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Abstract
Open-cast coal mining is one of the most intensive anthropogenic activities altering soil fertility and ecosystem balance. This study investigates the influence of open-cast coal mining on the physico-chemical and nutrient properties of soils in the Gayatri Coal Mining area, Surajpur District, Chhattisgarh, India. Sixteen soil samples were collected at two depths (15–30 cm and 30–50 cm) and distances (2–6 km) from the mine, including mining and agricultural control sites. Analyses included pH, electrical conductivity (EC), organic carbon (OC), macronutrients (N, P, K, S), and micronutrients (Zn, B, Fe, Mn, Cu). Mining-affected soils exhibited marked acidification (pH 5.2–5.9), depletion of organic carbon and nitrogen, and inconsistent micronutrient concentrations. Control soils showed near-neutral pH, balanced nutrients, and higher organic content (>1.0%). Elevated iron and manganese in mining areas indicate heavy metal mobilization due to surface exposure. The study underscores that open-cast mining severely deteriorates soil structure and fertility, requiring targeted reclamation involving organic amendments, microbial inoculants, and continuous ecological monitoring.
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1. Introduction
Coal mining activities exert a profound influence on terrestrial ecosystems, primarily through the removal of vegetation, topsoil, and nutrient-rich horizons essential for sustaining soil fertility (Ghose, 2004; Ram & Masto, 2010). The stripping of these upper layers disrupts the soil’s structural integrity and adversely affects its physical and chemical attributes. As a consequence, significant reductions in soil organic carbon, alterations in nutrient cycling, and a decline in microbial diversity and enzymatic activity occur, leading to impaired soil health and productivity (Kumari & Maiti, 2022). Moreover, the exposure of mineral-rich substrates to atmospheric conditions accelerates oxidation and acidification processes, resulting in the mobilization of trace metals that further deteriorate soil quality. Such changes persist long after mining operations cease, rendering the landscape barren, acidic, and deficient in biological productivity (Discher et al., 2021). In India, various reclamation strategies have been implemented to mitigate the detrimental effects of open-cast mining. Practices such as the application of organic amendments, plantation of native vegetation, and soil profile reconstruction have demonstrated potential in enhancing soil fertility and stability (Mukhopadhyay et al., 2014; Tripathi et al., 2016). However, these efforts often achieve limited success due to inconsistent implementation, inadequate monitoring, and poor soil management practices. The Gayatri Coal Mining area, located in Surajpur District, Chhattisgarh, exemplifies this issue, where intensive extraction has converted once-productive agricultural lands into severely degraded mine spoils. Despite the evident environmental implications, a comprehensive scientific evaluation of soil quality within this region remains largely unexplored. Therefore, the present study seeks to address this research gap by (i) assessing variations in the physico-chemical characteristics of soils in the Gayatri mining area, (ii) comparing these findings with adjacent agricultural soils, and (iii) determining the extent of degradation to recommend suitable reclamation and soil restoration measures aimed at ecological recovery and sustainable land use in post-mining landscapes.
2. Materials and Methods
2.1 Study Area
The Gayatri Coal Mine (23.1097°N, 82.9051°E) is an open-cast project operated by South Eastern Coalfields Limited (SECL) in Surajpur District, Chhattisgarh. The region is characterized by tropical climatic conditions and red-yellow soils derived from Gondwana sedimentary rocks. These soils, classified into Kanhar, Matasi, Dorsa, and Bhata subtypes, are inherently low in fertility and organic matter (Dewangan et al., 2025).
2.2 Sampling Design
Soil samples were collected during February–March 2025 from three directions (north, east, west) at distances of 2 km and 3 km from the mine. Control samples were taken from agricultural lands located 5–6 km south of the mining area. Each location was sampled at two depths: 15–30 cm and 30–50 cm.
Table 1. Soil sampling details from Gayatri Coal Mining Area
	Sample ID
	Area Type
	Direction
	Depth (cm)
	Distance from Mine (km)

	S1–S4
	Mining Area (North)
	North
	15–50
	2–3

	S5–S8
	Mining Area (West)
	West
	15–50
	2–3

	S9–S12
	Mining Area (East)
	East
	15–50
	2–3

	S13–S16
	Control (Agriculture)
	South
	15–50
	5–6
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Figure 1. Conceptual diagram of soil sampling layout and impact zones


2.3 Analytical Methods
The present study was carried out in the Gayatri Coal Mining Area (23.1097° N, 82.9051° E), an extensive open-cast mining site operated by South Eastern Coalfields Limited (SECL), situated in the Surguja District of Chhattisgarh, India. The mine occupies an area of approximately 616.96 hectares, covering the villages of Getra, Jobga, and Pondi, and represents one of the major coal extraction zones in the region. The landscape is geologically underlain by Gondwana sedimentary formations, which have given rise to red and yellow soil types. These soils are inherently poor in nutrients and are categorized into four distinct subtypes : Kanhar, Matasi, Dorsa, and Bhata . Depending on their texture, drainage capacity, and organic matter content. Mining operations have intensified the natural infertility of these soils by stripping topsoil, removing vegetation cover, and exposing the substrata to oxidation processes. This has led to a marked decline in organic matter and total nitrogen, coupled with increased soil acidity and heavy metal mobility, thereby aggravating soil degradation (Dewangan et al., 2025). To assess the extent of this degradation, soil sampling was conducted between February and March 2025 during the dry season to minimize variability due to moisture fluctuations. Samples were collected from three cardinal directions north, east, and west at 2 km and 3 km distances from the mine boundary, representing gradients of mining influence. At each sampling location, soils were obtained from two depths: 15–30 cm (surface layer) and 30–50 cm (subsurface layer). For comparison, control samples were taken from agricultural fields located 5 km and 6 km south of the mining area, where no direct mining disturbance occurred. These sites were selected for their comparable topography and land-use history, allowing an accurate assessment of mining-induced soil variation. Details of sampling sites and coordinates are summarized in Table 1. The collected samples were analyzed using standard soil analytical protocols. Soil pH was determined using a calibrated pH meter, and electrical conductivity (EC) was measured with a conductivity meter to estimate soluble salt content. Organic carbon (OC) was analyzed by the Walkley–Black wet oxidation method, while total nitrogen (N) was estimated through Kjeldahl digestion. Available phosphorus (P) was measured using Bray’s extraction and spectrophotometric determination, and potassium (K) was quantified via flame photometry. Sulphur (S) concentration was determined spectrophotometrically, and micronutrients—including zinc (Zn), iron (Fe), manganese (Mn), and copper (Cu)—were analyzed using Atomic Absorption Spectroscopy (AAS). Boron (B) was estimated spectrophotometrically following the established standard procedures (Dewangan et al., 2025; Ahirwal et al., 2016). All obtained data were statistically evaluated to identify differences in soil fertility, nutrient depletion, and trace metal accumulation between the mining and control sites. This comparative assessment aimed to elucidate the extent of soil quality deterioration resulting from open-cast coal mining activities and to provide a scientific basis for reclamation and sustainable soil management strategies in the Gayatri mining region.
3. Results and Discussion
3.1 Soil Acidity and Conductivity
Soil pH varied from 5.28 to 6.84 across the study sites (Table 2). Mining zones, particularly in northern and eastern directions, were more acidic, whereas western and control soils were slightly alkaline. Acidification likely results from oxidation of pyrite minerals and depletion of base cations (Makdoh & Kayang, 2015). Electrical conductivity ranged between 0.11–0.97 dS/m, indicating non-saline conditions but reflecting mineral leaching processes.
3.2 Organic Carbon and Macronutrients
Organic carbon (OC) was lowest (0.10%) in soils closest to the mine and exceeded 1.0% in agricultural soils. Nitrogen levels ranged from 25–150 kg/ha, confirming nutrient loss due to topsoil removal and reduced microbial biomass (Adeli et al., 2019). Phosphorus was higher in control soils due to fertilization, while potassium showed irregular distribution (140–343 kg/ha), reflecting K-bearing mineral weathering. Sulfur content was relatively uniform, indicating minimal secondary pollution.
3.3 Micronutrient and Heavy Metal Distribution
Mining soils showed elevated Fe, Mn, and Cu concentrations (up to 17.9 ppm Fe and 16.8 ppm Mn) due to geological exposure and coal dust deposition (Roy & Mukherjee, 2022). However, low pH and OC reduce metal bioavailability. Agricultural soils displayed balanced micronutrient profiles within safe agronomic limits, consistent with findings from similar coal mining regions (Wulandari et al., 2022).
Table 2. Summary of soil physico-chemical properties in mining and control sites
	Parameter
	Range (Mining)
	Range (Control)

	pH
	5.28 – 6.84
	6.33 – 6.84

	EC (dS/m)
	0.11 – 0.97
	0.71 – 0.79

	OC (%)
	0.10 – 0.97
	1.20 – 1.35

	N (kg/ha)
	25 – 87.8
	137.9 – 150.7

	P (kg/ha)
	140.0 – 343.9
	208.3 – 281.4

	K (kg/ha)
	156.8 – 343.9
	208.3 – 239.2

	S (kg/ha)
	21.4 – 29.5
	22.6 – 27.6

	Fe (ppm)
	8.3 – 17.9
	8.4 – 14.9

	Mn (ppm)
	11.3 – 19.5
	12.2 – 16.5

	Cu (ppm)
	0.42 – 2.48
	0.47 – 0.91



3.4 Implications for Reclamation
The findings of this study clearly indicate that the decline in soil fertility within mining-affected zones of the Gayatri Coal Mining area is predominantly associated with organic matter depletion, acidification, and nutrient imbalance. Continuous removal of vegetation and topsoil during mining operations has disrupted the natural nutrient cycle, reduced soil buffering capacity, and inhibited microbial functioning—all of which are essential for sustaining productive ecosystems. These alterations not only lower the soil’s capacity to support vegetation but also hinder its long-term recovery potential. To reverse such degradation, integrated reclamation strategies must be adopted, focusing on organic matter restoration, biological revitalization, and structural improvement. The application of organic amendments, including compost, farmyard manure, and fly ash-organic mixtures, can significantly enhance soil fertility by improving its carbon content, moisture retention, and cation exchange capacity (Masto et al., 2015). Moreover, the incorporation of biofertilizers and microbial inoculants such as Azotobacter, Rhizobium, and Mycorrhizae can help restore beneficial microbial populations, thereby facilitating nutrient mineralization and enhancing plant growth. In addition, moisture conservation techniques, including mulching, contour bunding, and the use of vegetative barriers, can reduce erosion and sustain soil moisture in reclaimed areas. Establishing native and adaptive plant species with deep rooting systems can further stabilize spoil materials, improve soil structure, and initiate ecological succession toward a self-sustaining ecosystem. Furthermore, the implementation of long-term soil quality monitoring programs is essential to assess recovery trends and evaluate the success of reclamation practices over time. Monitoring parameters such as soil organic carbon, pH, microbial biomass, and heavy metal concentration will help track the trajectory of ecological restoration and inform necessary management adjustments. Thus, the reclamation of mined-out areas in the Gayatri region should adopt a holistic, scientifically guided, and adaptive management approach. Such practices will not only restore soil productivity and ecological balance but also ensure the sustainable rehabilitation of post-mining landscapes in alignment with regional environmental goals.
4. Conclusion
The Gayatri Coal Mining area exhibits marked soil degradation resulting from prolonged open-cast mining operations. The extensive excavation and removal of surface layers have caused severe disturbances in soil structure, leading to the loss of organic carbon, depletion of essential nutrients, and the acidification of soil profiles. These changes have been compounded by the accumulation of heavy metals, which disrupts nutrient cycling and inhibits the growth and activity of beneficial soil microorganisms. As a result, the soil’s fertility and biological productivity have declined significantly, posing long-term challenges for ecosystem restoration and sustainable land use. To mitigate these adverse effects, a comprehensive reclamation strategy is imperative. Effective restoration should prioritize the replenishment of organic matter through the application of compost, farmyard manure, and green biomass to enhance soil structure and microbial habitat. The reactivation of microbial communities is particularly crucial, as soil microorganisms play a vital role in nutrient mineralization, organic matter decomposition, and detoxification of heavy metals. Moreover, nutrient management plans involving balanced fertilization and the incorporation of nitrogen-fixing and mycorrhizal plant species can accelerate the recovery of soil fertility and biological activity. In addition to biological amendments, reclamation should adopt a long-term ecological monitoring framework to evaluate soil recovery dynamics, vegetation establishment, and contamination reduction over time. Integrating scientifically guided rehabilitation techniques, such as geo-technical stabilization, topsoil replacement, and the establishment of native vegetation, can substantially improve soil resilience. Sustainable mining practices, including minimal topsoil disturbance, controlled overburden dumping, and concurrent reclamation during active mining, should be institutionalized to prevent further degradation. Ultimately, the restoration of the Gayatri mining landscape demands a multidisciplinary approach that combines ecological engineering, soil science, and environmental management. Implementing such measures under continuous supervision will not only restore soil functionality but also promote long-term ecosystem stability and sustainability in the post-mining environment.
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