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Abstract

:

The Carboniferous–Permian coal deposits in the western margin of the Ordos Basin are known for their unique geological characteristics and potential enrichment of trace elements; however, there have been limited studies on the complex geological genesis of these elements, hindering the development of effective strategies for mineral resource exploration in this region. This study aims to investigate the distribution characteristics of trace elements in Carboniferous–Permian coal from the western margin of Ordos Basin, focusing on their complex geological genesis using techniques such as optical microscopy, X-ray fluorescence spectrometry, and inductively coupled plasma mass spectrometry. The results show that the average maximum vitrinite reflectance values in the Helanshan coalfield, Zhuozishan coalfield, and Ningdong coalfield are 1.25%, 0.83%, and 0.69%, respectively. Compared with the world’s hard coals, Li and Ga in Carboniferous–Permian coal from the western margin of the Ordos Basin are mildly enriched (CC, concentration coefficients; 2 < CC < 5) or enriched (5 < CC < 10). On the basis of revealing the response of the geochemical characteristics of coal to the geological development of the basin, the composite genetic model of terrigenous clastic supply, fault structure, low-temperature hydrothermal fluid and coal metamorphism have been established in Carboniferous–Permian coal in the western margin of the Ordos Basin. In this complex genetic model, folds and faults are very well developed. Although the provenance may have provided sufficient detrital sources for the study area, frequent tectonic changes, denudation, or scour led to the loss of detrital supply, and the provenance did not ultimately cause the enrichment of elements in the study area. However, the widely developed fault structure provided channels for sulfur-containing hydrothermal fluids, and the increase in coal metamorphism resulted in the enrichment of trace elements in the Carboniferous–Permian coal in the western margin of the Ordos Basin.
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1. Introduction


In the process of the green transformation and sustainable utilization of coal resources, it is crucial to pay attention to the distribution, migration, and origin of trace elements in coal. The main material composition of coal is organic matter, which determines that the composition of coal has adsorption and reduction properties. Coal accumulates many kinds of trace elements under specific geological and geochemical conditions that reach the available degree and scale [1,2,3,4]. The enrichment of trace elements in coal is a complex process influenced by multiple factors. The primary factors identified in the Ordos Basin include provenance [5,6,7,8,9,10], sedimentary environment [11,12,13,14], volcanic ash [15,16], groundwater activity [6,17], and coal metamorphism [18]. Provenance plays a crucial role in determining the initial elemental composition of the peat, which eventually forms coal [5]. The depositional environment, including pH value, redox, and ion concentration, are crucial factors influencing the enrichment of trace elements in coal [14]. The volcanic ash is rich in rare metal elements, which can be captured and enriched by coal seams during the deposition process of volcanic ash [16]. Groundwater activity can mobilize and redistribute trace elements within the coal seam [6]. Coal metamorphism refers to the changes in the physical and chemical properties of coal during burial and heating. These changes are primarily driven by temperature and pressure increases as the coal is buried deeper. Metamorphism affects the structure, composition, and reactivity of coal, including its trace element content. As coal undergoes metamorphism, its maceral composition changes, and trace elements may be redistributed or concentrated within specific mineral phases [18]. Recently, researchers have studied the occurrence and enrichment characteristics of trace elements in coal in the Ordos Basin. Dai et al. investigated the mineralogy and geochemical properties of the Junger coalfield, discovering an abnormal enrichment of boehmite and its unique mineral composition in the No. 6 super thick coal seam [5,6]. Sun et al. have thoroughly explored the genetic mechanism behind the exceptionally enriched Al-Li-Ga-REY polymetallic deposit found in the coal of the Junger coalfield [19]. Li et al. discovered that in the Buertaohai-Tianjiashiban mining area of the Junger coalfield, lithium is primarily found in silicoaluminate minerals, while gallium and fluorine are primarily linked to boehmite and organic matter [20]. Qin et al. analyzed the source of trace element enrichment in northeastern Ordos Basin coal, revealing that the peat formation environment influences the accumulation of Ga, Li, and REY elements in coal [21].



The western margin of the Ordos Basin occupies a unique structural position where the Alxa block, Qilian tectonic zone, Yinshan tectonic zone, Qinling tectonic zone, and Ordos block converge. Due to the special structural location, the tectonic environment, sedimentary formation development and trace element enrichment characteristics in different tectonic periods are significantly different from those in the basin and other areas [22,23,24]. However, currently, research on the origin of trace elements in coal from the western margin of the Ordos Basin is limited. This paper investigates Carboniferous–Permian coal samples from the western edge of the Ordos Basin to explore the factors influencing the enrichment of trace elements in this region’s coal, which has important scientific significance for the study of trace element enrichment mechanism; moreover, the research also has significant economic and practical value for exploring and exploiting coal measure mineral resources.




2. Geological Setting


The western margin of the Ordos Basin borders the Alxa block; Ordos Basin in the east, the Tianshan-Xingmeng collision zone in the north; and the Qinling, Qinqi, and Kunlun collision zones in the south [25]. As the western margin of the Ordos Basin is situated at the boundary and intersection of the Qinling-Qinqi orogenic belt and the Helan fold belt, which have undergone multi-stage extensional rifts and compression-closure activities, its tectonic activity was significantly influenced by the movements of these fold belts to the north and south, as well as the stability of the Ordos block [26,27]. Consequently, the basin’s western margin exhibits highly complex structural characteristics, including various fault systems, folded structures, and tectonic superposition zones that evolved through different geological periods. These characteristics are illustrated in Figure 1. The fold and thrust belt on the western margin of the Ordos Basin is a prominent intracontinental fold-thrust tectonic zone in China, marking the junction between the eastern and western tectonic domains of northern China. Over multiple tectonic stages, including those related to the Indo-China, Yanshan, and Himalayan movements, folding, thrusting, and overall uplift shaped the current tectonic pattern of the basin’s western margin [28,29]. The evolution of these diverse tectonic systems has a profound impact on the superposition and distribution of various sedimentary systems within the basin. As tectonic activity changes, so do the depositional environments, leading to the formation of distinct sedimentary sequences and facies. For instance, in the Carboniferous–Permian coal-bearing stratum, the transition from confined marine sediments to continental fluvial swamp sediments reflects changes in tectonic stress and depositional conditions. Similarly, during the Mesozoic Jurassic, an important coal-forming period in the Ordos Basin, the early-to-middle Jurassic witnessed an intracontinental depression stage, characterized by inland lake, swamp, and fluvial sedimentary environments. These varying depositional environments, along with differing sediment sources and coal-forming plant communities, significantly influence the accumulation and distribution of elements in coal [30,31,32].




3. Sampling and Analytical Methods


Samples were collected from the Changcheng No. 1 (CC1-3, CC1-9), Changcheng No. 3 (CC3), Suhaitu (SHT), Huangbaici (HBC), Wuhushan (WHS), and Fuqiang (FQ) coal mines in the Zhuozishan coalfield; Shitanjing (STJ-5, STJ-8), Shabatai (SBT), and Shizuishan (SZS) coal mines in the Helanshan coalfield; and the Hongshiwan (HSW) and Hongdunzi (HDZ1) coal mines in the Ningdong coalfield. A total of 13 Carboniferous–Permian samples were collected (Figure 1b). Except for the samples from Fuqiang and Hongdunzi coal mines, which are carbonaceous mudstones, all other samples are coal samples.



Samples were collected following the strict guidelines of GB/T 482-2008 [33]. Moisture, volatile matter, and ash were determined according to ASTM D3173-11 (2011) [34], ASTM D3174-11 (2011) [35], and ASTM D3175-11 (2011) [36]. Total sulfur testing of coal followed ASTM D3177-02 (2007) [37]. Reflectance test of vitrinite under oil-immersed reflected light using DM4500P reflective microscope in accordance with ASTM D2798-11A (2011) [38]. The recorded reflectance values were analyzed to determine the average maximum reflectance of the vitrinite in the coal samples.



X-ray fluorescence spectroscopy (XRF; PANalytical Axios) was used to measure the concentration of major elements in samples. Preparation for XRF analysis involved borate fusion in an automated furnace, where each sample weighing 0.7 g was blended and uniformly mixed with 7 g of pure lithium borate flux, composed of 67% Li2B4O7 and 33% LiBO2. For the determination of trace elements, inductively coupled plasma mass spectrometry (ICP-MS, ELEMENT XR) was employed. These analyses were carried out in accordance with the methods described by Qin et al. [39,40] and Dai et al. [41]. These analytical techniques were conducted at the China National Nuclear Corporation (CNNC) Beijing Research Institute of Uranium Geology.




4. Results


4.1. Coal Chemistry


According to GB/T15224.1-2018 [42], STJ-5 has the lowest ash content (6.41%), which is an ultra-low-ash coal (ash content (A), A ≤ 10%); SBT and STJ-8 are low-ash coals (10% < A ≤ 20%), and SZS has the highest ash content (21.32%) and is a medium-ash coal (20% < A ≤ 30%). The moisture content ranges from 0.35%–0.61%. According to MT/T849-2000 [43], the Helanshan coalfield is made up of low to middle to high volatile coal (17.77%–31.05%). According to GB/T 15224.2-2021, STJ-5 is a medium-sulfur coal (1.83%), and other coal mines are extremely low-sulfur coal [44]. The average maximum vitrinite reflectance in the Helanshan coalfield is 1.25% (0.83%–1.51%) (Table 1).



According to GB/T15224.1-2018 [42], the ash content of CC1-9 (4.83%) and CC3 (9.11%) in Zhuozishan coalfield is ultra-low, while other coal seams belong to medium- or high-ash coal (medium ash coal: 20% < A ≤ 30%; high ash coal: 30% < A ≤ 40%). The moisture content of Zhuozishan coalfield ranges from 0.39% to 3.74%, and the volatiles range from 16.79% to 45.86%. According to GB/T 15224.2-2021 [44], WHS, CC3, and HBC are high-sulfur coals; CC1-9 and FQ are medium-high-sulfur coals; and CC1-3 is an extremely low-sulfur coal. Table 1 shows that the average maximum vitrinite reflectance of the coal in the Zhuozishan coalfield is 0.83%, with a range of 0.62% to 1.04%.



The ash and moisture contents of HSW in the Ningdong coalfield are 1.84% and 25.17%, respectively, suggesting a medium-ash coal. The volatile matter and total sulfur contents suggest HSW was a high-volatile and low-sulfur coal. The average reflectance of maximum vitrinite in the Ningdong coalfield is 0.69% (Table 1).




4.2. Trace Elements


Based on the concentration coefficients (CC) concept proposed by Dai et al. [45], the CC values of trace elements in the study area were investigated by comparing them with the average of the world’s hard coals [46] and common Chinese coals [47]. Table 2 displays the trace element contents in the study area.



Compared with the world’s hard coals, in the Helanshan coalfield No. 4 coal, Li and Pb are enriched (5 < CC < 10); REY, Ga, Th, Sc, In, and U are mildly enriched (2 < CC < 5); Ni, Sb, Cr, Mo, Bi, and TI are depleted (CC < 0.5); and other elements are normal (0.5 < CC < 2). In No. 5 coal, Li is highly enriched, U is enriched; and Th, Ga, Pb, Mo, Sc, and Sr are mildly enriched. In No. 13 coal, Pb, U, Li, REY, Ga, and Mo are mildly enriched; Ba, Co, Ni, Tl, Bi, Cs, and Rb are depleted; and the other elements are normal (Figure 2a).



Compared with the common Chinese coals, in the Helanshan coalfield No. 4 coal, Li, Pb, Ga, In, Sc, REY, Th, and U are mildly enriched; Sb, Cr, Bi, Mo and TI are depleted; and the other elements are normal. In No. 5 coal, U and Li are enriched; Ga and Th are mildly enriched; and other elements are normal or depleted. In No. 13 coal, U, Pb, and Ga are mildly enriched; Ni, Bi, Tl, Ba, Co, Rb, and Cs are depleted; and other elements are normal (Figure 2b).



Compared with the world’s hard coals, in the Zhuozishan coalfield No. 3 coal, Li and Th are enriched; Ga, Cs, REY, Pb, Sc, Rb, U, V, Cr, Mo, In, and Zn are mildly enriched; and Bi is depleted. In No. 9 coal, Li, Mo, Th, U, Ga, and Pb are mildly enriched, while other elements are normal or depleted. In No. 10 coal, Li and Cs are enriched; and Pb, Rb, Th, Ga, Sc, Tl, V, REY, Cr, U, In, Zn, Co, and Mo are mildly enriched; and other elements are normal (Figure 3a).



Compared with the common Chinese coals, in the Zhuozishan coalfield No. 3 coal, Rb is enriched; Ga, Cs, Th, Sc, Cr, Li, Pb, and U are mildly enriched; and other elements are normal. In No. 9 coal, Mo, U, and Ga are mildly enriched; Bi, Co, Rb, Tl, Ba, and Cs are depleted. In No. 10 coal, Rb and Cs are enriched; and Tl, Ga, Sc, Cr, Pb, Li, V, Th, In, and U are mildly enriched (Figure 3b).



Compared with the world’s hard coals, in the Ningdong coalfield No. 5 coal, Li and Th are enriched; Pb, Ga, REY, Sc, Be, Sr, In, and U are mildly enriched; V, Cu, Cr, and Mo are normal; and other elements are depleted (Figure 4a).



Compared with the common Chinese coals, in the Ningdong coalfield No. 5 coal, Li, Ga, Th, Pb, Sc, and Be are mildly enriched; In, REY, U, Sr, V, Cu, Cr, Rb, and Bi are normal; and other elements are depleted (Figure 4b).





5. Discussion


This study shows that many trace elements, such as Li and Ga, are mildly enriched or enriched in comparison with both the world’s hard coals and the common Chinese coals. Recognizing the mechanism accountable for such enrichment is vital for the exploration of these critical metallic mineral resources. In this section, factors controlling trace element variations in the western Ordos Basin are first identified, followed by a discussion on the complex geological genesis of the enrichment of these trace elements.



5.1. Sediment Source







	(1)

	
Firstly, the Al2O3/TiO2 ratio in coal indicates that the sediment source of trace elements in the coal of the study area is mainly intermediate and felsic igneous rocks (Al2O3/TiO2 > 8, Figure 5a). According to the total rare earth elements to La/Yb ratio, most samples lie in the intersection area of sedimentary rock, alkaline basalt, and granite (Figure 5b). However, CC3, CC1-9, and STJ-5 fall within the sedimentary rock area, suggesting a relatively simple source for these samples, mainly sedimentary rock (calcareous mudstone). The sediment source for other samples in the study area is quite complex, consisting of a mix of granite, alkaline basalt, and sedimentary rock [48,49,50]. The mixed origin of sediment source components also causes the ash content of other samples to be significantly higher than that of CC3, CC1-9, and STJ in the study area (Figure 6).




	(2)

	
Secondly, the ancient strata and crystalline basement around the Ordos Basin mainly consist of ancient metamorphic rocks, including various volcanic and sedimentary rocks from Archean Eonothem and Proterozoic Eonothem [51]. In the late Paleozoic Era, the Alxa block and the Yinshan oldland were uplifted, directing the paleowater flow in the western margin of the basin from north to south or northwest to southeast, which made it possible for the Yinshan oldland and the Alxa oldland to provide provenance supply for the study area [52]. Since the terrigenous area in the north and northwest of the basin did not experience a single arching uplift during its formation but with the continuous occurrence and intensification of the collision orogeny on the north side during the uplift, the rock thrust and folding occurred in the erosion source area, which resulted in the emergence of Archean ancient metamorphic rocks and pre-intrusive granites due to tectonic changes. It forms the sediment source in the basin together with the Sinian quartzite layer, which leads to the phenomenon of mixed source in most samples in the west margin of the basin [53].




	(3)

	
According to (1) and (2), the sediment source in the study area can be basically defined, so did the provenance component cause the concentration of trace elements in coal? Figure 6 and Figure 7 show that the vertical variation of Li, Th, U, Ga, Pb, and REY elements in coal is similar to that of Ad, except for Helanshan coalfield. They are as follows: in the Ningdong coalfield, the content of HDZ1 is obviously higher than that of HSW; and in the Zhouzishan coalfield, the ash content and elements Li, Th, U, U, Ga, Pb, and REY in CC1-3 coal are significantly higher than those in CC1-9 and CC3 coal seams, and the highest values are found in FQ. The vertical distribution characteristics of ash and trace elements indicate that sediment source is the main factor controlling trace element enrichment in the Zhuozishan and Ningdong coalfields.









The variation trend of Li, Th, U, Ga, Pb, and REY elements in the Helanshan coalfield coal differs from that of Ad. This indicates that the high concentration of these elements is likely due to factors such as structural-hydrothermal processes and coal metamorphism rank, rather than sediment source composition (discussed in detail below).




	(4)

	
The distribution patterns of rare earth elements in most samples (except STJ-5 coal in Helanshan coalfield, Figure 8b) show an enrichment of light-rare earth elements or medium-rare earth elements (Figure 8a). Research indicates that intermediate and felsic igneous rocks exhibit a light rare earth element enrichment pattern, whereas mixed lithologies, such as alkaline basalt, can lead to heavy rare earth element enrichment in some samples [54], which is consistent with the above inference.










5.2. Fault Structure-Low Temperature Hydrothermal Fluid-Coal Metamorphism


As can be seen from the above, the accumulation of trace elements in the Zhuozishan coalfield and Ningdong coalfield is mainly controlled by the source supply, while the low concentration of ash in the Helanshan coalfield and the correlation between trace element content and low ash content indicate that the high concentration of trace elements in the Helanshan coals is not attributed to the sediment source.



The trend of ash content in coal from STJ-5 coal seam in the Shitanjing mining area of the Helanshan coalfield, which is low (6.41%), resembles that of CC1-9 and CC3 in the Shanghaimiao mining area of the Zhuozishan coalfield (4.83% and 9.11%, respectively), suggesting similar limited source sediment material supply. However, despite this similarity in ash content, the concentration of trace elements in STJ-5 exhibits a notably higher trend, such as Li (294 µg/g), Th (23 µg/g), and U (30.5 µg/g) compared to CC1-9 and CC3, and also exceeds those in other mines in Helanshan. There must be other factors contributing to the increased elemental content in the Shitanjing coal. Through mineralogical analysis, it was discovered that fracture-filling pyrite is widespread in STJ-5 of the Shitanjing coal mine (Figure 9), indicating the intrusion of sulfur-bearing hydrothermal fluids either during the initial stages of No. 5 coal formation or post-coal formation. The main structural feature of the Helanshan coalfield is the Helanshan syncline, within which there are several major fault structures. Most of the coal mining areas in the Helanshan coalfield are located within folds trending north-northeast (or north-northwest) of the Helanshan syncline, accompanied by high-angle thrust faults that are mainly pushed from west to east [55]. These developed fault structures provide channels for sulfur-bearing fluids. As these fluids flow, they capture a variety of trace elements from the surrounding rock, enriching them with abundant Li, Th, U, and other elements. Coal, being a porous medium with developed fractures, facilitates rapid pressure drops and the unloading of the fluids, leading to the precipitation and enrichment of minerals and elements. This results in the secondary enrichment of Li, Th, U, and other elements in STJ-5 of the Shitanjing mine, significantly increasing their concentrations compared to those in coals from other mines in the Helanshan coalfield. Additionally, the input of these hydrothermal fluids is a crucial factor contributing to the heavy rare earth element distribution pattern observed in STJ-5 of the Helanshan coalfield (Figure 8b) [56].



The near-north-south compressive tectonic stress field of the Indosinian period gradually transitioned to the near-east-west compressive stress field of the Yanshan period. The Ordos Basin began to develop a tensile environment, and magmatic activity occurred in the Rujigou area, which led to the complete change of sedimentary tectonic pattern in the Ordos Basin and the transformation of the early sedimentary basin. For example, the distribution characteristics of basalt in Helanshan coalfield are from northeast to southwest to near east to west on the plane, but the thermal metamorphism of coal is not only dependent on the direct thermal contact metamorphism of magma but more importantly on the heat transfer of thermal fluid. Therefore, on the one hand, the coal metamorphism change is centered on Rujigou, and the coal grade slowly diminishes from Rujigou to the southwest and northeast. On the other hand, the metamorphism of coal is mainly closely related to the development of dikes, which causes the development height of the dikes along the fissure and the local variation of the reflectivity to the same height and also causes the heterogeneity of the metamorphism of the coal seam in a small range in the same area [57]. In addition to the influence of magmatic-hydrothermal solution, another leading factor of coal metamorphism is the thickness of the overburden layer in the Helanshan coalfield. For example, although the Shabatai area is far away from Rujigou coal, its thick Triassic strata lead to a higher metamorphism of SBT (1.51%), while STJ coal is close to Rujigou coal, but its overburden rock series is less thick [58]. Therefore, the metamorphism degree of SBT coal exceeds that of STJ coal. The impression of temperature and the enrichment of organic matter in coal on the development of channels and coal metamorphism is significant. High temperatures can enhance the fluid mobility within the coal seams, promoting the development of channels and fractures, which in turn facilitate the migration of hydrocarbons and other fluids. Additionally, the enrichment of organic matter within the coal can influence its metamorphic degree as higher organic content often correlates with increased coal rank and altered physical and chemical properties [59,60,61,62]. The degree of coal metamorphism also influences the accumulation of trace elements in coal. Liu et al. discovered that the Ga content in sub-volcanic thermal metamorphic coal decreased with the increase of coal metamorphism [63]. The content of Ga in the coal in the Helanshan coalfield does not show an obvious relationship with the degree of coal metamorphism, while the variation of Pb and REY elements with the degree of metamorphism is obvious, which indicates that the relatively rich Pb and REY contents in Helanshan coalfield may be mainly controlled by the degree of coal metamorphism [18].



In low-rank coal, most trace elements can be partly linked to organic matter and partly found in minerals. Most trace elements in bituminous coal and anthracite belong to an inorganic binding state. As the coal rank increases, carboxyl and hydroxyl groups detach from the coal’s macromolecular structure, resulting in a decrease in trace elements associated with these functional groups. The concentration of organically bound trace elements in lignite is relatively high, while the content in bituminous coal is reduced, and the content of organically bound trace elements in anthracite is further reduced [64,65]. Researchers have demonstrated that as coal rank increases, the organic binding states of Cr and V elements decrease, and the occurrence of these elements in minerals becomes more prominent. Additionally, trace elements bound to organic matter are more volatile than those associated with minerals [66,67,68]. Huggins and Huffman explored the transition from chelated organic associations in peat and low-rank coal to inorganic associations in high-volatile bituminous coal, which is found in the Illinois Basin [69]. While they demonstrated that some chromium, titanium, vanadium, and zirconium in these coals may be present as organic components, there is an overall tendency for organic binding to decrease as the coal rank increases.




5.3. Complex Geological Genesis of Trace Element Enrichment


The ancient strata and crystalline basement in the surrounding area of the Ordos Basin mainly consist of multiple sets of ancient metamorphic rock series composed of various types of volcano-sedimentary rocks of the Archean and Proterozoic Eocene [24]. The direction of ancient water in the western margin of the basin made it possible for Yinshan oldland and Alashan oldland to provide a provenance supply to the study area in the late Paleozoic [70]. While the terrigenous area in the north and northwest of the basin was uplifted during the formation process, the collision orogeny on the north side and the intensification of the erosion source area resulted in the thrusts and folds of the rock layers. As a result, the Archean ancient metamorphic rock and the granites that invaded earlier emerged from the surface due to tectonic changes, which together with the Sinian quartzite layer constituted the sediment source in the basin. The provenance of most coal mines in the western margin of the basin is a mixed lithology of granite, alkaline basalt, and sedimentary rock [53]. Only the provenance of CC1-9, CC3, and STJ-5 coal is relatively simple, mainly sedimentary rock (calcareous mudstone).



The above multiple sediment source supply is the most important factor controlling the enrichment of trace elements in the Zhuozishan coalfield and the Ningdong coalfield. The mixture of granite, alkaline basalt, and sedimentary rock from the Yinshan and Alxa oldlands makes the ash content in Zhuozishan and Ningdong coalfields relatively high. Moreover, the vertical variation of Li, Th, U, Ga, Pb, and REY elements and ash content in coal is basically the same. The distribution patterns of rare earth elements in coal are light rare earth element enrichment or medium rare earth element enrichment.



During the Carboniferous–Permian period, the Helanshan coalfield experienced frequent tectonic activities. These activities included crustal movements, fault formations, and uplift and subsidence of the strata. The crustal movements were particularly intense, leading to significant changes in the geological structure of the coalfield. Faults developed extensively throughout the region, disrupting the continuity of coal seams and causing significant displacement and deformation of the coal-bearing strata. These frequent structural changes disrupted the stability of the surface, exposed rocks to erosion, and reduced the available depositional space, ultimately resulting in a limited source material supply [71,72,73]. As a result, the total ash content of some coal mines in the Helanshan coalfield is obviously lower than that in the Zhuozishan coalfield and the Ningdong coalfield, with the content of the former ranging from 13.37% to 21.32%. The contents of the latter ranged from 38.29%–50.57% and 25.17%–57.02%. Therefore, the sediment source did not cause the enrichment of trace elements in the coal in the Helanshan coalfield. The variation trend of Li, Th, U, Ga, Pb, and REY elements in coal in this area is quite different from that of Ad.



The fault structure of the Helanshan coalfield provided a channel for hydrothermal fluids. When sulfur-containing hydrothermal fluids invaded STJ-5 coal along the fissure, pyrite-bearing veins were widely developed in the coal, and the hydrothermal fluids captured a variety of trace elements from the surrounding rock, thus carrying abundant Li, Th, U, and other elements. Due to the characteristics of coal fissure development, the fluid pressure drops sharply and is quickly unloaded. This results in the precipitation and enrichment of minerals and elements in the fluid, resulting in the content of Li, Th, U, and other elements in STJ-5 coal being significantly higher than other coal mines in the Helanshan coalfield. In addition, the input of sulfur-containing hydrothermal fluid leads to the distribution pattern of heavy rare earth elements in STJ-5 in the Helanshan coalfield, and the total sulfur content is as high as 1.83%, which is 3.8–4.8 times that of other Taiyuan formation coal seams in the Helanshan coalfield.



The change of compressive tectonic stress field near south to north in the Indosinian period led to the emergence of a tensile environment in the Ordos Basin, and the magmatic activity in Rujigou in some parts of the Ordos Basin led to a radical change in the sedimentary tectonic pattern of the Ordos Basin and a transformation of the sediments in the earlier basin [74]. The rank of the coal metamorphism of Carboniferous–Permian coal in the Helanshan coalfield is generally higher than that of other coal mines (0.83%–1.51%) due to the influence of magmatic heat. Lead and REY elements in the Helanshan coalfield show similar changes to Ro, and the opposite changes to volatilization are affected by the rank of coal metamorphism. As the rank of coal metamorphism increased, decarboxylation and removal of other oxygen-containing functional groups resulted in a reduction in metal–COOM bonds, and the released metals can be synthesized into clays and other minerals. Additionally, as the water content decreased, the cation-containing solution became saturated, and if separated from the clay, the cations formed hydroxides or oxides [75].



In summary, on the basis of revealing the response of coal geochemical characteristics to the geological evolution of the basin, a composite genetic model of provenance—fault structure—low-temperature hydrothermal fluid—coal metamorphism of trace elements in Carboniferous–Permian coal in the western margin of Ordos Basin has been established (Figure 10). In this model, folds and faults are very developed. Although the provenance may provide enough debris sources for the study area due to frequent structural changes and the loss of debris supply due to denudation or erosion, the provenance does not ultimately cause the enrichment of elements. The widely developed fault structures provided channels for sulfur-containing hydrothermal fluids, and the increase in the degree of coal metamorphism eventually resulted in the enrichment of elements in the present coal in the study area.





6. Conclusions


	(1)

	
The coal in the Helanshan coalfield is classified as ultra-low to medium ash and ultra-low- to medium-sulfur coal, and the metamorphism degree of coal varies greatly, Ro,max is 0.83%–1.51%, with an average value of 1.25%, which is higher than Ro,max of coals in Ningdong and Zhuozishan coalfields.




	(2)

	
Compared with the world average, Li and Th are concentrated in No. 3 coal of the Zhuozishan coalfield, while Li and Cs are concentrated in No. 10 coal. The enrichment of these trace elements in the Zhuozishan coalfield was mainly attributed to the provenance. In the Helanshan coalfield, the enrichment of Li and Pb in No. 4 coal, and the high enrichment of Li in the No. 5 coal seam can be explained by the influence of fault structure, low-temperature hydrothermal fluid, and coal metamorphism.




	(3)

	
Based on the revelation of how coal geochemical characteristics respond to the geological evolution of the basin, a composite genetic model of provenance—fault structure—low-temperature hydrothermal fluid—coal metamorphism of trace elements in Carboniferous–Permian coal in the western margin of the Ordos Basin has been established. In this model, folds and faults were very developed, and the mixture of granite, alkaline basalt and sedimentary rock from the Yinshan and Alxa oldlands caused the relative enrichment of Li, Th, U, Ga, Pb, and REY elements in the Zhuozishan and Ningdong coalfields, but the source supply did not lead to the enrichment of trace elements in the tectonically active Helanshan coalfield. The primary reason for the accumulation of trace elements in the Helanshan coalfield is the widespread development of fault structures, which served as channels for sulfur-containing hydrothermal fluids and influenced the degree of coal metamorphism. Additionally, temperature plays a significant role in this process, which can enhance the fluid mobility within the coal seams, promoting the development of channels and fractures, which in turn facilitate the migration of hydrocarbons and other fluids. In addition, Temperature also affects coal metamorphism, which can affect the solubility and adsorption capacity of trace elements, further influencing their distribution and enrichment in Helanshan coals.
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Figure 1. (a) Structural outline of the western margin of the Ordos Basin (modified from [24,25]); (b) Sampling location of western margin of Ordos Basin. 
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Figure 2. Trace element CC in the Helanshan coalfield; (a) Helanshan coalfield No. 4 coal, No. 5 coal, No. 13 coal/common world coals; (b) Helanshan coalfield No. 4 coal, No. 5 coal, No. 13 coal/common Chinese coals. 
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Figure 3. Trace element CC in the Zhuozishan coalfield. (a) Zhuozishan coalfield No. 3 coal, No. 9 coal, No. 10 coal/common world coals. (b) Helanshan coalfield No. 3 coal, No. 9 coal, No. 10 coal/common Chinese coals. 
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Figure 4. Trace element CC in the Ningdong coalfield; (a) Ningdong coalfield No. 5 coal/common world coals; (b) Ningdong coalfield No. 5 coal/common Chinese coals. 
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Figure 5. Relations between (a) Al2O3-TiO2; (b) La/Yb-∑REY for coals in western Ordos Basin. 
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Figure 6. Variation of ash, total sulfur, volatile components, and Ro in coal. 
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Figure 7. Variation of Li, Th, U, Ga, Pb, REY, and Cs in coal. 
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Figure 8. Distribution pattern of rare earth elements in coal (a) enrichment of light-rare earth elements or light-to-medium-rare earth elements; (b) enrichment of heavy-rare earth elements. 
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Figure 9. Fracture-filling pyrite, sample STJ-5, observed under an optical microscope. 
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Figure 10. Composite genetic model dominated by provenance—fault structure—low-temperature hydrothermal fluid—coal metamorphism. The red dotted line represents “Hot baking and the thickness of overburden lead to the increase of rank of coal metamorphism”. 
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Table 1. The content of moisture, ash, volatile matter, sulfur, vitrinite maximum reflectance, Al2O3, and TiO2 of the western margin of Ordos Basin (%).
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Coalfield

	
Horizon

	
Coal

	
Number

	
Mad

	
Ad

	
Vdaf

	
St,d

	
Ro,max

	
Al2O3

	
TiO2






	
Helanshan

	
Shanxi formation

	
4#

	
SBT

	
0.35

	
13.37

	
18.81

	
0.38

	
1.51

	
42.38

	
0.74




	
5#

	
STJ-5

	
0.42

	
6.41

	
17.77

	
1.83

	
1.19

	
42.21

	
0.28




	
SZS

	
1.10

	
21.32

	
31.51

	
0.47

	
0.83

	
49.14

	
1.84




	
Taiyuan formation

	
13#

	
STJ-8

	
0.61

	
14.4

	
20.92

	
0.48

	
1.45

	
41.32

	
0.82




	
Zhuozishan

	
Shanxi formation

	
3#

	
CC1-3

	
1.86

	
38.32

	
41.05

	
0.37

	
0.68

	
40.56

	
1.13




	
WHS

	
0.66

	
41.93

	
Vd 16.79

	
6.02

	
0.92

	
25.12

	
1.63




	
Taiyuan formation

	
9#

	
CC3

	
1.48

	
9.11

	
45.86

	
3.87

	
0.62

	
44.06

	
0.24




	
CC1-9

	
1.70

	
4.83

	
40.06

	
2.73

	
0.62

	
30.98

	
1.82




	
10#

	
SHT

	
0.88

	
43.00

	
Vd 17.90

	
1.85

	
1.04

	
32.38

	
1.06




	
HBC

	
0.39

	
38.29

	
31.17

	
4.42

	
0.98

	
28.72

	
1.27




	
Ningdong

	
Shanxi formation

	
5#

	
HSW

	
1.84

	
25.17

	
39.62

	
0.71

	
0.69

	
29.66

	
0.87








Notes: M, moisture; ad, air-dry basis; A, ash yield; d, dry basis; V, volatile matter; daf, dry and ash-free basis; St,d, total sulfur; Ro,max, maximum vitrinite reflectance.













 





Table 2. Content of trace elements in the study area (μg/g, on whole-coal basis).






Table 2. Content of trace elements in the study area (μg/g, on whole-coal basis).





	
Coalfield

	
Horizon

	
Coal

	
Number

	
Li

	
Be

	
Sc

	
V

	
Cr

	
Co

	
Ni

	
Cu

	
Zn

	
Ga

	
Rb

	
Sr




	
Zhuozishan

	
Shanxi formation

	
3#

	
CC1-3

	
103

	
4.59

	
11.2

	
41.5

	
16.2

	
7.15

	
10.4

	
10.1

	
18.3

	
28.5

	
15

	
234




	
WHS

	
59.7

	
3.02

	
13.5

	
94.9

	
63.4

	
15.4

	
25.3

	
22

	
96.6

	
22.6

	
94.4

	
100




	
Taiyuan formation

	
9#

	
CC3

	
46.4

	
0.667

	
2.62

	
13

	
5.66

	
1.42

	
4.1

	
27.9

	
26.5

	
5.26

	
0.788

	
57.8




	
CC1-9

	
10.4

	
2.51

	
1.87

	
9.77

	
4.31

	
0.945

	
2.64

	
25.2

	
23.6

	
4.57

	
0.544

	
87.6




	
FQ

	
100

	
4.06

	
15.3

	
53.6

	
23.1

	
7.84

	
16.1

	
16.5

	
65.3

	
30.5

	
11.3

	
422




	
10#

	
SHT

	
84.6

	
3.99

	
11.6

	
66

	
26.8

	
8

	
14

	
22.9

	
30.4

	
21

	
65.7

	
76.8




	
HBC

	
92.5

	
3.05

	
15.9

	
103

	
65.1

	
17.5

	
26.5

	
34.8

	
90

	
25.3

	
95.8

	
106




	
Helanshan

	
Shanxi formation

	
4#

	
SBT

	
131

	
3.92

	
10.2

	
20.9

	
6.57

	
4.29

	
7.93

	
11.3

	
32.4

	
23.9

	
9.04

	
83.7




	
5#

	
STJ-5

	
294

	
2.94

	
10.7

	
67.5

	
19.8

	
1.58

	
14

	
9.8

	
28.6

	
25

	
5.15

	
54.4




	
SZS

	
64.6

	
1.54

	
6.61

	
23.6

	
7.14

	
2.35

	
3.92

	
22.7

	
20.7

	
24

	
3.94

	
389




	
Taiyuan formation

	
13#

	
STJ-8

	
43.3

	
2.14

	
6.62

	
27.5

	
9.85

	
2.15

	
5.89

	
29.3

	
31.4

	
14.8

	
1.67

	
176




	
Ningdong

	
Shanxi formation

	
5#

	
HDZ1

	
173

	
7.42

	
15.9

	
57.7

	
16.1

	
1.2

	
7.19

	
11.7

	
10.7

	
27.3

	
9.71

	
51




	
HSW

	
92.1

	
1.91

	
6.37

	
20.8

	
7.69

	
1.51

	
3.15

	
15.9

	
10.7

	
15.5

	
1.94

	
399




	
Coalfield

	
Horizon

	
Coal

	
Number

	
Mo

	
In

	
Sb

	
Cs

	
Ba

	
Tl

	
Pb

	
Bi

	
Th

	
U

	
REY




	
Zhuozishan

	
Shanxi formation

	
3#

	
CC1-3

	
0.648

	
0.1

	
0.54

	
1.61

	
132

	
0.133

	
28.1

	
0.412

	
19.3

	
4.55

	
245.299




	
WHS

	
8.81

	
0.068

	
0.603

	
7.16

	
295

	
1.58

	
32.3

	
0.59

	
14

	
5.17

	
222.714




	
Taiyuan formation

	
9#

	
CC3

	
2.81

	
0.046

	
0.279

	
0.047

	
24.7

	
0.03

	
10.7

	
0.186

	
2.6

	
1.48

	
34.009




	
CC1-9

	
4.59

	
0.025

	
0.132

	
0.034

	
46

	
0.006

	
4.09

	
0.266

	
1.3

	
1.49

	
21.02




	
FQ

	
16.1

	
0.135

	
0.927

	
0.838

	
82.8

	
0.547

	
44.7

	
0.728

	
26.7

	
14

	
345.295




	
10#

	
SHT

	
3.17

	
0.085

	
0.751

	
5.61

	
189

	
1.84

	
47.2

	
0.354

	
12.8

	
3.98

	
175.616




	
HBC

	
5.28

	
0.115

	
0.717

	
8.06

	
306

	
1.78

	
41.7

	
0.97

	
15.3

	
5.82

	
227.136




	
Helanshan

	
Shanxi formation

	
4#

	
SBT

	
0.611

	
0.11

	
0.404

	
1.28

	
110

	
0.093

	
59

	
0.26

	
12

	
4.88

	
289.925




	
5#

	
STJ-5

	
10.4

	
0.096

	
0.623

	
0.815

	
149

	
0.26

	
19.5

	
0.637

	
23

	
30.5

	
56.912




	
SZS

	
1.02

	
0.029

	
0.592

	
0.124

	
131

	
0.089

	
32

	
0.188

	
7.52

	
3.42

	
195.801




	
Taiyuan formation

	
13#

	
STJ-8

	
4.6

	
0.043

	
0.579

	
0.121

	
57.3

	
0.176

	
42.4

	
0.303

	
5.9

	
7.5

	
198.23




	
Ningdong

	
Shanxi formation

	
5#

	
HDZ1

	
0.833

	
0.123

	
0.25

	
0.91

	
52.7

	
0.184

	
52

	
0.483

	
27.4

	
4.66

	
314.474




	
HSW

	
1.83

	
0.051

	
0.231

	
0.164

	
53.9

	
0.065

	
25.9

	
0.44

	
10.2

	
3.39

	
161.047
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