indirect contamination through waste handling materials and atmospheric deposition. The substantial contrast between dumpsite and control soils highlights Pb’s persistence and strong accumulation capacity in contaminated environments.


Figure 7: Concentrations of lead in different dumpsite soils
Keys: C = control, AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, 
A =automechanic wastes dumpsite

Cadmium (Cd) concentrations (Figure 8) show pronounced enhancement in paint-processing and automechanic wastes dumpsite soils though higher in automechanic soils. This could likely be the result of Cd-laden wastes dumped on the dumpsites. Automechanic wastes can probably get Cd enrichment through battery wastes, brake fluid and lining materials and coatings for vehicular parts while the widespread use of Cd-based pigments and stabilizers in paints could cause elevated Cd in paint waste dumpsites (WHO, 2011). All the waste impacted soils display elevated Cd levels relative to the control. The consistent exceedance of control values across all dumpsite categories indicates Cd’s high mobility and susceptibility to redistribution within the soil system, raising concerns over potential bioavailability and ecological risk.

Figure 8: Concentrations of cadmium in different dumpsite soils
Keys: C = control, AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, 
A =automechanic wastes dumpsite 

Chromium (Cr) concentrations (Figure 9) are significantly higher in dumpsite soils than in control soils, with automechanic and paint processing sites showing the greatest enrichment. This pattern reflects contributions from metal scraps, corrosion products, pigments, and industrial residues. The relatively lower Cr concentration in control soils emphasizes minimal Cr contamination in the soil (Borgese et al., 2013), while its persistence in dumpsite soils suggests release of the metals from the wastes to the impacted soils (Winegardner, 2019). 


Figure 9: Concentrations of chromium in different dumpsite soils
Keys: C = control, AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, 
A =automechanic wastes dumpsite 

Nickel (Ni) concentrations (Figure 10) exhibit widespread enrichment across all dumpsite soils compared to the control. Automechanic soils display particularly elevated Ni levels, consistent with sources such as engine oils, fuel residues, alloy wear, and mechanical wastes (Knox et al. 1999; Gushit et al. 2019. The enrichment pattern indicates Ni’s moderate mobility and sustained accumulation in soils subjected to long-term waste disposal activities.

Figure 10: Concentrations of nickel in different dumpsite soils
Keys: C = control, AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, 
A =automechanic wastes dumpsite 

Vanadium (V) concentrations (Figure 11) are consistently higher in dumpsite soils than in the control, with automechanic and paint processing dumpsites showing the most pronounced enrichment. This distribution reflects inputs from petroleum products, combustion residues, pigments, and metal alloys. Although V concentrations are generally lower than those of Pb and Ni, their persistent elevation relative to the control underscores ongoing anthropogenic influence.

Figure 11: Concentrations of vanadium in different dumpsite soils
Keys: C = control, AB = abattoir wastes dumpsite, P =paint processing wastes dumpsite, 
A =automechanic wastes dumpsite 

Overall, Figures 7–11 demonstrate that all dumpsite soils are significantly impacted by heavy metal contamination when compared to background conditions (control soils), with contamination intensity varying according to waste type and site-specific activities. The consistent enrichment across multiple metals highlights the cumulative effect of uncontrolled waste disposal and underscores the potential ecological and human health risks, particularly in areas where soils serve as pathways to groundwater, crops, or direct human exposure.
 
Heavy Metal Release Percentage (HMR)
Table 4 presents the depth-wise percentage release of Pb, Cd, Cr, Ni, and V in soils from nine dumpsites (A1–A3, P1–P3, and AB1–AB3). Overall, the results indicate 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. This pattern reflects the dominant influence of surface waste deposition, leachate generation, and recent anthropogenic inputs, which preferentially enrich the upper soil horizons (Winegardner, 2019).

Table 4: Percentages of release of heavy metals into dumpsites soils 
	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




Across all dumpsites, Pb and Ni generally exhibited higher mean release percentages relative to Cd, Cr, and V, suggesting greater mobility or weaker binding of these metals in the dumpsite soils. For instance, mean Pb release ranged from 24.54% (AB1) to 71.63% (AB2), while Ni ranged from 30.37% (AB2) to 49.94% (A3). In contrast, Cd showed more pronounced depth attenuation, with surface values occasionally exceeding 70% (e.g., 73.06% at P2, 0–20 cm) but declining sharply at depth, indicating stronger retention or precipitation under subsurface geochemical conditions.
Among the dumpsite groups, the AB sites displayed the highest Pb release, particularly AB2 and AB3, where exceptionally high Pb percentages were observed at both surface and subsurface layers (up to 89.60% at 20–40 cm in AB2). This suggests intense Pb loading and possible downward migration facilitated by high leachate fluxes, soil permeability, or complexation with organic matter. The A sites (A1–A3) showed comparatively moderate but consistent release patterns, with Ni and Cr displaying relatively elevated mean values, indicating mixed sources and sustained mobility. The P sites (P1–P3) were characterized by notably high Ni release in surface soils (up to 61.89% at P3, 0–20 cm) and variable Cd behavior, pointing to heterogeneous waste composition and localized geochemical controls.
Depth-wise, the sharp reduction in release percentages at 40–60 cm for most metals, particularly Cr and V, suggests attenuation mechanisms such as adsorption onto clay minerals, co-precipitation with Fe–Mn oxides, and reduced organic matter availability at depth. However, the persistence of relatively high Pb and Ni values in some subsurface layers (e.g., AB2 and AB3) indicates a potential risk of vertical transport, which may pose long-term threats to underlying groundwater systems.
In summary, Table 4 demonstrates that metal release in dumpsite soils is strongly controlled by soil depth, dumpsite characteristics, and metal-specific geochemical behavior. The dominance of high surface release underscores the vulnerability of topsoil to contamination (Winegardner, 2019), while elevated subsurface values at selected sites highlight the need for site-specific risk assessment and remediation strategies, particularly where groundwater resources are at risk.

CONCLUSION 
This study examined the physicochemical properties and heavy metal concentrations of soils impacted by waste materials from automechanic workshops, paint-processing sites, and abattoirs within Akwa Ibom State, Nigeria. 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 dominance of Pb, Cd, and Ni in automechanic wastes and soils, and Cr and V in paint-processing sites, highlights distinct contamination signatures linked to specific anthropogenic activities. The soils’ sandy texture and moderate organic matter content have likely facilitated downward metal mobility through leaching and infiltration. Consequently, the persistence and mobility of these metals may threaten soil health, groundwater quality, food safety, and the overall integrity of the local terrestrial ecosystem.
	The following recommendations should be implemented for sustainable environmental development. First, the practice of open dumping should be discontinued; local and state authorities should enforce the development of engineered landfills with impermeable liners and leachate management systems to prevent heavy metal infiltration into soils and groundwater. Secondly, Agencies such as the National Environmental Standards and Regulations Enforcement Agency (NESREA) and local environmental departments should enforce stricter waste management regulations, conduct periodic environmental audits, and impose penalties for non-compliance. Furthermore, waste generated from automechanic and paint-processing activities should be sorted at source to separate metallic residues, lubricants, and chemical solvents. Recyclable materials should be recovered and processed through licensed recycling facilities to reduce environmental loading. 
In addition, contaminated soils should be rehabilitated using phytoremediation, biochar application, or microbial-assisted metal immobilisation, which are sustainable and cost-effective for tropical sandy soils. Metal-accumulating plants such as Vetiveria zizanioides and Pennisetum purpureum can be deployed for effective cleanup. Furthermore, continuous soil and groundwater monitoring programs should be instituted to track temporal changes in metal concentrations, speciation, and bioavailability. Monitoring data will help assess remediation progress and provide early warnings of potential ecological threats. Lastly, targeted environmental education should be organised for mechanics, painters, abattoir operators, and nearby residents to raise awareness of the health and ecological risks of improper waste disposal. Community participation should be encouraged in waste segregation and recycling initiatives. 
	In summary, the study demonstrates that anthropogenic waste inputs have significantly deteriorated soil quality in the study area, necessitating immediate remediation and policy-driven waste management reforms. Implementing these recommendations will help safeguard soil health, prevent further contamination, and align local practices with global standards for sustainable environmental management.
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Soil	AB	P	A	20.7	90.1	116.5	Wastes	AB	P	A	60.2	270	393.2	Different dumpsite soils 
Concentration of cadmium (mg/kg)
Soil	AB	P	A	81.5	511	402.8	Wastes	AB	P	A	243	1413.1	1051	Different dumpsite soils
Concentration of chromium (mg/kg)
Soil	AB	P	A	99.2	137.6	226.1	Wastes	AB	P	A	262	345	563	Different dumpsite soils
Concentrations of nickel (mg/kg)
Soil	AB	P	A	81	179.3	152.69999999999999	Wastes	AB	P	A	226	487	507	Different dumpsite soils
Concentration of vanadium (mg/kg)
C	AB	P	A	7	54	1548	3918	Different dumpsite soils
Concentration of lead (mg/kg)
C	AB	P	A	0.6	20.7	90.1	116.5	Different dumpsite soils
Concentration of cadmium (mg/kg)
C	AB	P	A	1	81.5	511	402.8	Different dumpsite soils
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Concentration of vanadium (mg/kg)
Soil	AB	P	A	54	1548	3918	Wastes	AB	P	A	166	4359	8621.1	Different dumpsite soils 
Concentrations of lead (mg/kg)
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