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Abstract
Anthropogenic activities such as mining, improper waste disposal, and agricultural practices have contributed significantly to heavy metal contamination in soils, posing substantial ecological and public health risks. This study assessed the levels of heavy metal contamination in soils across four locations; Lambangudu, Maijankasa, Gidan Kara Bodel, and Quentin Gate in Gashaka Local Government Area (LGA), Taraba State, Nigeria. Using the Geo-accumulation Index (Igeo), soil samples were analyzed for nine heavy metals: cadmium (Cd), lead (Pb), cobalt (Co), copper (Cu), chromium (Cr), zinc (Zn), nickel (Ni), manganese (Mn), and iron (Fe). The results revealed that Mn, Pb, and Fe exhibited extreme contamination (Igeo > 6) across all sites, indicating strong anthropogenic influence, likely from artisanal mining and unregulated waste disposal. Ni and Co also recorded high contamination levels, falling within the heavily to extremely contaminated class (Igeo Class 5), while Zn showed moderate contamination. Cd, Cu, and Cr remained within uncontaminated levels (Igeo Class 0), suggesting limited anthropogenic inputs for these metals. The findings highlight serious ecological threats and potential public health hazards due to the bioaccumulative nature of these metals. Urgent remediation, policy enforcement, and public health interventions are recommended to mitigate the risks in these vulnerable communities.
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1. Introduction
The accelerated pace of industrialization, urbanization, and unsustainable agricultural practices has led to increased concerns over anthropogenic contamination of soils, especially in developing regions like sub-Saharan Africa. Among the most pressing issues is heavy metal pollution, which poses a significant threat to both ecological systems and human health (Adelekan & Abegunde, 2020). In Nigeria, the proliferation of artisanal and small-scale mining (ASM), indiscriminate waste disposal, and application of agrochemicals have been associated with elevated concentrations of heavy metals in agricultural and residential soils (Obi et al., 2022).
Gashaka Local Government Area (LGA) in Taraba State, Nigeria, is endowed with mineral-rich terrains and has witnessed increased human activities, including mining, which potentially exacerbate heavy metal pollution. Although the area plays a crucial role in local economic sustenance, the environmental and public health consequences of soil contamination remain under-investigated. Soil, being a dynamic reservoir of essential and non-essential elements, can serve both as a sink and a source of pollutants. Heavy metals such as lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), and manganese (Mn) tend to persist in soils, bioaccumulate, and enter the food chain, thereby impacting biodiversity and human health (Chibuike & Obiora, 2021; Zhang et al., 2023).
To adequately assess contamination levels and risk potentials, various indices have been developed. Among these, the geo-accumulation index (Igeo) introduced by Müller remains one of the most widely used tools for evaluating the extent of anthropogenic influence on soil heavy metal concentrations. The Igeo accounts for natural background levels and helps in distinguishing between natural and human-induced contamination (Keshavarzi & Kumar, 2020).
This study, therefore, evaluates the spatial variability and severity of soil contamination by heavy metals in selected sites within Gashaka LGA, namely Lambangudu, Maijankasa, Gidan Kara Bodel, and Quentin Gate. By employing the geo-accumulation index, the research seeks to identify the pollution classes of individual metals and determine the ecological risks associated with these contaminants. The outcome of this assessment is critical for informing local policies, guiding remediation efforts, and protecting community health.
2. Materials and Methods
2.1 Study Area
The study was conducted in Gashaka Local Government Area, located in the Central Senatorial Zone of Taraba State, northeastern Nigeria. The region is characterized by a mixture of savannah and montane ecosystems, with an elevation ranging from 300 to 1,800 meters. The area experiences a tropical climate with distinct wet and dry seasons and supports various forms of land use, including agriculture, grazing, and mining. ASM activities in the region focus mainly on gold, lead, and associated sulfide ores.
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Figure 1: Map of the Study Area
2.3 Sampling Design and Sample Collection
Soil samples were collected from four ASM sites: Lambangudu, Maijankasa, Gidan Kara Bodel, and Quenty Gate. At each site, nine composite soil samples were obtained using a grid-based sampling method. Samples were collected from the top 0–20 cm of soil using a stainless steel auger to avoid metal contamination. Each composite sample was made by mixing sub-samples from 3–5 points within a 10-meter radius. Samples were stored in pre-cleaned polyethylene bags, labelled, and transported to the laboratory under controlled conditions.
2.4 Sample Preparation and Analysis
In the laboratory, soil samples were air-dried at room temperature, homogenized, and passed through a 2 mm plastic sieve. Approximately 1 gram of each sieved soil sample was digested using a mixture of concentrated nitric acid (HNO₃) and perchloric acid (HClO₄) following the protocol outlined by the American Public Health Association (APHA, 2012). The digested samples were filtered and analyzed for cadmium (Cd), lead (Pb), cobalt (Co), copper (Cu), chromium (Cr), zinc (Zn), nickel (Ni), manganese (Mn), and iron (Fe) using a Flame Atomic Absorption Spectrophotometer (AAS; model AA-7000, Shimadzu Corp.).
2.5 Geo-accumulation Index (Igeo) Calculation
The level of heavy metal contamination was assessed using the Geo-accumulation Index (Igeo), which is calculated according to the equation developed by Müller (1969):

Where:
Cn is the measured concentration of the element in the soil sample,
Bn is the background concentration of the element,
1.5 is a constant factor accounting for background matrix variability.
Background values were derived from global geochemical averages for uncontaminated soils, following Alloway (2013). The Igeo values were then classified into seven categories ranging from class 0 (uncontaminated) to class 6 (extremely contaminated).
2.6 Quality Assurance and Control
All glassware and containers were acid-washed and rinsed with distilled water before use. Reagent blanks, duplicate samples, and certified reference materials (CRM) were included in the analysis to ensure data accuracy and precision. Analytical results showed recovery rates between 90% and 105%, with relative standard deviations below 10%.
3. Results 
Table 1: Geo-accumulation Index of Soil Samples from Lambangudu
	Metal
	Igeo
	Class
	Pollution Level

	Cd
	0.0000
	0
	Uncontaminated

	Pb
	8.3574
	6
	Extremely contaminated

	Co
	5.0589
	5
	Heavily to extremely contaminated

	Cu
	0.0000
	0
	Uncontaminated

	Cr
	0.0000
	0
	Uncontaminated

	Zn
	1.7640
	1
	Uncontaminated to moderately contaminated

	Ni
	5.5328
	5
	Heavily to extremely contaminated

	Mn
	13.6502
	6
	Extremely contaminated

	Fe
	8.2760
	6
	Extremely contaminated


The results from Lambangudu reveal alarming levels of Pb, Mn, and Fe, indicating intense environmental contamination, likely due to ore processing and dumping of mining waste. Similar levels have been associated with health hazards, including neurotoxicity and groundwater pollution (Table 1).
Table 2: Geo-accumulation Index of Soil Samples from Maijankasa
	Metal
	Igeo
	Class
	Pollution Level

	Cd
	0.0000
	0
	Uncontaminated

	Pb
	8.2084
	6
	Extremely contaminated

	Co
	4.8524
	4
	Heavily contaminated

	Cu
	0.0000
	0
	Uncontaminated

	Cr
	0.0000
	0
	Uncontaminated

	Zn
	1.5021
	1
	Uncontaminated to moderately contaminated

	Ni
	5.3847
	5
	Heavily to extremely contaminated

	Mn
	13.6304
	6
	Extremely contaminated

	Fe
	8.2675
	6
	Extremely contaminated


Soils from Maijankasa show similar trends, with Pb, Mn, and Fe again being extremely contaminated. The high Igeo values for Ni and Co suggest serious pollution, consistent with artisanal extraction and improper tailings disposal (Table 2).
Table 3: Geo-accumulation Index of Soil Samples from Gidan Kara Bodel
	Metal
	Igeo
	Class
	Pollution Level

	Cd
	0.0000
	0
	Uncontaminated

	Pb
	8.3775
	6
	Extremely contaminated

	Co
	5.6756
	5*
	Likely heavily to extremely contaminated

	Cu
	0.0000
	0
	Uncontaminated

	Cr
	0.0000
	0
	Uncontaminated

	Zn
	1.7797
	1
	Uncontaminated to moderately contaminated

	Ni
	5.6797
	5
	Heavily to extremely contaminated

	Mn
	13.5617
	6
	Extremely contaminated

	Fe
	8.2498
	6
	Extremely contaminated


The contamination levels at Gidan Kara Bodel closely mirror those from Lambangudu and Maijankasa. Co, Ni, and Zn levels reinforce the pattern of intense soil contamination in the Central Taraba mining corridor (Table 3).
Table 4: Geo-accumulation Index of Soil Samples from Quenty Gate
	Metal
	Igeo
	Class
	Pollution Level

	Cd
	0.0000
	0
	Uncontaminated

	Pb
	8.2403
	6
	Extremely contaminated

	Co
	5.4075
	5
	Heavily to extremely contaminated

	Cu
	0.0000
	0
	Uncontaminated

	Cr
	0.0000
	0
	Uncontaminated

	Zn
	1.4697
	1
	Uncontaminated to moderately contaminated

	Ni
	5.8997
	5
	Heavily to extremely contaminated

	Mn
	13.5628
	6
	Extremely contaminated

	Fe
	8.2742
	6
	Extremely contaminated


Quenty Gate presents one of the highest cumulative contamination profiles, with extreme values for Mn, Fe, and Pb, and significant Co and Ni pollution. These values are indicative of both ore type and poor mining practices, as also observed in similar contexts (Table 4).
4. Discussion
The results from the four sampling sites in Gashaka LGA; Lambangudu, Maijankasa, Gidan Kara Bodel, and Quentin Gate reveal substantial anthropogenic heavy metal pollution, with particular concern for manganese (Mn), lead (Pb), iron (Fe), cobalt (Co), and nickel (Ni). The use of the Geo-accumulation Index (Igeo) effectively quantified contamination levels and classified soils from unpolluted to extremely contaminated. Consistent findings across the sites for Mn, Pb, and Fe in the extremely contaminated class (Class 6) suggest that these metals have a widespread and uniform source, likely related to artisanal mining, smelting activities, and possibly industrial or e-waste disposalas also reported in similar studies in mining-dense regions (Adeyeye et al., 2022; Al-Khashman & Shawabkeh, 2021).
Mn recorded the highest Igeo values in all four sites (Igeo > 13), placing it in the extreme contamination class. While manganese is an essential micronutrient for plants and humans, excessive exposure is neurotoxic, particularly through dust inhalation or ingestion from crops grown in Mn-rich soils (Zhang et al., 2021). The elevated Mn levels mirror findings from Kogi and Zamfara States, Nigeria, where manganese toxicity has been linked to informal mining and ore processing (Ogunyemi et al., 2022). Additionally, Mn contamination affects microbial activities and soil enzyme functioning, thereby degrading overall soil fertility (Ighalo et al., 2023). The similar Mn contamination across all sites supports the notion that anthropogenic activities are systematically affecting soils in Gashaka LGA.
Pb levels in all locations also exceeded the Igeo Class 6 threshold (>8), suggesting extreme contamination. Lead is a non-essential, highly toxic heavy metal, known for its persistence in soils and high potential for bioaccumulation. Chronic exposure to lead affects neurological development, particularly in children, and has been linked to kidney disease, reproductive toxicity, and behavioral disorders (WHO, 2022). The consistently high Pb levels in the study sites align with reports from similar mining and smelting communities in Plateau and Taraba States, where lead concentrations have exceeded WHO and FAO safety limits for agricultural soils (Abubakar et al., 2021). Mining residues, battery dumps, and use of lead-based agrochemicals could explain the contamination pattern.
Ni and Co levels were classified as heavily to extremely contaminated (Igeo Class 5) across all sites. Ni was particularly elevated at Quentin Gate (Igeo = 5.90), raising concerns over its carcinogenic potential. Long-term exposure to Ni has been associated with respiratory tract infections, skin dermatitis, and organ toxicity (Yuan et al., 2020). Similarly, high Co levels (up to Igeo = 5.68) at Gidan Kara Bodel underscore the geochemical risk posed by cobalt exposure. Cobalt toxicity may affect cardiovascular and endocrine systems and can lead to DNA damage if bioavailable (Oboh et al., 2023). These results corroborate findings in Tanzanian gold mining areas, where Co and Ni were also dominant pollutants (Kasambara et al., 2020). The high Co and Ni readings point to metalliferous waste disposal, unregulated ore washing, and tailings leachate as possible pollution sources.
Iron, while essential for plants and animals, can become toxic at elevated concentrations. All four locations had Fe levels categorized as extremely contaminated (Class 6). Fe overload in soils can alter pH and redox conditions, affecting the solubility and mobility of other metals (Fashola et al., 2020). Elevated iron can also interfere with phosphorus uptake in plants, thereby impairing crop yields and soil balance. Notably, similar extreme Fe contamination levels have been reported in Nasarawa and Ebonyi States, both of which also host informal mining operations. This correlation further supports the anthropogenic source hypothesis (Adelekan & Abegunde, 2020).
Interestingly, Cd, Cr, and Cu levels were consistently in the uncontaminated class (Class 0) across all sites. This suggests limited usage or deposition of these metals in the area. Unlike Pb and Ni, cadmium is often linked to phosphate fertilizers, batteries, and plastics, which may not be prevalent in the study locations (Nguyen et al., 2023).
The absence of significant Cr and Cu levels indicates either their absence in the local geology or effective environmental attenuation mechanisms like adsorption or precipitation. However, their presence should still be monitored due to their high mobility under acidic conditions. Zn levels ranged between Igeo = 1.47 and 1.78, placing them in the uncontaminated to moderately contaminated class (Class 1). Although Zn is essential for plant and microbial growth, excessive concentrations may impair soil enzyme activity and induce phytotoxic effects (Chibuike & Obiora, 2021). The Zn levels recorded are not yet alarming but could increase with continuous anthropogenic pressure. Zn contamination is often attributed to corrosion of galvanized materials and leaching from dumpsites, making its gradual rise in the region plausible (Obi et al., 2022).
5. Conclusion
This study confirms that soils in Lambangudu, Maijankasa, Gidan Kara Bodel, and Quenty Gate in Gashaka LGA are severely polluted with heavy metals due to artisanal mining activities. The application of the Geo-accumulation Index highlights the urgent need for comprehensive environmental monitoring programs, soil and water remediation strategies, public health assessments and community awareness and enforcement of environmental regulations and rehabilitation policies.
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