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Abstract. This study investigates soil reclamation and contamination at coal gangue dumps in China's 

Loess Plateau. Soil samples from dump sites and adjacent areas (50 m radius) revealed sandy textures 

(mean sand:75.5%, silt:14.2%, clay:10.39%). Compared to controls, sand content decreased by 5.6% at 

dumps and 3.3% at 50 m. Soils were acidic with elevated electrical conductivity (dump mean 

EC:332 μS/cm; 50 m:294 μS/cm) and low organic carbon. Critical heavy metal contamination was 

observed: average Cd and Zn concentrations exceeded both risk screening and control values (GB 15618-

2018), while Pb surpassed screening values (1.06×) but not control thresholds. Heavy metal distribution 

followed Fe > Mn > Zn > Pb > Cd. Significant positive correlations (Cd-Pb-Zn) indicated homogeneous 

pollution sources. Findings demonstrate gangue-induced soil degradation and compound heavy metal 

contamination, necessitating targeted remediation strategies. 

Keywords: Loess Plateau, coal mining area, soil particle size distribution, soil heavy metals, soil 

reclamation 

Introduction 

With the continuous advancement of social industrialization and technology, human 

beings have carried out unprecedented scales and intensities of mineral resource 

extraction, which provides important material support for human survival and 

sustainable development (Zhang et al., 2024) According to statistics, approximately 

3 million hectares of land in China have been polluted due to mining activities, with 

533,000 hectares of abandoned land resulting annually from mining (The Ministry of 

Natural Resources' Opinions on Exploring the Use of Market-based Approaches to 

Promote Mine Ecological Restoration, Policy Interpretation, 2019). The waste residues, 

waste rock piles, and tailing ponds formed during mineral resource extraction and 

smelting not only occupy large areas of land but also cause ecological destruction and 

environmental pollution in mining areas and surrounding regions (Wang et al., 2019). 

These are one of the primary sources of environmental heavy metal pollution (Fei et al., 

2019). Heavy metals entered into the surrounding environment through atmospheric 
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deposition, leachate from waste residues, and groundwater runoff, eventually leading to 

severe contamination of the surrounding soil and crops (Zhang et al., 2023). The fractal 

dimension of soil is a highly feasible indicator for quantitatively reflecting the shape of 

soil and soil nutrient content. Moreover, soil fractal theory has become an important 

tool for researching and quantitatively describing soil structural characteristics and has 

been widely applied in recent years. 

Soil particle composition is the fundamental framework of the soil structure and one 

of its important physical properties (Mohammadi et al., 2019). It can influence soil 

structure (Zuo et al., 2020), soil water content (Antinoro et al., 2014), soil nutrient 

levels (Kome et al., 2019; Ruehlmann et al., 2020; Zhang et al., 2022), soil temperature 

(Wang et al., 2016), soil tillage performance, and soil erosion resistance (Sun et al., 

2015), thereby affecting the migration and transformation of heavy metals in the soil. 

For example, studies on soil particle composition and carbon sequestration under 

vegetation restoration in the Mu Us Sandy Land show a significant correlation between 

soil particle composition and carbon sequestration (Wang et al., 2020). Additionally, 

heavy metals combine with fine soil particles in various ways, posing potential risks to 

human health and the environment. Research has shown that fine particles containing 

heavy metals can become suspended in the atmosphere due to wind, and enter the 

human body through respiratory and dermal exposure, leading to various diseases 

(Yamamoto et al., 2006). Furthermore, studies indicate that the adsorption capacity of 

soil particles for heavy metals varies with particle size. Fine particles, with their larger 

specific surface area, higher content of soil organic matter (SOM), and metal oxides, 

tend to contain higher concentrations of heavy metals (Liu et al., 2018; Li et al., 2021). 

Soil heavy metals possess significant characteristics such as biological toxicity, 

concealment, persistence, long-term accumulation, and irreversibility, which can harm 

plants, animals, and human health through the food chain (Verma et al., 2019; Luo et al., 

2020). Studies have shown that wild animals living in polluted areas accumulate large 

amounts of heavy metals in their bodies (Pogányová et al., 2022; Lima et al., 2023). 

Vegetables grown in polluted irrigation areas also have higher heavy metal 

concentrations than the limits recommended by the World Health Organization (Abbas 

et al., 2023). In coal mining areas, the average concentrations of Cd, Cr, and Ni in 

vegetable garden soils are significantly higher than background levels (Ahmad et al., 

2020), and these heavy metals enter higher trophic levels through the food chain (Gavri 

et al., 2019). Moreover, heavy metals combine with proteins containing hydroxyl and 

amino groups and various enzymes in the human body, affecting normal physiological 

and biochemical functions. In some cases, they may even lose biological activity, 

leading to metabolic disorders of proteins and carbohydrates, as well as changes in 

DNA and neurotransmitters (Chen et al., 2016). Studies show that the accumulation of 

Cd and Pb in the human body can damage the nervous system, lead to kidney failure, 

respiratory diseases, cardiovascular diseases, and other health issues (Adimalla et al., 

2020; Wang et al., 2024). Currently, heavy metals, particularly Cd and Pb, are the 

primary pollutants affecting soil environmental quality. Therefore, investigating and 

controlling the risks of Cd and Pb is an urgent issue. Furthermore, exploring the 

relationship between soil texture, fractal dimension, and heavy metals will provide a 

theoretical foundation for further developing an ecological restoration model for mining 

area land reclamation. 
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Research methods and materials 

Study area overview 

The Shigetai Coal Mine is located approximately 55 kilometers northwest of 

Shanjiaocheng, Shenmu County, on the northeastern side of the Ulanmulun River, 

China. Administratively, it is under the jurisdiction of Daliuta Town, Shenmu County. 

To the west of the mining area lies the Ulanmulun River, to the south is the Halaogou 

coal mine, and to the north it borders the Batuta coal mine. The eastern boundary is 

defined by the Qigai Gully and the Shaanxi-Mongolia border, while the western 

boundary is also marked by the Ulanmulun River. The geographic coordinates of the 

coal mine are between 110°09′41″ to 110°18′35″ E and 39°17′02″ to 39°35′16″ N. The 

Shigetai Coal Mine spans approximately 8.4 km in length from north to south and about 

8.5 km in width from east to west, covering an area of 65.25 km². The mining area is 

situated in the northern part of the Loess Plateau in northern Shaanxi and the 

southeastern edge of the Maowusu Desert, characterized by a semi-arid continental 

monsoon climate in the northern temperate zone. The geomorphological units can be 

divided into two categories: windblown sand is found in the northern part of the mining 

area, with dunes stretching in a continuous wave-like form, and the terrain is relatively 

flat, with undeveloped water systems. The area has an average annual temperature of 

8.7°C, with an extreme maximum temperature of 41.2°C and an extreme minimum 

temperature of -29°C. The average annual precipitation is 405.6 mm. 

The Shigetai Coal Mine is one of the main production mines of the Shenhua Dongbei 

Coal Group. It officially commenced production on January 15, 2006, with geological 

reserves of 893 million tons and recoverable reserves of 657 million tons. The coal 

quality is characterized by low ash, low sulfur, low phosphorus, and medium to high 

calorific value. It primarily consists of high-volatile long flame coal and non-caking 

coal, making it a high-quality coal suitable for power generation, chemical, and 

metallurgical industries. The mine is now closed. 

Sample collection 

This study investigated the concentrations of Cd, Pb, Zn, Fe, and Mn in the soils of 

the Shige Tai mining area and its surrounding environment (within 50 meters of the slag 

pile). To establish a more robust control baseline, the reference sampling area was 

strategically relocated to a non-contaminated zone situated 2–3 km from the waste 

repository. The samples were collected between July and August 2021. The mining area 

was divided into six equal strata, and soil samples were collected from the 0-15 cm and 

15-30 cm soil layers using a stainless steel soil auger. Four composite samples were 

obtained for each stratum by collecting two composite samples from the top and bottom 

of the slag pile. A composite sample was prepared by randomly collecting three 

subsamples at each sampling point, and these subsamples were then mixed together. In 

total, 16 composite samples were collected from the slag piles. Additionally, 8 

composite soil samples were collected from 500 meters away from the slag pile 

(Figure 1). 

Detection methods 

After naturally air-drying, soil samples were ground and sieved through a 2 mm 

polyethylene sieve to obtain uniform soil particles for further use. A portion of the 

prepared soil samples was sieved through a 0.5 mm sieve. Soil pH, EC, %OC, and soil 
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texture were determined following the methods described by Prasetyo et al. (2010), 

Dawaki et al. (2013), and Maguire and Heckendorn (2011). The determination of soil 

Zn, Pb, and Cd concentrations followed the testing methods recommended by the "Soil 

Environmental Quality-Soil Pollution Risk Control Standards for Land Use (Trial)" 

(GB36600-2018). For soil Fe and Mn, HNO3–H2O2–HCl digestion was performed, and 

the concentrations were measured using a Flame Atomic Absorption Spectrophotometer 

(AAS). During the analysis, national standard soil samples and blank control samples 

were used as quality controls, with spiked recovery rates maintained within the range of 

90%–110% (Table 1). 

 

Figure 1. Sampling point location map 

 

 
Table 1. Soil heavy metal pollution evaluation standard limits (mg/kg) 

Elements 

Risk screening value Risk control value Soil 

background 

values of 

Shaanxi 

Province 

WHO 

limit 

values 
pH≤5.5 

5.5<pH≤ 

5.5 

6.5<pH≤ 

7.5 
pH>7.5 pH≤5.5 

5.5<pH≤ 

5.5 

6.5<pH≤ 

7.5 
pH>7.5 

Cd 0.3 0.3 0.3 0.6 0.5 2.0 3.0 4.0 0.76 3 

Pb 70 90 120 170 400 500 700 1000 21.4 100 

Zn 200 200 250 300 / / / / 69.4 300 

Fe / / / / / / / / / 50000 

Mn / / / / / / / / / 2000 

 

 

Data analysis 

The concentrations of heavy metals are presented as the mean ± standard deviation 

(SD). One-way analysis of variance (ANOVA) and correlation analysis were performed 

to assess the statistical significance of the results and the relationships between the 

parameters. 
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Results and discussion 

Soil texture distribution 

The soil texture distribution map (Figure 2) indicates that the soil in the study area is 

sandy. As shown in Table 2, the clay content in the soil at the tailings pile ranges from 

1.3% to 31.4%, with an average value of 10.39%, while the silt content ranges from 

1.4% to 37.8%, with an average of 14.2%, and the sand content ranges from 56.0% to 

97.3%, with an average of 75.5%. At a distance of 50 m from the tailings pile, the clay 

content ranges from 4.6% to 20.2%, with an average value of 11.6%, the silt content 

ranges from 4.3% to 17.5%, with an average of 11.2%, and the sand content ranges 

from 64.7% to 85.3%, with an average of 77.3%. Compared to the control (CK) samples, 

the average sand content in the soils at the tailings pile and at a distance of 50 m 

decreased by 5.6% and 3.3%, respectively. 

 

Figure 2. Soil texture distribution map 

 

 

The pH values of the soils in the study area range from 5.20 to 6.91 at the tailings 

pile and from 5.58 to 5.91 at a distance of 50 m, with average values of 6.17 and 5.77, 

respectively (Table 2). This indicates that the soils in the study area are generally acidic, 

likely due to the prior use of nitrogen-containing fertilizers in land conversion processes, 

which, through nitrification, produce nitric acid, leading to soil acidification (Okonkwo 

et al., 2021). The electrical conductivity (EC) of the soils in the study area ranges from 

261 to 445 μS/cm at the tailings pile and from 145 to 399 μS/cm at a distance of 50m, 

with average values of 332 μS/cm and 294 μS/cm, respectively. The relatively high EC 

values may be attributed to increased metal content due to mining activities, which is 

leached into the soil, thus raising the ion concentration in the soil (Wang et al., 2024). 

The soil organic carbon (OC%) content in the tailings pile and the 50m distance zone 

ranges from 0.23% to 0.87% and from 0.25% to 0.81%, with average values of 0.44% 

and 0.46%, respectively. The organic carbon content is relatively low, which may be 

due to the loss of surface soil caused by mining activities in the region  (Boateng et al., 

2012). 
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Table 2. Physicochemical parameters of soil samples 

No. pH 
EC 

μS/cm 
%OC 

Sand% 

50-2000μm 

Silt% 

2-50μm 

Clay% 

<2μm 

T1 5.77±0.03a 358±1.2c 0.23±0.04a 97.30±0.77e 1.35±0.01a 1.35±0.06a 

T2 5.82±0.40a 301±0.02b 0.33±0.52b 88.20±0.20d 10.50±0.02de 1.30±0.11a 

T3 6.06±1.10ab 261±0.07a 0.25±0.23a 78.40±0.01c 13.30±1.11ef 8.30±1.11d 

T4 6.04±0.03ab 364±1.01c 0.67±1.20c 85.00±0.06d 10.50±1.02de 4.50±0.18b 

T5 5.78±0.07a 299±0.01b 0.63±1.11c 57.60±0.05a 37.80±0.05i 4.60±0.26b 

T6 5.92±0.22a 380±1.32c 0.38±0.12b 63.20±1.21b 5.40±1.12b 31.40±0.25j 

T7 6.11±0.13ab 365±0.06c 0.87±0.03d 59.09±0.25a 18.18±0.22gh 22.73±0.22i 

T8 6.91±0.05b 333±0.04c 0.53±0.11b 75.90±1.18c 15.90±0.36f 8.20±0.31d 

T9 5.91±0.11a 266±0.17b 0.67±0.22c 56.00±2.20a 25.70±0.45h 18.30±0.45g 

T10 6.82±0.09a 399±1.20c 0.51±0.22c 85.60±0.02cd 12.60±0.55e 1.80±0.66a 

T11 6.86±1.17ab 445±0.03c 0.44±0.03c 73.60±0.12c 12.60±1.13e 13.80±0.71ef 

T12 6.53±0.34ab 262±1.16a 0.33±0.03c 77.82±0.03c 15.73±0.17f 6.45±0.10c 

T13 5.62±0.08a 269±0.01b 0.27±0.10a 76.50±0.25c 14.20±2.12ef 9.30±0.25de 

T14 6.73±0.16ab 288±0.01b 0.24±0.01a 76.20±0.28c 7.80±0.10c 16.00±0.20f 

T15 5.20±0.18a 362±0.04c 0.53±0.03c 79.00±0.32cd 9.00±0.25d 12.00±0.19ef 

T16 6.65±0.15b 366±0.18c 0.45±0.02b 77.95±0.41c 15.77±1.25f 6.28±0.88c 

Mean 

value 
6.17±0.27ab 332±0.90c 0.46±0.02c 75.46±0.55c 14.15±0.89ef 6.28±0.20c 

S1 5.91±0.03a 145±0.17c 1.25±0.02e 82.00±0.25d 8.00±1.21c 10.0±0.17de 

S2 5.85±1.12ab 272±2.10c 1.09±1.18e 77.4±0.29cd 8.81±0.58c 13.8±0.57ef 

S3 5.84±0.05ab 399±0.07c 0.48±0.01d 85.3±1.17d 4.32±1.11b 10.4±0.38de 

S4 5.58±0.12a 266±0.01c 0.45±0.31c 77.9±1.02cd 17.51±1.21gh 4.6±0.06b 

S5 5.71±0.22ab 315±0.08bc 0.27±0.09a 83.4±1.05d 11.21±0.22de 5.4±0.10bc 

S6 5.62±0.06ab 350±0.70c 0.81±0.11d 64.7±2.02b 15.10±0.31f 20.2±0.18h 

S7 5.72±0.07ab 336±1.04c 0.49±0.12c 75.9±0.05cd 8.22±0.52c 15.9±0.20ef 

S8 5.91±0.21ab 267±0.38i 0.25±1.12a 71.4±0.05c 16.31±0.25g 12.3±0.30ef 

Mean 

value 
5.77±0.24ab 294±1.13b 0.44±0.15c 77.25±0.74cd 11.22±0.08de 11.6±0.30e 

CK1 5.88±0.22ab 281±0.92bc 0.21±0.02a 78.81±0.21cd 12.01±0.12e 9.18±0.20de 

CK2 5.62±0.23ab 326±0.08bc 0.22±0.81a 78.73±0.45cd 10.23±0.23de 11.04±0.06e 

CK3 5.81±0.15ab 303±0.10c 0.24±0.22a 81.73±0.56d 13.37±1.15ef 4.90±0.19b 

CK4 5.77±0.09ab 320±1.11bc 0.23±0.16a 80.28±0.22d 16.27±2.23g 3.45±0.06ab 

CK5 5.74±0.17ab 315±0.15bc 0.22±0.05a 80.02±0.25d 18.56±0.18gh 1.42±0.50a 

Mean 

value 
5.76±0.22ab 309±0.05bc 0.22±0.26a 79.91±0.36cd 14.09±0.21ef 6.00±0.40c 

 

 

Characteristics of soil heavy metal concentrations 

As shown in Figure 3, the concentrations of heavy metals (Cd, Pb, Zn, Fe, Mn) near 

the slag heap ranged from 2.18 to 4.80 mg/kg, 70.7 to 223.8 mg/kg, 109.28 to 

484.0 mg/kg, 7594.48 to 26970.67 mg/kg, and 1379.17 to 3124.67 mg/kg, respectively, 

with corresponding mean values of 3.01 mg/kg, 127.31 mg/kg, 275.15 mg/kg, 

15793.22 mg/kg, and 2230.76 mg/kg. At a distance of 50 meters from the slag heap, the 

concentrations of Cd, Pb, Zn, Fe, Mn ranged from 2.18 to 3.68 mg/kg, 57.42 to 

94.62 mg/kg, 132.87 to 445.83 mg/kg, 5919.25 to 27462.53 mg/kg, and 1321.70 to 

2885.67 mg/kg, respectively, with mean values of 2.77 mg/kg, 74.63 mg/kg, 

295.26 mg/kg, 11523.64 mg/kg, and 1956.55 mg/kg. 
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Figure 3. Heavy metal content distribution 

 

 

The pH values of the soil samples from the slag heap ranged from 5.20 to 6.91, 

indicating a typical mildly acidic soil. According to the comparison analysis of the soil 

pollution risk screening and control values from GB 15618—2018 (pH ≤ 5.5 and 

5.5 < pH ≤ 6.5), the mean concentration of Cd exceeded the soil pollution risk screening 

and control values in GB 15618—2018 (Table 1), with exceedance factors of 10.3 and 

1.0, respectively. The mean concentration of Pb exceeded the risk screening value but 

did not exceed the risk control value, with an exceedance factor of 1.06. The mean 

concentration of Zn exceeded both the risk screening and control values, with 

exceedance factors of 1.4 and 1.1, respectively. At a distance of 50 meters from the slag 

heap, the mean concentration of Cd exceeded the risk screening and control values, with 

exceedance factors of 4.16 and 1.4, respectively. The mean concentration of Zn also 

exceeded both the risk screening and control values, with exceedance factors of 1.5 and 

1.2, respectively. 

According to the interpretation of the soil pollution risk control values for 

agricultural land in GB 15618—2018, when the concentration of Cd exceeds the risk 

control value, the soil pollution risk for agricultural land is high, which could lead to the 

non-compliance of edible agricultural products with quality safety standards. Such risks 

are difficult to mitigate through safety measures (Nuralykyzy et al., 2021). Studies have 
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shown that acidic soils facilitate the migration of heavy metal Zn, which may be the 

primary reason for the elevated Zn concentrations in the study area. Pb concentrations 

greater than 1.0 mg/kg in soil typically indicate the presence of local pollution sources. 

The elevated Cd concentrations in the study area are attributed to the introduction of 

cadmium from the parent rock due to anthropogenic mining activities. According to 

reports by Chiroma et al. (2014), the concentrations of Pb and Mn in slag heaps greatly 

exceed the soil permissible limits set by the World Health Organization, while the 

concentrations of Cd, Fe, and Zn remain within the permissible limits. In contrast, the 

concentrations of heavy metals (Cd, Pb, Zn, Fe, Mn) in the surrounding environment of 

the slag heap are below the permissible limits, suggesting that they may not pose an 

immediate environmental threat. However, these metals may migrate within the soil and 

affect soil organisms and plants. The distribution pattern of heavy metal concentrations 

in the soil around the slag heap is in the decreasing order of Fe > Mn > Zn > Pb > Cd, 

which further confirms that mining activities have a negative impact on the local and 

surrounding ecosystems, and are a major source of environmental heavy metal pollution. 

These findings are consistent with the research results of Mani et al. (2022). 

Soil treatments significantly altered physicochemical properties vs. controls. T7 and 

S1 exhibited organic carbon enrichment (>0.87%), while T6 and S6 showed clay 

accumulation (>20%), impacting hydraulic and nutrient retention. Elevated pH in 

T8/T16 (6.65–6.91) and EC in T11 (445 μS/cm) suggest potential alkalinity/salinity 

management needs. Texture shifts from sandy (T1: 97.3% sand) to clayey (T6: 31.4% 

clay) underscore site-specific intervention requirements. 

Correlation analysis 

The correlation analysis between the physicochemical parameters and heavy metal 

concentrations shows that pH is strongly correlated with EC, OC, and most heavy 

metals, except for Zn and Pb (Figure 4). 

 

Figure 4. Correlation analysis chart 
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Additionally, EC exhibits a close correlation with OC, Cd, and Pb. Furthermore, a 

strong relationship between OC and Cd, Pb, and Fe was observed (see Figure 3), 

suggesting that they may have a common source. The three elements, Cd, Pb, and Zn, 

show highly significant positive correlations with each other, which is consistent with 

the findings of Chakraborty et al. (2021) and Zhao et al. (2020) in lead-zinc mining 

areas. On one hand, this indicates that the three elements have similar geochemical 

behaviors (migration and enrichment), often occurring in association or symbiosis, with 

highly homologous sources (Liu et al., 2022). On the other hand, it highlights the close 

connection between the exceedance of Cd levels in the study area and lead-zinc 

smelting activities. 

Conclusion 

The soil texture in the study area is sandy, and the overall soil environment is acidic. 

Within the tailings heap and a 50-meter radius, the soil EC values are relatively high, 

while the organic carbon content is comparatively low. The average concentrations of 

soil heavy metals, Zn and Cd, exceed the soil pollution risk screening values and risk 

control values for Cd in GB 15618—2018, with exceedance factors of 10.3 and 1.0, 

respectively. The average concentration of Pb also exceeds the soil pollution risk 

screening value for Pb in GB 15618—2018, but does not surpass the risk control value. 

Correlation analysis shows that pH is strongly correlated with EC, OC, and most heavy 

metals, except for Zn and Pb. Additionally, EC is closely correlated with OC, Cd, and 

Pb. Furthermore, Cd, Pb, and Zn exhibit highly significant positive correlations with 

each other, indicating that these three heavy metals often occur in association or 

symbiosis, with highly homologous sources. 
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