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Abstract

:

The Hunan region is a high geological background area of black rock series rich in various metallic elements; accordingly, local heavy metal pollution is severe. Previous studies on black shale have primarily focused on the lower Cambrian strata, while research on Carboniferous black shale remains scarce. To better explore the activity law of heavy metals during Carboniferous black shale weathering, this study analyzed the elemental components of samples through field observations of outcrops in the Qiziqiao area of central Hunan province, China using inductively coupled plasma mass spectrometry and X-ray fluorescence spectrometry. The results showed that the heavy metal content of black shale under different degrees of weathering varied greatly, with different heavy metals maintaining distinct migration and enrichment rules throughout this process. The heavy metal content in Carboniferous black shale and soils of central Hunan was generally less than that of the regional lower Cambrian black shale and soil; however, the Cd content in the black shale soil was slightly higher than background values, while the Sr content was substantially higher than background values. Heavy metals V, Cr, Co, Ni, Cu, and Pb were not generally leached or released during weathering, and may undergo relative enrichment or secondary enrichment. Comparatively, Zn, Cd, and Ba can be more readily leached and released, and may undergo secondary enrichment. The lithophilic element Sr tended to leach out overall and expressed strong activity, whereas the chemical activities of the high-field-strength elements, Zr and Hf, were relatively stable. During soil formation, all heavy metal elements save Sr were significantly enriched. The enrichment factor analysis of different degrees of weathered black shale reveals that the heavy metals Ba, Hf, and Sr in black shale soil originate from the parent rock. V, Cr, Co, Ni, Cu, Zn, Cd, and Pb are influenced by both natural and anthropogenic factors, with Cd being significantly impacted by human activities. The evaluation of soil heavy metals using the geoaccumulation index method indicates that V, Cr, Co, Ni, Cu, Zn, Zr, Ba, Hf, and Pb are non-polluted, Cd exhibits moderate pollution, and Sr shows moderately heavy pollution. From a geochemical perspective, it can be inferred that heavy metals in black shale soil are likely to be secondarily enriched in clay and iron oxide minerals.
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1. Introduction


The state of the soil environment in China is relatively pessimistic and receiving widespread attention [1]. The 2014 National Soil Pollution Survey Report indicated that ~20 million ha of arable land in China (20% of the national total) is affected by varying degrees of heavy metal pollution. Specifically, severe heavy metal soil pollution poses a significant threat to ecological and human health alike [2,3,4]. Soil heavy metals are derived from two main sources: natural or anthropogenic activities [5]. Regarding human activities, many scholars have assessed the sources of heavy metals [6,7,8,9,10] and characteristics of soil pollution [11], conducted environmental quality surveys [12,13,14], and evaluated pollution remediation [15,16,17,18]. Natural sources primarily arise from the enrichment of heavy metals contained in parent materials during soil formation due to weathering, leaching, and others, thereby forming a geological background value [19,20,21,22]. In this regard, numerous scholars have explored the activity characteristics of elements during rock weathering and soil formation through geochemical analyses of weathering profiles, as well as surface water, isotopes, and the element occurrence form [23,24,25,26,27,28,29,30,31,32]. Research has shown that black shale is uniquely rich in organic matter and sulfide minerals, which are easily weathered and decomposed when exposed to surface conditions. Foreign scholars have studied the toxicity, pollution degree, and ecological risk of heavy metals in river and lake sediments [33,34,35,36,37]. This natural pollution source produces acid mine drainage and leaching and releases heavy metals [38,39,40,41].



In recent years, numerous scholars have conducted research on the migration of trace elements in the process of soil formation, focusing on the interface activities, a morphological analysis, migration and transformation, and the crop adsorption of heavy metals from a soil genesis perspective. They have also investigated the influence of constant elements and oxides in soils and the relative migration of soil-indicative elements [42,43,44,45,46,47,48,49]. In addition to studying the gas content of black shale [50,51,52], scholars in China have conducted extensive research on the migration laws of heavy metals. They carried out chemical composition analyses of black shale at different degrees of weathering, aiming to explore the characteristics of heavy metal pollution in the corresponding black shale soils of central Hunan. Furthermore, they enacted regional elemental geochemical analyses of crops and examined the transformation and migration characteristics of heavy metals in typical farmland soils of China. Additionally, they investigated the surface geochemistry and environmental effects of selenium and heavy metals in the lower Cambrian black shale [53,54,55,56].



Previous investigations and analyses have revealed varying degrees of heavy metal contamination in the developed soils of black shale areas. However, these studies have predominantly concentrated on Cambrian black shale, leaving a gap in research regarding the migration and enrichment of heavy metals during the weathering of Carboniferous black shale.



Accordingly, based on the geochemical analysis of elements in the outcrops of black shale in the Qiziqiao area of central Hunan province, this study followed previously established research methods to explore the activity patterns of heavy metals during the weathering of regional Carboniferous black shale, thereby providing a scientific reference for further research on similar key areas.




2. Samples and Experimental Methods


2.1. Study Area Background


The Qizi (QZ) profile of the Carboniferous black shale in the central Hunan region is located near a quarry, approximately 600 m northwest of the train station in Qizi Town, Xiangxiang City (Figure 1). The black shale in the section has an outcrop thickness of 2.5 m, with no visible bottom, and is overlain by a 5.5-m-thick layer of limestone. Qizi Town is located in western Xiangxiang City, and is part of the Xiang-Gan hilly region in southern China. The region is characterized by hilly and mountainous terrain, with a higher elevation in the east and a lower elevation in the west, while the northern and southern ends also exhibit lower elevations. The highest point is Wanshan, with an altitude of 120 m. The area is characterized by abundant rainfall and a humid subtropical monsoon climate. The rivers in the area belong to the Lianshui River system, a tributary of the Xiangjiang River, and flow from west to east through the Shuifumiao Reservoir. The total area of this reservoir is 4480 ha, with a year-round capacity of 570 million m3 [57]. The main strata in the Qiziqiao area are the Carboniferous (Zimenqiao, Ceshui, Shidengzi, Tian’eping, and Malanbian formations) and Devonian (Changlongjie–Menggongao, Xikuangshan, Shetianqiao, Qiziqiao, and Tiaomajian formations) formations, with black shale distributed in the Ceshui and Malanbian formations of the former and in the Changlongjie–Menggongao and Shetianqiao formations of the latter. Additionally, the Qizi Town area is rich in mineral resources, with confirmed reserves of limestone (6 billion tons), dolomite (300 million tons), refractory clay (2.18 million tons), coal, and brown iron ore. The total cultivated land area is 2173 ha.




2.2. Sample Collection and Preparation


Following field geological profile measurements, systematic sampling was conducted on the Qizi profile. The samples collected included fresh black shale, weathered black shale, and soil. In addition, individual pieces of fully weathered limestone and surface soil were collected nearby, and all nine samples were labeled as QZ. When collecting fresh black shale (FB) samples, the surface-weathered rocks were removed using a geological hammer, and deep unweathered fresh samples were collected. Middle-weathered black shale (MW) and strongly weathered black shale (SW) were sampled from the surface of the profile based on their different weathering characteristics using a geological hammer. When collecting black shale soil (BS), the surface impurities were removed, and 10 cm × 10 cm × 10 cm samples were acquired. The specific characteristics of each rock and soil sample are listed in Table 1. All samples weighed between 1.5 and 2.0 kg, and were placed in geological sample bags for transport to a laboratory.



In the lab, soil samples were placed in a drying tray, spread into a thin layer of 2–3 cm, crushed, and turned over at appropriate intervals to remove gravel, sand, and plant residues. The dried samples were then poured onto an organic glass plate for coarse grinding, and the impurities were removed and mixed uniformly. Thereafter, the samples were ground, crushed in an agate bowl, and passed through a 100-mesh nylon sieve. Rock samples were dried in an oven at 120 °C, crushed, and passed through a 60-mesh sieve to obtain a powdered sample. Then, 5.0 g of the powdered sample was taken and ground using an agate mortar before being passed through a 200-mesh sieve for subsequent major- and trace-element analyses. The samples were prepared as follows: 0.1–0.2 g of the sieved sample was weighed. The samples were placed in a digestion tank, and 1 mL of hydrochloric acid, 4 mL of nitric acid, 1 mL of hydrofluoric acid, and 1 mL of hydrogen peroxide were digested using a microwave digestion device. Following digestion, samples were cooled to room temperature, the lid of the digestion tanks was carefully opened, and the tanks were then placed in an acid-evaporating instrument to evaporate at 150 °C until the internal solution was nearly dry. After cooling to room temperature, the internal solution was dissolved in deionized water. The solution was then transferred to a 50 mL volumetric flask, and the volume was raised to 50 mL with deionized water.




2.3. Sample Analysis


The major and trace elements in the black shale and soil samples were analyzed at the Testing Center of the Hunan Institute of Geology. A ZSX Primus IV wavelength-dispersive X-ray fluorescence (XRF) spectrometer was used for the analysis of major elements, lithophilic elements (Sr and Ba), and high-field-strength elements (Zr and Hf). The detection limits of SiO2, Al2O3, Fe2O3, K2O, Na2O, CaO, and MgO are 0.27, 0.07, 0.05, 0.05, 0.09, and 0.05%, respectively. The detection limits of P, Ti, Mn, Sr, Ba, Zr, and Hf are 10.0, 50.0, 10.0, 2.0, 11.7, 2.0, and 1.7 mg·kg−1, respectively. The heavy metal elements V, Cr, Co, Ni, Cu, Zn, Cd, and Pb examined in the present study were analyzed using an iCAP Q inductively coupled plasma mass spectrometer. When the sample size was 0.1 g, the detection limits of the eight metal elements ranged from 0.4 to 3.2 mg·kg−1, whereas the determination limits ranged from 1.6 to 12.8 mg·kg−1. Before measurement, the solution was run through a filter membrane or the supernatant was collected for measurement. A blank sample was prepared using the same steps and reagents as those for sample preparation. A minimum of two blank samples were analyzed for each batch of samples.





3. Results and Analysis


3.1. Major Elements


The major elemental analyses’ results of the Carboniferous black shale and soil samples from central Hunan are shown in Table 2, while the variation characteristics are presented in Figure 2. Overall, the content of major elements, such as SiO2, Al2O3, Fe2O3, K2O, and TiO2 increased with the degree of weathering the black shale samples to soil. The CaO content and burning loss (LOI) decreased with the degree of weathering as well, whereas they decreased dramatically from highly weathered black shale to soil. The MnO and P2O5 content remained relatively stable at low levels throughout weathering and were significantly enriched in the soil. The MgO content oscillated and was substantially enriched in the soil, while the Na2O content displayed an overall decrease. Compared with the adjacent limestone surface soil, the SiO2, Al2O3, Fe2O3, Na2O, P2O5, and TiO2 content of the black shale soil was roughly identical, whereas the CaO, MgO, K2O, MnO, and LOI content was much higher than that of the limestone surface soil. The differences in chemical composition among black shales with different degrees of weathering are likely the result of weathering, while the sharp increases or decreases in major elements in black shale soil may have resulted from the soil formation process, and are deserving of further attention.




3.2. Trace Elements


The trace element analysis results of Carboniferous black shale and soil samples in central Hunan are shown in Table 3. The 12 trace elements examined belong to a broad category of heavy metals based on their atomic densities (>4.5 g·cm−3) [58]. In this study, these elements were further classified into heavy metals (Cd, Cu, Pb, Cr, Zn, Ni, V, and Co), lithophiles (Sr and Ba), and high-field-strength elements (Zr and Hf). Trace element content varied greatly with the degree of black shale coal series weathering. The enrichment coefficient Ki (the concentration of the trace element relative to the background value of the reference element) was used to evaluate the enrichment characteristics of the trace elements, where Ki values > 1.0 and <1.0 indicate relative enrichment and depletion, respectively. The reference background values for rocks in this study include the world average shale (WAS) [59], the eastern Chinese upper crust (CEUC), and the lower Cambrian black shale in central Hunan (LCBS). The reference background values for the soil include the Chinese average soil (CAS), Hunan average soil (HNAS), and black shale soil from the lower Cambrian period in central Hunan (LCBSS; Table 4). Figure 3 presents a standardized diagram of the relative values for fresh black shale (reference rock value) and black shale soil (reference soil value). Figure 4 is a standardized diagram of heavy metal elements in black shale at different weathering degrees relative to bedrock. The distribution characteristics of heavy metals, lithophiles, and high-field-strength elements with the degree of weathering of the Carboniferous black shale in central Hunan is summarized in the subsequent subsections.



3.2.1. Heavy Metals


The content of the eight heavy metals (V, Cr, Co, Ni, Cu, Zn, Cd, and Pb) in fresh black shale from the QZ section was 31.51, 35.7, 4.54, 15.18, 12.33, 26.4, 0.21, and 11.52 mg·kg−1, respectively. Compared to world shale, the QZ section black shale from the Carboniferous system in central Hunan showed an obvious deficit in these eight heavy metals, particularly V, Cr, Co, Ni, Cu, and Zn, all with Ki values < 0.5. Compared to the upper crust of eastern China, with the exception of Cd (which displayed an obvious enrichment, KCd = 2.83), the enrichment features of other heavy metals were similar to those of world shales, showing either no enrichment feature (Ki < 1), or an obvious deficit (Ki = 0.5). Compared to the lower Cambrian black shale in central Hunan, the enrichment coefficients of these heavy metals were all <0.35, indicating that the overall abundance of the eight heavy metals of the Carboniferous black shale in central Hunan was lower than that in the lower Cambrian black shale.



The enrichment characteristics of heavy metals during the weathering of black shale (excluding weathered soil) were not evident, with enrichment factors relative to the average value of the bedrock ranging from Ki = 0.61 to 1.47; however, the enrichment factors of the heavily weathered black shale were all greater than those of the weakly weathered black shale. In the black shale soils of the QZ profile, the content of heavy metal elements was higher than that of the Chinese soil background value, among which the enrichment characteristics of Cr, Ni, and Cd were the most obvious (Ki = 1.54, 1.56, and 7.16, respectively, for samples taken from QZ-6). Relative to the soil background value in Hunan, the enrichment characteristics of all other heavy metal elements were less obvious (Ki = 0.87~1.32), with the exception of Cr, which displayed a significant enrichment (Ki = 5.52). Compared with the lower Cambrian black shale soils in central Hunan, these heavy metals showed patterns of depletion, although their content remained far higher than that of the bedrock.




3.2.2. Compatible Trace Elements


The content of compatible trace elements Sr and Ba in fresh black shale of the QZ profile was 340.53 mg·kg−1 and 78.11 mg·kg−1, respectively. The Sr content was slightly higher than the world shale background value and the upper continental crust of China, with KSr = 1.14, whereas Ba showed apparent depletion features, with KBa = 0.13 and 0.12, respectively. The KSr relative to the lower Cambrian black shale was 0.82, and was notably insignificant, while Ba showed a severe depletion feature (KBa = 0.02).



The relative enrichment coefficients of Sr to bedrock in the weakly weathered, moderately weathered, and soil samples were 0.95, 0.91, and 0.78, respectively, indicating decreasing patterns with increasing degrees of weathering. Although Sr in the black shale soil was depleted relative to the bedrock, it was significantly enriched relative to the background values of the Chinese and Hunan soils, with KSr = 1.49 and 5.66, respectively. Compared with the lower Cambrian black shale soil in central Hunan, it also exhibited obvious enrichment characteristics (KSr = 4.12). The relative enrichment coefficients of Ba in the bedrock were 0.84, 1.52, and 3.41, respectively, indicating significantly enriched patterns with increasing degrees of weathering; however, values remained depleted relative to the background levels of the lower Cambrian Chinese, Hunan, and black shale soils in central Hunan.




3.2.3. High-Field-Strength Elements


The content of Zr and Hf in fresh black shale from the QZ profile was 100.82 mg·kg−1 and 2.59 mg·kg−1, respectively. The enrichment characteristics relative to the global shale background and upper continental crust in eastern China were not obvious; however, Ki = 0.54~0.92. Compared with lower Cambrian black shale in central Hunan, the two were roughly equal (KZr and KHf of 1.01 and 0.94, respectively). The enrichment characteristics of Zr and Hf relative to the bedrock were not obvious during weathering wither (Ki ≈ 1); but, they were also significantly enriched in black shale soil (KZr and KHf of 1.53 and 1.66, respectively). Their content, however, was still lower than the background values of lower Cambrian black shale soil in central Hunan.



The heavy metals in the above-mentioned Carboniferous black shale were significantly enriched (except for Sr) in weathered soils, showing geochemical characteristics of low background values and a high enrichment. The enrichment features of various trace elements at different weathering degrees were also distinct, indicating that trace elements have complex chemical activities throughout the weathering process of black shale.






4. Discussion


4.1. Activity Patterns of Heavy Metal Elements


4.1.1. Migration and Redistribution of Heavy Metal Elements


To reveal the migration and redistribution of various elements throughout the process of black shale weathering, it was necessary to calculate the mass transfer coefficients of each element. A mass transfer coefficient is an effective indicator for characterizing the activity of elements. Previous studies have shown that Ti, Zr, and Nb are primarily enriched in weathering-resistant secondary minerals with a weak mobility and difficult leaching capacity. Similarly, Hf, Ta, and other high-field-strength elements are relatively stable in chemical activity, and can be considered as inert elements that do not undergo obvious leaching migration during soil formation processes. Accordingly, these metals are often used as reference elements in mass-balance calculations. Trace element analysis results showed that the Zr content in the sample was relatively high and exhibited a small degree of variation; therefore, Zr was selected as the reference element in this study. The   τ   value is calculated using Equation (1):


  τ =       C   X , S    /    C   Z r , S           C   X , B    /    C   Z r , B       − 1  



(1)




where CX,S and CZr,S are the content of elements X and Zr in the sample, respectively, while CX,B and CZr,B are the content of elements X and Zr in the bedrock, respectively. When τ > 0, <0, or =0, element X was enriched, depleted, or did not migrate, respectively [60].



The average elemental content of three fresh black shale samples (QZ-1, QZ-2, and QZ-3) was used for the mass balance calculations, and Figure 5 presents a diagram of the mass transfer coefficients for the trace elements in the weathering profile of black shale.



The τij values of V, Cr, Co, Ni, and Cu in the QZ profile gradually increased from fresh to moderately weathered, to strongly weathered black shale, and to black shale soil, with changes of 0.020 → 0.176 → 0.495 → 1.708, 0.020 → 0.165 → 0.480 → 0.867, 0.009 → 0.104 → 0.337 → 0.994, 0.013 → 0.113 → 0.370 → 0.954, and 0.018 → 0.096 → 0.260 → 0.698, respectively. The τij value of Pb also increased with the degree of weathering, changing (0.020 → 0.000 → 0.191 → 0.942) along this weathering gradient. The τij values of these heavy metals were all > 0, indicating that they were not generally leached out during weathering, but may have been relatively enriched or undergone secondary enrichment. For example, Al can replace V in a homologous manner in clay minerals, and with Fe in manganese (hydro) oxides during the weathering of black shale [61]. A Pearson’s correlation analysis of the main trace metals in the QZ profile (Table 5) showed that V, Cr, Ni, and Cu were all significantly positively correlated, indicating that they had similar sources and geochemical behaviors.



The τij values of Zn, Cd, and Ba were both positive and negative, indicating that both enrichment and depletion occurred throughout the weathering process with high activity; however, in the black shale soil, τij values of these three elements were positive (reaching 1.178, 0.827, and 1.239), indicating that they had undergone relative enrichment during the soil formation process. These three elements also had a significantly positive correlation (RZn-Cd = 0.943, RZn-Ba = 0.976, and RCd-Ba = 0.882), further supporting their shared origin.



The τij values of Sr were generally <0, indicating that the element tended to leach out during the weathering process via its strong mobility. This is notably similar to the behavior of Sr in the lower Cambrian black shale during weathering. Generally, Sr exists widely in carbonate and silicate minerals, substituting for Ca and Mg via isomorphic substitution. As weathering progressed, the decomposition of minerals (e.g., calcite and plagioclase) promoted the leaching of Sr.



The τij values of Hf largely fell between −0.1 and 0.1, indicating a weak mobility, and almost no migration during weathering or soil formation processes. This is likely because this element mainly exists in accessory minerals (e.g., monazite and zircon), which maintain a strong weathering resistance.




4.1.2. Enrichment Factor Analysis


The enrichment factor method is an important indicator for quantitatively assessing the degree of element enrichment. The calculation formula is given using Equation (2):


  E F =           C   i    /    C   n         S    /          C   i    /    C   n         R B S      



(2)







In Equation (2), EF represents the enrichment factor for element i, Ci denotes the solid content of element i in the sample or the background value of element i in the soil, and Cn represents the solid content of the reference element in the sample or the background value of the reference element in the soil. In this study, Zr was chosen as the reference element. The soil background value was selected as HNAS. When EF < 1, it is considered non-enriched; when 1 ≤ EF < 2, it is mildly enriched; when 2 ≤ EF < 5, it is moderately enriched; when 5 ≤ EF < 20, it is heavily enriched; when 20 ≤ EF < 40, it is severely enriched; and when EF ≥ 40, it is extremely enriched [62].



According to Table 6, the fresh black shale samples from the QZ profile exhibit no significant enrichment characteristics for heavy metals V, Cr, Co, Ni, Cu, Zn, and Pb (EF < 1.0). However, Cd shows a moderate enrichment with an enrichment factor (EF) of 3.11. The lithophile element Sr demonstrates a heavy enrichment (EF = 14.61), while Ba shows no significant enrichment. The high-field-strength element Hf does not exhibit any enrichment. In different degrees of weathered black shale, the heavy metals V, Co, Zn, and Pb also show no enrichment (EF < 1.0). Cr, Ni, and Cu display a mild enrichment in highly weathered black shale (1 ≤ EF < 2). Cd exhibits a mild enrichment (EF = 1.88) in moderately weathered shale and a moderate enrichment (EF = 2.43) in highly weathered shale. The enrichment factor for the lithophile element Sr slightly decreases with increasing weathering, but it still reaches a heavy enrichment level (5 ≤ EF < 20). Ba and the high-field-strength element Hf do not show significant enrichment during the weathering process (EF < 1.0). In black shale soils, except for Ba and Hf, all other heavy metals show some degree of enrichment. Sr and Cd exhibit a heavy enrichment, with enrichment factors of 7.24 and 5.53, respectively. In summary, it can be inferred that the heavy metals Ba and Hf in black shale soil originate from the parent rock. Although the element Sr shows a high degree of enrichment in the soil, its enrichment factor decreases with increasing weathering, indicating a natural source. V, Cr, Co, Ni, Cu, Zn, Cd, and Pb are influenced by both natural and anthropogenic factors, with Cd being significantly influenced by human activities, possibly associated with mining activities.





4.2. Mechanisms of Soil Heavy Metal


Monitoring the occurrence of heavy metals in soil is crucial for understanding the development and trends of correlated pollution, as well as for managing the prevention and control of these processes. Factors such as soil pH and organic matter content can affect the heavy metals in soil. Previous studies have generally used sequential extraction methods to determine the occurrence of heavy metals in soil; thus, the present study attempted to explore the occurrence characteristics of heavy metals in shale soil from a geochemical perspective.



The major elemental analysis showed that the chemical composition of Carboniferous black shale soil was characterized by low Na, and high Al and Fe; therefore, the geochemical behaviors of Al2O3 and Fe2O3 throughout the weathering of the black shale may underscore the main factors determining the occurrence of heavy metals in these soils. A significant correlation was observed between Al2O3, Fe2O3, and the other trace elements (Table 5). During black shale weathering, the activity of trace elements is controlled by their host minerals. For example, the secondary enrichment of V may occur during the weathering of black shale, which is controlled by clay minerals and iron–manganese (hydro)oxides, as V can replace Al in the former and Fe in the latter through isomorphic substitution [61].



The Chemical Index of Alteration (CIA) and Index of Composition Variability (ICV) of the Carboniferous black shale (QZ profile) samples across various degrees of weathering are listed in Table 2. The CIA values increased with the degree of weathering, from fresh black shale to moderately weathered, to strongly weathered, and to black shale soil, with averages of 74.90, 75.52, 75.94, and 81.65, respectively, thereby indicating the transformation of feldspar into clay minerals. Alternatively, the average ICV values were 8.45, 5.08, 4.03, and 1.46, respectively. Although all values were >1, they decreased significantly with an increasing weathering degree, indicating that the unaltered minerals decreased, and the clay minerals increased due to secondary processes.



Previous studies have shown that the sediment grain size can affect the solid content of heavy metals. Coarse-grained samples (<2 mm) often contain a large number of rock structural substances such as quartz, in which the solid content of heavy metals is often low [63]. Conversely, fine-grained samples are typically composed of clay minerals with, commonly, a high heavy metal content for solids [64]. Accordingly, the major elemental compositions of rocks reflect their primary mineral compositions; thus, it can be inferred that heavy metals in black shale soils mainly exist in clay and iron oxide minerals.




4.3. Assessment of Heavy Metal Pollution in Soil


In this study, the geoaccumulation index (Igeo) method was used to assess heavy metal pollution. The calculation formula for Igeo is given using Equation (3):


        I   geo    = log    2    ⁡  [   C   i    / (    B   i   ×  k ) ]     



(3)







In Equation (3), Igeo represents the geoaccumulation index, Ci is the solid content of the evaluated element i in the soil, and Bi is the environmental background value for element i, which was selected as the soil background value in Hunan (HNAS) in this study. The factor k accounts for variations in the background value due to diagenetic processes and is typically taken as 1.5. Müller [65] classified the geoaccumulation index into seven levels: Igeo < 0, 0 ≤ Igeo < 1, 1 ≤ Igeo < 2, 2 ≤ Igeo < 3, 3 ≤ Igeo < 4, 4 ≤ Igeo < 5, and Igeo ≥ 5. The corresponding pollution levels are categorized as non-pollution, slight pollution, moderate pollution, moderately heavy pollution, heavy pollution, severe pollution, and extremely heavy pollution.



The results of the geoaccumulation index analysis are presented in Table 7. From the table, it can be observed that, in the soil of the QZ profile black shale, except for Sr and Cd elements, there is no pollution of other heavy metal elements, as indicated with geoaccumulation index values less than 0, primarily originating from natural sources. Cd exhibits a moderate pollution level (Igeo = 1.62), influenced by both natural and anthropogenic sources. Sr shows a moderately heavy pollution level (Igeo = 2.01).





5. Conclusions


	(1)

	
The content of heavy metals (including V, Cr, Co, Ni, Cu, Zn, Cd, Ba, and Pb) in the bedrock was much lower than the background values of lower Cambrian black shale in central Hunan, whereas that of other elements, such as Sr, Zr, and Hf was roughly equal. These findings are similar to the results of the world-average shale and the eastern Chinese upper crust; however, Cd was significantly enriched relative to the upper crust of eastern China (KCd = 2.83).




	(2)

	
From fresh black shale to moderately and strongly weathered black shale, the heavy metals of V, Cr, Co, Ni, Cu, Zn, Cd, and Pb showed a slight enrichment. Comparatively, high-field-strength elements, such as Zr and Hf, showed a slight depletion; although, the enrichment features were not obvious, as the lithophile element Ba was enriched, while Sr was depleted. Save for Sr, all other elements were significantly enriched in the black shale soil, with a solid content much higher than that in the bedrock, thereby indicating the geochemical characteristics of a low background and high enrichment.




	(3)

	
The content of heavy metal elements, including V, Cr, Co, Ni, Cu, Zn, Sr, Cd, and Pb in black shale soil, was all higher than the background values of Chinese soils (similar results were obtained relative to the background values of Hunan soils, save for Co and Zn). This was particularly true for Cd, which was 7.16 times higher than that of lower Cambrian black shale soil in central Hunan. Sr was also significantly enriched (4.12 times), while Cr was relatively constant. Alternatively, the depletion characteristics of all other elements were obvious.




	(4)

	
The enrichment factor analysis of black shale at different weathering degrees reveals that the heavy metals Ba, Hf, and Sr in black shale soil originate from the parent rock. V, Cr, Co, Ni, Cu, Zn, Cd, and Pb are influenced by both natural and anthropogenic factors, with Cd being significantly influenced by human activities, possibly associated with mining activities.




	(5)

	
The evaluation of soil heavy metals using the geoaccumulation index method indicates that, except for Sr and Cd elements, other heavy metal elements show no pollution with geoaccumulation index values below 0, primarily originating from natural sources. Cd is moderately polluted (Igeo = 1.62), influenced by both natural and anthropogenic sources. Sr exhibits moderately heavy pollution (Igeo = 2.01).




	(6)

	
Based on the correlation analysis of major and trace elements in the QZ profile and the variation characteristics of major elements with weathering, CIA, and ICV, it was inferred that the heavy metals in black shale soil were largely secondarily enriched in clay and iron oxide minerals (except for Sr, which was depleted).
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Figure 1. Geological sketches of the study area in Qizi Town. 
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Figure 2. The variation characteristics of major element content with weathering degree. 
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Figure 3. The standardized diagram of heavy metal elements in bedrock and soil of the Qizi profile. 
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Figure 4. Standardized diagram of weathered black shale relative to bedrock. 
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Figure 5. Diagram of mass transfer coefficients of trace elements during weathering process of black shale in the Qizi profile. With the weathering of black shale: (a) relative enrichment; (b) both enrichment and loss; (c) loss (Sr) or almost no migration (Hf). 
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Table 1. Apparent characteristics of rock and soil samples in Qizi profile.
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Sample

	
Weathering Degree and Type

	
Apparent Characteristics






	
QZ-1

	
Fresh black shale (FB)

	
Appears black, well-developed bedding, relatively intact rock, feels heavy when held.




	
QZ-2

	
Fresh black shale (FB)




	
QZ-3

	
Fresh black shale (FB)




	
QZ-4

	
Moderately weathered black shale (MW)

	
Contains yellowish-white weathering products, locally visible bedding, fragmented rock, feels light when held.




	
QZ-5

	
Strongly weathered black shale (SW)

	
Light-yellow weathering products, original rock structure disappeared, highly fragmented rock.




	
QZ-6

	
Black shale soil (BS)

	
Dark brownish-black color, loose soil texture, visible small amount of plant roots and shale debris.




	
QZ-7

	
Black shale soil (BS)




	
QZ-8

	
Weathered limestone soil

	
Reddish-brown color, contains a small amount of gravel, slightly moist and moderately dense, uneven soil texture.




	
QZ-9

	
Surface soil of limestone

	
Reddish-brown gravelly soil, slightly moist and moderately dense, uneven soil texture, visible small amount of plant roots.
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Table 2. Solid content of major elements in weathered and unweathered black shales from the Qizi profile in central Hunan, China (wt%).
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	Species
	QZ-1
	QZ-2
	QZ-3
	QZ-4
	QZ-5
	QZ-6
	QZ-7
	QZ-8
	QZ-9





	SiO2
	21.11
	22.23
	22.42
	25.93
	27.45
	42.17
	45.62
	69.54
	63.73



	Al2O3
	4.92
	4.86
	5.16
	7.51
	9.13
	16.59
	16.99
	19.88
	18.03



	Fe2O3
	1.40
	1.42
	1.41
	1.61
	1.82
	4.94
	5.26
	6.95
	6.36



	CaO
	38.42
	39.06
	38.52
	34.06
	32.09
	14.08
	15.02
	0.61
	0.55



	MgO
	0.86
	0.87
	0.86
	0.81
	0.86
	1.42
	1.48
	0.44
	0.43



	K2O
	0.56
	0.54
	0.54
	0.94
	1.18
	2.34
	2.37
	1.38
	1.27



	Na2O
	0.33
	0.34
	0.31
	0.43
	0.49
	0.39
	0.35
	0.36
	0.38



	MnO
	0.03
	0.03
	0.03
	0.03
	0.03
	0.06
	0.06
	0.03
	0.03



	P2O5
	0.02
	0.02
	0.02
	0.02
	0.02
	0.06
	0.05
	0.05
	0.05



	TiO2
	0.21
	0.22
	0.20
	0.30
	0.36
	0.71
	0.67
	0.96
	1.00



	LOI
	31.18
	32.42
	30.96
	28.29
	27.34
	16.87
	16.33
	5.96
	5.10



	CIA
	74.39
	74.03
	76.26
	75.52
	75.94
	81.27
	82.02
	88.11
	87.28



	ICV
	8.49
	8.73
	8.11
	5.08
	4.03
	1.44
	1.48
	0.54
	0.55
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Table 3. Solid content of trace elements in weathered and unweathered black shales from the Qizi profile in central Hunan, China (ppm).
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	Species
	QZ-1
	QZ-2
	QZ-3
	QZ-4
	QZ-5
	QZ-6
	QZ-7
	QZ-8
	QZ-9





	V
	25
	40
	30
	37
	46
	120
	140
	134
	121



	Cr
	27
	46
	34
	41
	52
	94
	109
	97
	82



	Co
	3
	5
	5
	5
	6
	13
	15
	19
	13



	Ni
	12
	18
	16
	17
	20
	42
	48
	57
	37



	Cu
	10
	14
	12
	13
	15
	29
	35
	35
	33



	Zn
	27
	25
	28
	25
	29
	88
	88
	140
	98



	Sr
	395
	310
	317
	324
	309
	249
	285
	42
	39



	Zr
	84
	95
	124
	100
	99
	159
	149
	222
	234



	Cd
	0.2
	0.2
	0.2
	0.1
	0.2
	0.7
	0.5
	1.3
	0.2



	Ba
	65
	96
	74
	66
	119
	252
	281
	224
	208



	Hf
	2.1
	2.5
	3.1
	2.6
	2.5
	4.4
	4.2
	6.4
	6.6



	Pb
	10
	13
	11
	11
	14
	37
	32
	33
	30
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Table 4. Heavy metal content in rocks and soils from different regions (ppm).
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	Background Value
	V
	Cr
	Co
	Ni
	Cu
	Zn
	Sr
	Zr
	Cd
	Ba
	Hf
	Pb





	Rocks
	
	
	
	
	
	
	
	
	
	
	
	



	WAS
	130
	90
	19
	68
	45
	95
	300
	160
	0.3
	581
	2.8
	20



	CEUC
	70
	44
	12
	21
	17
	63
	300
	170
	0.075
	640
	4.8
	18



	LCBS
	976
	146
	16
	60
	84
	98
	416
	100
	0.6
	4101
	2.8
	37



	Soils
	
	
	
	
	
	
	
	
	
	
	
	



	HNAS
	105.4
	71.4
	14.6
	31.9
	27.3
	94.4
	44
	183
	0.1
	383
	9.2
	29.7



	CAS
	82.4
	61
	12.7
	26.9
	22.6
	74.2
	167
	256
	0.1
	469
	7.8
	26



	LCBSS
	573.7
	143.7
	21.9
	53.3
	88.5
	118.1
	60.4
	225
	0.7
	1920.1
	6.3
	47.9
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Table 5. The Pearson correlation coefficients for major and trace elements of samples from the Qizi profile.
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	V
	Cr
	Ni
	Cu
	Zn
	Sr
	Zr
	Cd
	Ba
	Hf
	Pb
	Al2O3
	Fe2O3





	V
	1
	
	
	
	
	
	
	
	
	
	
	
	



	Cr
	0.994 **
	1
	
	
	
	
	
	
	
	
	
	
	



	Ni
	0.999 **
	0.995 **
	1
	
	
	
	
	
	
	
	
	
	



	Cu
	0.997 **
	0.993 **
	0.998 **
	1
	
	
	
	
	
	
	
	
	



	Zn
	0.981 **
	0.956 **
	0.975 **
	0.968 **
	1
	
	
	
	
	
	
	
	



	Sr
	−0.736
	−0.773 *
	−0.756 *
	−0.73
	−0.697
	1
	
	
	
	
	
	
	



	Zr
	0.879 **
	0.856 *
	0.888 **
	0.872 *
	0.910 **
	−0.824 *
	1
	
	
	
	
	
	



	Cd
	0.872 *
	0.833 *
	0.863 *
	0.840 *
	0.943 **
	−0.687
	0.903 **
	1
	
	
	
	
	



	Ba
	0.993 **
	0.990 **
	0.993 **
	0.988 **
	0.976 **
	−0.742
	0.873 *
	0.882 **
	1
	
	
	
	



	Hf
	0.924 **
	0.903 **
	0.930 **
	0.918 **
	0.943 **
	−0.824 *
	0.993 **
	0.913 **
	0.914 **
	1
	
	
	



	Pb
	0.964 **
	0.950 **
	0.960 **
	0.944 **
	0.983 **
	−0.784 *
	0.912 **
	0.959 **
	0.966 **
	0.942 **
	1
	
	



	Al2O3
	0.972 **
	0.969 **
	0.971 **
	0.961 **
	0.960 **
	−0 0.745
	0.865 *
	0.861 *
	0.966 **
	0.899 **
	0.952 **
	1
	



	Fe2O3
	0.993 **
	0.975 **
	0.989 **
	0.983 **
	0.996 **
	−0.71
	0.895 **
	0.912 **
	0.985 **
	0.934 **
	0.977 **
	0.977 **
	1







* denotes significance at p < 0.05; ** denotes significance at p < 0.01.
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Table 6. Enrichment factors during weathering processes of QZ profile black shale.






Table 6. Enrichment factors during weathering processes of QZ profile black shale.





	Species
	V
	Cr
	Co
	Ni
	Cu
	Zn
	Sr
	Cd
	Ba
	Hf
	Pb





	QZ-1
	0.51
	0.84
	0.51
	0.82
	0.83
	0.63
	19.62
	3.80
	0.37
	0.50
	0.73



	QZ-2
	0.73
	1.24
	0.71
	1.07
	1.00
	0.50
	13.53
	2.76
	0.48
	0.53
	0.86



	QZ-3
	0.42
	0.70
	0.49
	0.73
	0.68
	0.43
	10.67
	2.78
	0.29
	0.50
	0.56



	Average
	0.55
	0.93
	0.57
	0.88
	0.83
	0.52
	14.61
	3.11
	0.38
	0.51
	0.72



	QZ-4
	0.64
	1.06
	0.62
	0.96
	0.90
	0.49
	13.48
	1.88
	0.31
	0.52
	0.70



	QZ-5
	0.81
	1.34
	0.75
	1.18
	1.03
	0.56
	12.94
	2.43
	0.57
	0.51
	0.84



	QZ-6
	1.31
	1.51
	1.00
	1.51
	1.21
	1.07
	6.50
	6.34
	0.76
	0.55
	1.43



	QZ-7
	1.63
	1.88
	1.25
	1.87
	1.57
	1.14
	7.97
	4.71
	0.90
	0.57
	1.31



	Average
	1.47
	1.69
	1.13
	1.69
	1.39
	1.11
	7.24
	5.53
	0.83
	0.56
	1.37
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Table 7. Geoaccumulation index of heavy metals in soil from the QZ profile.
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	Species
	QZ-6
	QZ-7
	Average
	Pollution level





	V
	−0.40
	−0.18
	−0.29
	Non-pollution



	Cr
	−0.19
	0.02
	−0.08
	Non-pollution



	Co
	−0.78
	−0.56
	−0.67
	Non-pollution



	Ni
	−0.19
	0.02
	−0.09
	Non-pollution



	Cu
	−0.51
	−0.23
	−0.37
	Non-pollution



	Zn
	−0.69
	−0.69
	−0.69
	Non-pollution



	Sr
	1.91
	2.11
	2.01
	Moderately heavy pollution



	Zr
	−0.79
	−0.88
	−0.83
	Non-pollution



	Cd
	1.88
	1.35
	1.62
	Moderate pollution



	Ba
	−1.19
	−1.03
	−1.11
	Non-pollution



	Hf
	−1.65
	−1.71
	−1.68
	Non-pollution



	Pb
	−0.27
	−0.50
	−0.38
	Non-pollution
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