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Abstract

:

The eastern Junggar Basin in Xinjiang harbors abundant coal resources within the Middle Jurassic Xishanyao Formation. However, the formation environment associated with these coal-bearing strata remains unclear. Geochemical characteristics serve as crucial geological indicators of the sedimentary period. Therefore, it is imperative to explore the geochemical attributes and sedimentary context of the coal-rich layers within the Middle Jurassic Xishanyao Formation in the Zhundong region to enhance the prospects of coal extraction and utilization. The elemental compositions, both major and trace, of the Xishanyao Formation were analyzed through X-ray fluorescence spectrometry (XRF) and inductively coupled plasma mass spectrometry (ICP-MS). A comprehensive analysis was conducted on the sediment provenance, tectonic background, and depositional environment of the coal-bearing strata in the Xishanyao Formation. Moreover, through the utilization of a range of discrimination indices, including Sr/Cu, B/Ga, Sr/Ba, V/Cr, Ni/Co, and δCe, the paleo-depositional setting of the coal-containing layers was reconstructed. The findings suggest that the primary source rocks of the coal-bearing beds in the Xishanyao Formation consist of continental tholeiites, with the predominant material composition in the source region being felsic volcanic rocks originating from the upper crust. The tectonic backdrop of the source region is marked by a continental island arc environment. During the sedimentation period of the Xishanyao Formation, the depositional environment was characterized by a freshwater oxidizing setting. Additionally, it experienced a transition from arid-hot to humid-hot before returning to arid-hot conditions.
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1. Introduction


Situated in the northern expanse of Xinjiang, China, nestled between the Altai Mountains and the Tianshan Mountains, the Junggar Basin holds its majestic place as the nation’s second-largest inland basin. The eastern part of the Junggar Basin is the Zhundong coalfield, which covers an area of approximately 7800 km2. The estimated coal reserves in the Zhundong coalfield are around 164 Gt [1,2,3]. It is one of the largest coal-producing regions in China, with a favorable supply of coal resources, overall. The coal seams in this region are renowned for their substantial thickness and superior quality, distinguished by minimal ash, sulfur, and phosphorus content, alongside elevated levels of volatile matter and calorific value [4,5]. This coal-rich area holds significant economic value.



The Junggar Basin is a multi-cycle superimposed basin, rich in various fossil energy resources such as petroleum, natural gas, and coal. The Mesozoic sedimentary strata within the basin boast exceptional preservation, with the significant Middle Jurassic Xishanyao Formation as a vital coal-bearing layer. Throughout the sedimentary rock deposition, the composition of major and trace elements is shaped by the mineral makeup of the source rocks, depositional milieu, and ensuing diagenetic transformations. This intricate geochemical modulation is intricately linked not only to the physical and chemical attributes of the sediments and aquatic realms but also to the lithological composition of the source rocks, tectonic context, and depositional conditions. The elemental content of sedimentary rocks serves as an important tool for reconstructing the nature of the source rocks, tectonic background, and ancient depositional environments. Among them, Sr/Cu can reflect paleoclimate [6]; Sr (ppm) and Sr/Ba can reflect paleosalinity [7,8]; V/Cr, Ni/Co, V/(V + Ni), and V/Sc can reflect paleo-redox conditions [9,10,11]; and Co can reflect sedimentation rates, enabling calculations of paleo-water depth [12]. By employing interdisciplinary methods such as lithofacies analysis, paleogeomorphology, and petrology, the reconstruction of ancient environments can be achieved [13].



Coal, known as one of the most intricate substances in nature, encompasses nearly all naturally transpiring elements present on the periodic table [14]. Certain elements found in coal can present potential hazards to both human health and the environment during the utilization of coal, such as arsenic (As) and mercury (Hg) [15,16]. However, coal also holds significant industrial mining and utilization potential for certain elements, such as Ge [17,18], Ga [19,20], U [21], REE [22], and others. Therefore, the background values of trace element contents in coal can provide guidance for the exploration and utilization of associated elements in coal, as well as for environmental protection research. Ketris et al. [23] and Dai et al. [24] have collated the baseline values of trace elements in coal and coal ash on a global scale, and the baseline values of major and trace elements in Chinese coal, respectively. Furthermore, as a special sedimentary organic rock with reducing and adsorptive properties, coal is highly sensitive to factors such as depositional environment and temperature during its formation, undergoing corresponding changes and leaving traces. Understanding the abundance [15,23], occurrence state [24,25], spatial–temporal distribution characteristics, and sources of elements in coal can provide insights into the sedimentary source areas of coal basins [26,27], help analyze the depositional environment of coal formation [28], and offer valuable information for understanding regional geological evolution and sudden geological events. Hence, investigations into the elements present in coal [14,15,22,24,25,29,30,31,32] play a crucial role in unraveling fundamental theoretical inquiries concerning the geological genesis, depositional context, regional geological evolution, and abrupt geological occurrences linked to coal deposits. Additionally, such research holds substantial practical importance for fostering environmentally friendly and sustainable advancements in the coal industry, and for safeguarding strategic reserves of essential metal resources for the nation.



This study is centered on an investigation of the levels and dispersion of major and trace elements within the B1 coal seam and the associated overlying rocks in the Xishanyao Formation at the Yihua coal mine in the Zhundong coalfield, Xinjiang. Through a thorough examination of the sources of materials and depositional settings of the coal seam and overlying strata, the study seeks to reconstruct the paleoenvironment prevalent during the deposition phase. The findings are anticipated to furnish a scientific groundwork for subsequent activities such as exploration, extraction, and sustainable utilization of the coal seam.




2. Geological Setting


The Junggar Basin lies in the northern part of Xinjiang, as illustrated in Figure 1a. The Zhundong region refers to the area to the east of the Wucaiwan–Fukang line in the Junggar Basin. It represents a primary tectonic division in the region, consisting of 15 secondary tectonic units that originated during the Late Permian and Triassic Periods. Throughout the Early Jurassic to Middle Jurassic epochs, the Junggar Basin underwent extension and subsidence, leading to the formation of a broad basin characterized by shallow waters and the emergence of inland coal-bearing basins. From the Middle Jurassic to Late Jurassic, the Junggar Basin underwent compressional and torsional activities due to the collision of surrounding blocks. The Badaowan Formation (J1b) represents a rapid infilling and consolidation of clastic sediments following the Indosinian orogeny. Following this, the Zhundong region transitioned into a period of stable sedimentation, during which the Sangonghe Formation (J1s), Xishanyao Formation (J2x), and Toutunhe Formation (J2-3t) were sequentially deposited. The Xishanyao Formation represents a terrestrial clastic sedimentary succession mainly consisting of sandstone, mudstone, and coal seams. The depositional setting of the Xishanyao Formation is defined by a shallow lake-marsh environment. Throughout the sedimentation phase of the Xishanyao Formation, the evolution of swamp coal facies was notably pronounced, leading to a substantial buildup of sediment and the establishment of the Zhundong coalfield.



The Zhundong coalfield is positioned amidst the Cara Hill to the north and the Bogeda Mountain to the south. Within this region lies the Yihua coal mine in the Wucaiwan mining area of the Zhundong coalfield (refer to Figure 1b), located within the Shazhang fault-fold belt and on the western flank of the Zhangpenggou anticline. The principal exploitable coal seam is the B1 coal seam, originating from the Middle Jurassic Xishanyao Formation (refer to Figure 1c). The B2 coal seam in the mining vicinity is constituted of carbonaceous mudstone and lacks significant mining value.




3. Materials and Methods


3.1. Collection and Preparation of Sample


In accord with Chinese National Standard GB/T 482-2008 [33], a total of 22 samples were obtained vertically from the Yihua coal mine working face situated in the Wucaiwan mining area within the Zhundong coalfield, Changji Hui Autonomous Prefecture, Xinjiang, China. These samples comprised 12 coal samples (C3, C4, C5, C6, C8, C9, C11, C12, C15, C16, C19, and C20), 5 parting samples (C7-P, C10-P, C13-P, C14-P, and C17-P), 2 roof samples (C21-R and C22-R), 2 floor samples (C1-F and C2-F), and 1 through-layer crack sample (C18-L). Additionally, 16 samples of overlying strata were collected at equidistant intervals and labeled as SXX (where XX represents a number). The sampling locations are illustrated in Figure 1c.



Each sample, weighing around 200 g, underwent drying in a vacuum drying oven at a consistent temperature of 60 °C until reaching a stable weight. Subsequently, the dried samples were finely ground into powder form and preserved for subsequent applications. A 200-mesh sieve, equivalent to approximately 71 μm, was utilized to screen samples intended for experimental and analytical purposes, encompassing assessments for major elements, trace elements, and rare earth elements.




3.2. Analytical Procedures


The major elemental oxides (including SiO2, Al2O3, Fe2O3, TiO2, CaO, Na2O, MgO, K2O, P2O5, and MnO) of the 38 samples were analyzed using the Axiosmax X-ray fluorescence spectrometer (XRF, S8 Tiger, Bruker, Germany) following the guidelines outlined in Chinese National Standard GB/T14506.28-2010 [34]. The analyses of trace elements and rare earth elements were carried out using an inductively coupled plasma mass spectrometer (ICP-MS, iCAPTM Q, Thermo Fisher Scientific, Waltham, MA, USA), and following the guidelines of Chinese National Standard GB/T14506.30-2010 [35].





4. Results and Analysis


4.1. Analysis of Major Elements


4.1.1. Major-Element Analyses of Coal Seam Samples


The content levels of major elemental oxides in coal, as shown in Table 1, can provide insights into the coal-forming environment and the diverse geological processes that influenced the formation of the coal seam [36]. The thickness-weighted average values offer a more precise portrayal of the oxide content in the coal seam, undisturbed by outlier data points. The thickness-weighted average values (Coal-av) of major elemental oxides in Yihua coal, along with their concentration coefficients (CC = thickness-weighted average value/Chinese coal), are detailed in Table 1. In comparison to the average values for Chinese coal [15], the levels of CaO, MgO, and Na2O in Yihua coal are notably elevated, standing at 2.28 wt%, 0.79 wt%, and 0.39 wt%, respectively. The MnO content closely aligns with the average value for Chinese coal, while the quantities of SiO2, Al2O3, TiO2, Fe2O3, K2O, and P2O5 are considerably lower than the average values for Chinese coal. The primary components of the major elemental oxides are CaO and MgO, representing 53.94 wt% and 18.64 wt%, respectively, followed by Na2O, SiO2, Al2O3, and Fe2O3, accounting for 9.16 wt%, 8.12 wt%, 4.63 wt%, and 3.93 wt%, respectively. The proportions of other elemental oxides are all less than 1 wt%. The SiO2, Al2O3, and Fe2O3 content, which forms the ash content of Yihua coal, is notably lower than the average value observed in Chinese coal. This aligns with the distinctive trait of Yihua coal, which is known for its exceptionally low ash content.



The concentration coefficient of a major element is the ratio of the thickness-weighted average of the content in the coal to the corresponding elemental content of the Chinese coal. It can reflect the depletion and enrichment status of major elemental constituents in coal. According to the classification method proposed by Dai et al. [15], the concentration coefficients are divided into six categories: depletion (<0.5), normal (0.5~2), slight concentration (2~5), concentration (5~10), high concentration (10~100), and abnormal concentration (>100). In Yihua coal, MgO and Na2O exhibit slight concentration, with concentration coefficients of 3.57 and 2.42, respectively. CaO and MnO are classified as normal, with concentration coefficients of 1.85 and 0.53, respectively. The other major elemental constituents are in a depleted state (Figure 2).




4.1.2. Major-Element Analyses of Overlying Rock Strata


The content levels of major elemental oxides in the overlying rock strata of the B1 coal seam are documented in Table 2. Among them, SiO2 and Al2O3 are the predominant constituents, with average values of 59.78 wt% and 16.07 wt%, respectively. Following them are Fe2O3, CaO, MgO, K2O, and Na2O with lesser amounts of about 1 wt%~6 wt%. The remaining elements are less than 1 wt%. As shown in Figure 3, the contents of SiO2, Al2O3, and TiO2 in the rock samples have similar trends. The contents of Fe2O3 and CaO have similar trends. MgO, K2O, and Na2O tend to decrease as depth increases. It is noteworthy that the SiO2, Al2O3, and TiO2 contents in S2 and S12 are significantly lower than those in other rocks, while the Fe2O3 content is significantly higher.



The overlying rock samples exhibit high SiO2 (ranging from 11.25 wt% to 72.34 wt%, with an average of 59.78 wt%) and Al2O3 (ranging from 3.68 wt% to 25.86 wt%, with an average of 16.07 wt%). The average MgO content is 1.32 wt% (ranging from 0.11 wt% to 9.36 wt%), the average K2O content is 2.06 wt% (ranging from 0.41 wt% to 2.77 wt%), and the average Na2O content is 1.45 wt% (ranging from 0.6 wt% to 3.86 wt%). The Rittmann index (σ), which stands at 0.56, is below 3.3, indicating the subalkaline character of the rocks. From the TAS diagram (TAS classification of volcanic rocks, Figure 4a), the content of the overlying rock samples is normalized to fall mainly in andesite region [38], which represents the medium-acidic volcanic rocks. The AFM diagram (Figure 4b) shows that the overlying rock samples belong to the calc-alkaline series [39]. The average A/CNK (A/CNK = Al2O3/102/[CaO/56 + Na2O/62 + K2O/94]) value of the samples is 2.26, indicating peraluminous rocks.





4.2. Trace Element Analysis


4.2.1. Trace Element Analyses of Coal Seam Samples


The trace element contents of the coal samples from the Xishanyao Formation of the Middle Jurassic in the Yihua coal mine exhibit notable variances, as outlined in Table 3. The trace element concentration coefficients in coal were determined by comparing the thickness-weighted average of the trace element content in coal with the corresponding element content in world low-rank coal (CC = samples/world low-rank coal, shown in Figure 5a). The concentration coefficients for the floor, parting and roof were determined by comparing the average trace element content in these layers with the corresponding elements in world clay (CC = samples/world clay, as shown in Figure 5b–d).



Based on the element concentration coefficient grading index [40], the enrichment factors for Cr, Ni, Sr, and Ba in the coal were determined to be 0.89, 0.53, 1.71, and 0.65, respectively, indicating a normal state. However, the remaining elements were found to be depleted. The floor exhibited slight concentrations of Ga, Zr, Nb, In, Hf, and Bi with concentration coefficient of 2.39, 3.25, 2.55, 2.46, 3.42, and 2.41, respectively. Co, Zn, Rb, Sr, Cd, Cs, Ba, and Tl were present in lower concentrations, indicating depletion, while the remaining elements were within normal ranges. In the parting, Sr and Ta were normal, with concentration coefficients of 0.85 and 0.61, respectively, while the other elements were depleted. As for the roof, Sc, V, Cu, Ga, Zr, Nb, In, Hf, and Pb were in a normal state, while the remaining elements were depleted.




4.2.2. Trace Element Analyses of Overlying Rock Strata


The trace element contents of the overlying rock samples from the Xishanyao Formation in the Yihua coal mine are presented in Table 4. The concentration coefficients for the trace elements in the overlying rock were determined by comparing their average content in samples with those in world clay (CC = samples/world clay), as illustrated in Figure 6. The concentration coefficients for Mo, Cd, C, and Tl in the overlying rock were relatively small at 0.46, 0.13, 0.38, and 0.30, respectively, indicating depletion. However, the concentration coefficients for the remaining elements were in the range of 0.5 to 2, indicating a normal state. The spider diagram of trace elements in the overlying rock (Figure 7) displays an enrichment of large ion lithophile elements like Cs, Rb, Th, U, K, and Pb, whereas high field-strength elements such as Nb, Ti, and P were found to be depleted. This distribution pattern is similar to that of the upper crust, suggesting that the magmatic activity of the overlying rocks may have originated from the upper crust. The depletion of Sr may be related to the separation of plagioclase during the crystallization differentiation process of the magma.





4.3. Rare Earth Element Analysis


In general, the rare earth element (REE) content in particular samples, like those from the upper crust and chondrite, is employed for standardizing the REE content in coal. The study opted to use upper crust samples (UCC) to normalize the rare earth element (REE) content of coal, as coal exhibits greater resemblance to the natural characteristics of the upper crust. Additionally, chondrite samples (Cl) were used for standardizing the REE content levels in the floor, roof, parting, and overlying rocks. The rare earth elements were categorized into three groups based on the classification method proposed by Seredin and Dai [15]: light rare earth elements (LREEs), middle rare earth elements (MREYs), and heavy rare earth elements (HREEs). Content levels of rare earth elements and yttrium in coal seam samples are listed in Table 5 and content levels of rare earth elements and yttrium in the overlying rock strata are listed in Table 6.



4.3.1. Analysis of Rare Earth Elements in Coal Seam Samples


Table 7 presents the rare earth element (REE) geochemical parameters of coal seam samples obtained from the Yihua coal mine. The average total rare earth element (∑REE) content in the 12 coal samples is 3.57 μg/g, with individual samples ranging from 1.76 to 6.78 μg/g. This average value is notably lower than the average for world low-rank coals (65.27 μg/g) and the average for Chinese coals (138 μg/g). The average total REE content in the five parting samples is 7.97 μg/g (ranging from 3.71 to 14.85 μg/g), which is comparable to the coal content but still much lower than the averages for world low-rank coal and Chinese coal. The average total REE content levels of the floor and roof samples are 80.49 μg/g and 163.9 μg/g, respectively, indicating significantly higher REE content compared to the coal and parting samples. The rare earth element (REE) content of the coal at Yihua is primarily influenced by the input of terrestrial clasts. The ash yield of Yihua coal falls within a relatively low range of 2.93% to 7.92%, with an average of 4.51%. This suggests a significant lack of terrestrial clastic supply during the coal formation process, leading to extremely low REE content in Yihua coal. The ranges of light, middle, and heavy rare earth element content in the 12 coal samples are 0.94 μg/g to 4.35 μg/g (average 2.35 μg/g), 0.49 μg/g to 2.16 μg/g (average 0.92 μg/g), and 0.20 μg/g to 0.55 μg/g (average 0.29 μg/g), respectively. In the five parting samples, the ranges of light, middle, and heavy rare earth element content are 2.53 μg/g to 13.39 μg/g (average 6.75 μg/g), 0.57 μg/g to 1.22 μg/g (av-erage 0.93 μg/g), and 0.20 μg/g to 0.36 μg/g (average 0.28 μg/g), respectively. The floor samples have light, middle, and heavy rare earth element content levels of 34.72 μg/g, 36.67 μg/g, and 9.11 μg/g, respectively. The roof samples have light, middle, and heavy rare earth element content levels of 128.7 μg/g, 29.45 μg/g, and 5.80 μg/g, respectively. The dominant rare earth elements in the Yihua coal seam samples are light rare earth elements, followed by middle and heavy rare earth elements (Figure 8).



The ratios of light to middle rare earth elements (L/M), light to heavy rare earth elements (L/H), and middle to heavy rare earth elements (M/H) in the 12 coal samples vary from 1.50 to 3.38 (average of 2.56), 4.82 to 11.32 (average of 7.83), and 2.41 to 3.97 (average of 3.06), respectively. These ratios indicate a significant fractionation of rare earth elements in the coal, with the fractionation degree following the order of LREE > MREY > HREE. In the parting samples, the average values of L/M, L/H, and M/H are 7.33, 25.70, and 3.38, respectively, suggesting a higher degree of rare earth element fractionation compared to the coal samples. Similarly, the roof samples exhibit higher rare earth element fractionation, with average values of L/M, L/H, and M/H being 4.64, 24.05, and 5.12, respectively. In contrast, the floor samples show a lower degree of rare earth element fractionation, with average values of L/M, L/H, and M/H being 1.01, 3.95, and 3.96, respectively, indicating comparable levels of light and middle rare earth element content.



Upon standardizing the rare earth elements in the 12 coal samples to the corresponding elements in the upper crust, the distribution pattern of rare earth elements in coal (shown in Figure 9a,b) reveals that the Yihua coal samples predominantly demonstrate a medium-heavy rare earth element enrichment type. The coal samples exhibit a negative anomaly in Ce and significant positive anomalies in Tb, Tm, and Yb. The lower coal samples C3, C4, and C5, and the upper coal samples C15, C16, C19, and C20 show slight positive anomalies in Eu, while the middle coal layers C6, C8, C9, C11, and C12 exhibit pronounced positive anomalies in Eu. The average value of δCe in the coal samples is 0.72 (ranging from 0.45 to 0.85), indicating a negative anomaly, while the average value of δEu is 2.42 (ranging from 0.99 to 11.32), indicating a positive anomaly.



The distribution patterns of REE in the roof and floor, as well as in the parting and through-layer crack samples, standardized to the chondritic meteorite, are shown in Figure 9c,d. Roof, floor, parting and through-layer crack samples all show a light rare earth element enrichment type. The δEu values for the floor and roof samples are 0.68 and 0.74, respectively, indicating a negative anomaly, while the δCe values are 0.99 and 1.01, respectively, indicating no significant anomaly. The parting samples display notable positive anomalies in Tb, Tm and Yb, with δCe and δEu values of 0.86 and 1.83, respectively, similarly to the anomalous elements in coal. However, parting samples C7-P and C10-P from the lower coal seams exhibit a slight negative anomaly in Eu, while parting samples C14-P and C17-P from the upper coal seams exhibit a pronounced positive anomaly in Eu.



Rare earth elements exhibit similar geochemical properties and behaviors, mainly in the +3 valence state. However, the valence state of Ce, Eu, Tb, Tm and Yb can vary under different conditions. Ce4+ has a stable Xe electron configuration and is the only element that can exist stably in low-temperature, oxidizing and alkaline conditions in shallow surface water environments. Under high-temperature and reducing conditions, Eu3+ can be reduced to Eu2+. Therefore, anomalies in Ce and Eu can reflect the redox conditions during deposition and the geochemical composition of sediment provenance.




4.3.2. Rare Earth Element Analyses of Overlying Rock Strata


The geochemical parameters of rare earth elements (REE) in the overlying rock strata of the B1 coal seam are detailed in Table 8. The average total rare earth element content (∑REY) in the rock samples is 171.76 μg/g, ranging from 100.40 to 243.82 μg/g, which closely aligns with the total rare earth element content in the upper crust (168.30 μg/g). The ranges of light, middle, and heavy rare earth elements in the 16 rock samples are 64.49 μg/g to 155.53 μg/g (average of 120.87 μg/g), 26.15 μg/g to 91.33 μg/g (average of 42.72 μg/g), and 5.76 μg/g to 12.91 μg/g (average of 8.17 μg/g), respectively. The ratios of LREE to MREY (L/M), LREE to HREE (L/H), and MREY to HREE (M/H) range from 0.88 to 10.99 (with an average of 3.47), 3.61 to 54.65 (with an average of 17.33), and 2.69 to 7.07 (with an average of 5.06) respectively, indicating significant fractionation of rare earth elements in the rocks.



The distribution pattern of rare earth elements in the rock samples (as shown in Figure 10) indicates that the rock samples display a light rare earth element enrichment type, characterized by a distribution curve that slopes downwards to the right. There is a significant negative anomaly in Eu (with an average δEu value of 0.75, ranging from 0.64 to 0.87). All rock samples show similar distribution curves, indicating that these rocks are products of the same magmatic crystallization process. The negative anomaly in δEu is a result of plagioclase feldspar fractionation during the magmatic crystallization process.






5. Discussion


5.1. Sources of Sediments


5.1.1. Rock Characteristics of Source Area


The rock samples from the Xishanyao Formation in the Yihua coal mine in the Zhundong coalfield show a SiO2 content of 59.78 wt%, an Al2O3 content of 16.07 wt%, and relatively low contents of MgO and Fe2O3 at 1.32 wt% and 5.38 wt%, respectively, suggesting that the parent rock is likely derived mostly from the upper crust. On the provenance discrimination diagram for F3–F4 [41], it can be observed that the sediment mainly originates from a quartzy sedimentary rock source area (Figure 11a). The tectonic environment discrimination diagram for F1–F2 reveals that the Xishanyao Formation was likely formed in an environment characterized by an oceanic island arc, an active continental margin, and a continental island arc, as shown in Figure 11b. However, the specific formation environment within these classifications still requires further investigation for a definitive determination.



The La/Yb-∑REE diagram (as shown in Figure 12a) can provide insights into the characteristics of the source rock. In this diagram, the rock samples from the Xishanyao Formation predominantly lie within the continental tholeiite region. This positioning suggests that the source rock of the samples is primarily composed of continental tholeiite. However, the coal seam and parting samples fall outside this region, with lower La/Yb and ∑REE, suggesting that the coal seam was minimally influenced by external sources during coal formation. The Co-Th-Hf ternary diagram (Figure 12b) shows that the material composition of the rock samples is predominantly felsic volcanics and quartzite, while the coal seam samples fall within the greywacke region. The Th and Hf elements are relatively stable and present in lower concentrations, further indicating minimal external influence during coal deposition. In the La/Th-Hf diagram (Figure 12c), the rock samples are mainly concentrated in the felsic source region and are distributed close to the average composition of the upper crust, with lower trace and rare earth element contents in the coal seam samples. In the Co/Th-La/Sc diagram (Figure 12d), the rock samples are distributed in the region between felsic volcanic rocks and andesite, with the average composition closer to the felsic volcanic rock region, indicating that the source rock of the rock samples is primarily felsic volcanic rock, while the coal samples are more dispersed. In conclusion, the sedimentary source rocks of the Xishanyao Formation in the Yihua coal mine exhibit characteristics of felsic source rocks and are mainly derived from the upper crust.




5.1.2. Tectonic Setting of the Source Area


The major elemental composition of the samples from the Xishanyao Formation in the Yihua coal mine indicates their formation in environments such as oceanic island arcs, active continental margins, and continental island arcs. To further determine the tectonic background of the Xishanyao Formation, the La-Th-Sc and Th-Co-Zr/10 tectonic discrimination diagrams established by Bhatia et al. [41] for sandstone and mudstone samples were employed. These diagrams provide insights into the tectonic settings controlling the sedimentary processes.



In the La-Th-Sc diagram (depicted in Figure 13a), the rock samples exhibit a predominant distribution in the continental island arc region. Conversely, the coal seam samples are primarily located in the continental island arc, active continental margin, and passive continental margin regions. In the Th-Sc-Zr/10 diagram (illustrated in Figure 13b), the data points are predominantly clustered in the continental island arc region, with the rock samples showing a tendency towards oceanic island arcs, while the coal samples tend towards passive continental margins. The combined analysis of both diagrams indicates that the source rock of the Xishanyao Formation samples in the Yihua coal mine is predominantly associated with a continental island arc tectonic background, with additional characteristics of oceanic island arcs and passive continental margins.



Comparing the REE parameters of the coal and rock samples from the Xishanyao Formation in the Yihua coal mine with four different tectonic background sedimentary rocks (Table 9), it is evident that the coal samples exhibit extremely low REE contents. However, the ratios of La/Yb and ∑LREE/∑HREE in the coal samples are closer to those observed in oceanic island arc environments. On the other hand, the parameters of the overlying rock samples are more similar to those of a continental island arc environment.



In conclusion, the sedimentary source rocks of the Xishanyao Formation in the Yihua coal mine are primarily composed of continental tholeiites, with the material composition mainly derived from felsic volcanic rocks, which are predominantly from the upper crust. The tectonic background of the source region is primarily that of the continental island arc environment.





5.2. Sedimentary Environments


5.2.1. Paleoclimatic Characteristics


Under weathering conditions, the stability of the element Sr is relatively low, leading to a decrease in its content levels, particularly in warm and humid environments [42]. The Sr/Cu ratio can serve as an indicator of paleoclimate change. In the context of coal, the Sr/Cu ratio can be utilized to infer the paleoclimate characteristics present during the formation of coal deposits. By examining this ratio, researchers can gain insights into the environmental conditions which prevailed during the coal formation process [43]. A Sr/Cu ratio between 1.3 and 5 indicates a relatively humid climate, while Sr/Cu > 5 suggests a dry climate.



The range of Sr/Cu ratios in the coal seam sample from the Yihua coal mine is 2.27 to 276.5 (with an average of 93.59), indicating a dry climate (Figure 14a). The range of Sr/Cu ratios in the rock samples is 1.18 to 15.14 (with an average of 5.25). From the two diagrams in Figure 14 it can be noticed that both the coal and rock samples show an increasing trend in Sr/Cu ratios, from the lower to the upper part. This indicates that the climate during coal deposition was arid, and as coal thickness increased, the climate became more arid. During the overlying rock deposition, there was a transition from a relatively humid to a progressively arid climate. Therefore, the paleoclimate during the coal formation period of the Xishanyao Formation gradually changed from relatively humid to dry, followed by a sudden transition to a humid environment during sedimentation, and then a gradual return to a dry environment occurred as sedimentation continued.




5.2.2. Paleosalinity Characteristics


Paleosalinity is an important indicator of environmental changes during geological history. Boron (B) is an unstable element with fairly strong mobility and is commonly used to indicate paleosalinity. In freshwater environments, the B content is generally less than 60 × 10−6, while in saltwater, the B content ranges from 80 to 125 × 10−6. The average B content in the coal samples from the Yihua coal mine is 81.44 μg/g (ranging from 16.12 to 161.01 μg/g), indicating a brackish water environment. The average B content in the overlying rock samples is 49.44 μg/g (ranging from 20.12 to 73.28 μg/g), indicating a freshwater environment. The Sr content can also be used to determine the paleosalinity of sedimentary formations. In freshwater environments, the Sr content ranges from 100 to 300 × 10−6. The Sr content levels in the coal and rock samples from the Yihua coal mine are 205.35 μg/g (ranging from 60.1 to 453 μg/g) and 134.49 μg/g (ranging from 40.8 to 401 μg/g), respectively, indicating a freshwater environment for both the coal seams and rock strata. Gallium (Ga) has weak mobility and tends to precipitate; thus, the B/Ga ratio is often used to indicate the salinity of ancient water bodies. It has been found that B/Ga < 3 indicates a continental freshwater environment, while B/Ga > 6 indicates a marine saltwater environment [44]. The average B/Ga ratios for the coal and rock samples are 352.8 (ranging from 1.08 to 838.9) and 2.68 (ranging from 2.19 to 3.16), respectively.



In continental sedimentation processes, barium (Ba) tends to precipitate before strontium (Sr) as the degree of mineralization increases. Therefore, the Sr/Ba ratio can be utilized to assess the paleosalinity of water bodies. A Sr/Ba ratio of less than 0.6 typically indicates a continental freshwater environment, while a ratio greater than 1 suggests a marine saltwater environment. The Sr/Ba ratios for the coal and rock samples from the study area are significantly different, with the coal samples showing a high Sr/Ba ratio of 14.73 (ranging from 0.34 to 120.55). This suggests a marine saltwater environment during the deposition of the coal. In contrast, the rock samples exhibit a much lower Sr/Ba ratio of 0.40 (ranging from 0.14 to 1.55), indicative of a continental freshwater environment during their formation.



Due to the significant differences in the trace element contents of coal, the determination results may be inaccurate. Therefore, the paleosalinity characteristics are mainly determined based on the parameters of the overlying rock samples of the B1 coal seam in the Xishanyao Formation.



In the rock samples of the Xishanyao Formation in the Yihua coal mine, the majority of B/Ga ratios fall within the range of B/Ga < 3, as shown in Figure 15a. Additionally, the majority of Sr/Ba ratios in these rock samples fall within the range of Sr/Ba < 0.6, as depicted in Figure 15b.



By combining the discrimination parameters (Table 10) and diagrams of paleosalinity, the comprehensive analysis of the results indicates that the sedimentary water bodies in the Xishanyao Formation have low paleosalinity, suggesting an overall freshwater environment.




5.2.3. Redox Environments


Based on the content level of dissolved oxygen and the concentration of hydrogen sulfide in the water, the redox state can be classified into five categories: oxic, dysoxic, suboxic, anoxic, and euxinic [45,46]. Elements such as vanadium (V), chromium (Cr), nickel (Ni), cobalt (Co), and molybdenum (Mo) show varying degrees of enrichment under different redox conditions. By analyzing the concentrations or ratios of these elements in sedimentary rocks, researchers can gain insights into the redox environment that prevailed during the deposition of the sediments. These elements can serve as proxies for determining the redox conditions of the sedimentary environment in which the rocks were formed [28,47]. Studies have shown that Mo has a low abundance in the upper crust, with an average value of about 3.7 ppm, and it tends to enrich in relatively anoxic environments [48]. V and Cr can be reduced and preserved as insoluble substances under anoxic conditions, with V being more easily reduced than Cr [49]. Research findings have proposed that the V/Cr ratio can be used to determine the redox conditions of an environment. A V/Cr ratio of less than 2 typically indicates an oxic environment, while a V/Cr ratio ranging from 2 to 4.24 suggests a dysoxic environment. A V/Cr ratio exceeding 4.24 indicates a suboxic/anoxic environment. Similarly, the Ni/Co ratio is another indicator of redox conditions. A Ni/Co ratio of less than 5 is indicative of an oxic environment, while a ratio between 5 and 7 suggests a dysoxic environment. A Ni/Co ratio surpassing 7 points to a suboxic/anoxic environment. These ratios provide valuable insights into the oxygenation levels of the sedimentary environment during the deposition of rocks and can aid in reconstructing past redox conditions [50]. The δCe is a sensitive indicator of the redox conditions in sedimentary environments, with a δCe < 0.95 indicating negative anomalies and an oxidizing environment, and a δCe > 1 indicating positive anomalies and a reducing environment.



In the coal samples from the Xishanyao Formation in the Yihua coal mine, the majority of the V/Cr ratios fall below 2. Similarly, most of the overlying rock samples also exhibit V/Cr < 2, with four samples falling within the range of 2 to 4.24. This suggests that during the deposition of the coal seams, the peat swamps were in an oxidizing environment, while the sedimentary period of the rock strata experienced both oxidizing and dysoxic conditions. The majority of the coal samples have Ni/Co ratios below 5, whereas most rock samples have Ni/Co ratios above 7. This indicates that the coal deposition period was characterized by an oxidizing environment, while the sedimentary period of the rock strata was marked by suboxic/anoxic conditions. The δCe values for the coal samples from the Xishanyao Formation in the Yihua coal mine range from 0.45 to 1.05, with an average of 0.82. On the other hand, the δCe values for the rock samples range from 0.79 to 1.04, with an average of 0.95. The similar range and average values of δCe for both the coal and rock samples suggest that they were deposited in an oxidizing environment. This information further supports the notion that the sedimentary environment during the deposition of both coal and rock samples was characterized by oxidative conditions.



Based on the V/Cr-Ni/Co and Mo-Ni/Co diagrams [9], it can be observed that the majority of the sample points from the B1 coal seam in the Yihua coal mine fall within the oxidizing region, while the sample points from the overlying rock strata mainly fall within the suboxic/anoxic region (Figure 16a). Additionally, the coal samples generally exhibit lower Mo content compared to the overlying rock samples (Figure 16b). Based on these findings, it can be inferred that during the coal formation period, the water in the peat swamps had relatively high oxygen content, indicating an oxidizing state. As the coal and rock layers were deposited, the oxygen content in the water gradually decreased, but overall, the environment remained oxidizing.




5.2.4. Paleowater Temperature


Previous studies have established an empirical formula relating Sr element content to paleowater temperature: T = (2578 − Sr)/80.8, where T represents the paleowater temperature and Sr represents the Sr element content in the samples [51]. By calculating this formula, the paleowater temperatures of the coal samples range from 26.30 to 31.11 °C, with an average of 29.36 °C. The paleowater temperatures of the overlying rock samples range from 26.94 to 31.40 °C, with an average of 30.24 °C. This indicates that the sedimentary paleowater temperatures in the Xishanyao Formation are relatively high.



From the vertical distribution diagram of paleowater temperatures (Figure 17a), it can be seen that the paleowater temperature of the coal seams decreases from floor to roof as the coal seams are deposited. On the roof of the coal seams the temperature suddenly increases to 31 °C. The paleowater temperature of the overlying rock strata remains relatively stable, but in the upper part of the rock strata the paleowater temperature decreases to below 30 °C. Overall, the sedimentary paleowater temperatures in the Xishanyao Formation of the Yihua coal mine are relatively high.






6. Conclusions


In pursuit of unravelling the geochemical characteristics and paleoenvironment of the coal-bearing strata in the Xishanyao Formation of the Zhundong coalfield, samples were carefully selected from the Yihua coal mine in Xinjiang. An in-depth investigation was carried out to determine the geochemical characteristics and paleoenvironment of the Xishanyao Formation in the Zhundong coalfield using analytical techniques such as XRF and ICP-MS. The main conclusions are as follows:



	(1)

	
The coal samples from the Yihua coal mine exhibit relatively low concentrations of major, trace, and rare earth elements, predominantly displaying a depleted state. There is significant variation in the content levels of trace and rare earth elements, with the coal samples demonstrating an enrichment pattern of medium to heavy rare earth elements, while the floor, parting, and roof of the coal seam exhibit a light rare earth element enrichment pattern. In contrast, the overlying rock strata showcase mostly normal concentrations of major, trace, and rare earth elements. These rocks belong to the intermediate-acidic volcanic rock and calc-alkaline series. The trace element enrichment is dominated by large ion lithophile elements, while high field strength elements are depleted, suggesting a potential source from the upper crust. The REE enrichment pattern in these rock strata is characterized by LREE enrichment, with similar distribution curves indicating their origin as co-magma crystallization products.




	(2)

	
Based on comprehensive interpretations using La/Yb-∑REE, Co-Th-Hf, La/Th-Hf, and Co/Th-La/Sc diagrams, it can be inferred that the source rocks of the Xishanyao Formation in the Yihua coal mine are mainly continental tholeiite. The material composition of the source region is mainly composed of felsic volcanic rocks, indicating a major contribution from the upper crust. Analysis of the La-Th-Sc and Th-Sc-Zr/10 diagrams indicates that the tectonic setting of the source region is mainly characterized by a continental island arc environment, with possible influences from oceanic island arcs and passive continental margins.




	(3)

	
During the depositional period of the coal seam in the Yihua coal mine, the paleoclimate was relatively arid. As the thickness of the coal seam increased, the environment became even drier. However, with the deposition of the overlying rock strata, the sedimentary environment suddenly changed to a relatively humid state. As the thickness of the rock strata increased, the environment gradually transitioned from relatively humid to arid conditions. Throughout the depositional period of the Xishanyao Formation, the paleosalinity of the sedimentary water was low, indicating a primarily freshwater environment. The redox environment was generally oxidizing, with a gradual decrease in dissolved oxygen with increasing depositional thickness. In addition, the paleowater temperature was relatively high. In summary, the sedimentary environment of the Xishanyao Formation in the Yihua coal mine can be described as a freshwater-oxidizing environment, undergoing a transition from arid-hot to humid-hot to arid-hot conditions.
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Figure 1. Location of the Yihua coal mine in Zhundong coalfield and its sedimentary stratigraphic column and sampling profile. (a) Junggar basin in XinJiang (b) location of Yihua coal mine (c) stratigraphic profile of Yihua coal mine. 
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Figure 2. Concentration coefficients of major elements in Yihua coal. 
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Figure 3. Vertical distribution of major-element oxide contents in the overlying rock layers of the B1 coal seam (adapted from Wang et al. [37]). 
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Figure 4. (a) TAS classification diagram and (b) AFM diagram (A: K2O + Na2O; F: TFeO; M: MgO). 
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Figure 5. Concentration coefficients of coal (a), floor (b), parting (c), and roof (d). 
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Figure 6. Concentration coefficient of overlying rock strata. 
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Figure 7. Spider diagram of trace elements in overlying rock strata. 
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Figure 8. Rare earth element content levels and distribution of coal seam samples from the Yihua coal mine. 
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Figure 9. REE partitioning pattern in coal seam samples from the Yihua coal mine. (a) the lower coal seam samples; (b) the upper coal seam samples; (c) roof, floor and through-fracture samples (d) parting samples. 
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Figure 10. REE partitioning pattern of overlying rock samples. 
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Figure 11. Discrimination diagrams for sediment source and tectonic environment: ((a), F3–F4 source area discrimination diagram; (b), F1–F2 tectonic environment discrimination diagram; F1 = −0.0447SiO2 − 0.927TiO2 + 0.008Al2O3 − 0.267Fe2O3 + 0.208FeO − 3.082MnO + 0.140MgO + 0.195CaO + 0.719Na2O − 0.032K2O + 0.510P2O5 + 0.303; F2 = −0.421SiO2 + 1.988TiO2 − 0.526Al2O3 − 0.551Fe2O3 − 1.61FeO + 2.720MnO + 0.88MgO − 0.907Cao − 0.177Na2O − 1.840K2O + 7.244P2O5 + 43.57; F3 = −1.773TiO2 + 0.607Al2O3 + 0.76Fe2O3T − 1.5MgO + 0.616CaO + 0.509Na2O − 1.224K2O − 9.09; F4 = 0.445TiO2 + 0.07Al2O3 − 0.25Fe2O3T − 1.142MgO + 0.438CaO + 0.475Na2O + 1.426K2O − 6.861. ACM: active continental margin; PM: passive continental margin; CIA: continental island arc; OIA: oceanic island arc. Figure based on Bhatia, 1986 [41]). 
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Figure 12. La/Yb-∑REE (a), Co-Th-Hf (b), La/Th-Hf (c), and Co/Th-La/Sc (d) diagrams of Yihua coal mine samples. 
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Figure 13. La-Th-Sc (a) and Th-Sc-Zr/10 (b) diagrams for Middle Jurassic samples from the Yihua coal mine (ACM: active continental margin; PM: passive continental margin; CIA: continental island arc; OIA: oceanic island arc). 
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Figure 14. Sr/Cu paleoclimatic discrimination ((a): Sr/Cu of coal seam samples; (b): Sr/Cu of rock seam samples). 
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Figure 15. Paleosalinity discrimination diagram. (a) B and Ga ratios of the overlying rock strata; (b) Sr and Ba ratios of the overlying rock strata. 






Figure 15. Paleosalinity discrimination diagram. (a) B and Ga ratios of the overlying rock strata; (b) Sr and Ba ratios of the overlying rock strata.



[image: Minerals 14 00461 g015]







[image: Minerals 14 00461 g016] 





Figure 16. Redox environment discrimination diagrams ((a), V/Cr-Ni/Co diagram; (b), Mo-Ni/Co diagram; base diagram from Rimmer, 2004 [9]). 
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Figure 17. Paleowater temperature discrimination ((a): Paleowater temperature of coal seam samples; (b): Paleowater temperature of rock samples). 
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Table 1. The content levels of major elemental oxides (wt%) in Yihua coal.






Table 1. The content levels of major elemental oxides (wt%) in Yihua coal.





	Samples
	Thickness
	Lithology
	SiO2
	Al2O3
	TiO2
	Fe2O3
	CaO
	MgO
	K2O
	Na2O
	MnO
	P2O5





	C1-F
	0.2
	sandstone
	43.84
	35.95
	2.03
	0.52
	0.24
	0.27
	0.54
	0.13
	0.01
	0.03



	C2-F
	0.2
	sandstone
	24.55
	11.29
	3.25
	0.03
	1.02
	0.35
	0.19
	0.22
	0.00
	0.03



	C3
	0.05
	coal
	0.68
	0.72
	0.09
	3.13
	1.94
	0.61
	0.01
	0.30
	0.01
	0.01



	C4
	1.2
	coal
	0.67
	0.52
	0.05
	0.05
	2.31
	0.73
	0.02
	0.33
	0.01
	0.01



	C5
	1.5
	coal
	0.17
	0.14
	0.04
	0.21
	1.69
	0.56
	0.01
	0.30
	0.01
	0.01



	C6
	0.5
	coal
	0.35
	0.28
	0.03
	0.04
	1.91
	0.65
	0.02
	0.33
	0.01
	0.01



	C7-P
	0.15
	parting
	0.23
	0.15
	0.01
	31.33
	6.17
	0.25
	0.01
	0.09
	0.07
	0.01



	C8
	2.5
	coal
	0.28
	0.26
	0.02
	0.16
	2.22
	0.74
	0.01
	0.35
	0.01
	0.01



	C9
	0.8
	coal
	0.29
	0.09
	0.02
	0.11
	1.55
	0.61
	0.02
	0.46
	0.01
	0.01



	C10-P
	0.6
	parting
	0.03
	0.07
	0.01
	0.07
	32.15
	0.44
	0.01
	0.09
	0.09
	0.01



	C11
	0.7
	coal
	0.29
	0.06
	0.02
	0.06
	1.96
	0.81
	0.02
	0.36
	0.01
	0.01



	C12
	1.7
	coal
	0.21
	0.10
	0.02
	0.10
	1.52
	0.79
	0.01
	0.36
	0.01
	0.01



	C13-P
	0.05
	parting
	0.53
	0.37
	0.03
	1.13
	2.77
	0.95
	0.01
	0.36
	0.01
	0.01



	C14-P
	0.05
	parting
	0.34
	0.19
	0.01
	20.30
	34.72
	0.61
	0.01
	0.13
	0.24
	0.01



	C15
	1.5
	coal
	0.25
	0.08
	0.02
	0.22
	4.38
	0.85
	0.03
	0.50
	0.03
	0.01



	C16
	0.4
	coal
	0.96
	0.20
	0.02
	0.57
	1.97
	1.08
	0.04
	0.67
	0.01
	0.03



	C17-P
	0.15
	parting
	0.19
	0.11
	0.01
	1.50
	39.31
	0.49
	0.00
	0.10
	0.39
	0.01



	C18-L
	-
	quartz
	82.04
	6.67
	0.73
	0.45
	1.02
	0.27
	0.87
	0.15
	0.02
	0.02



	C19
	0.3
	coal
	0.54
	0.23
	0.02
	0.35
	2.41
	1.27
	0.02
	0.41
	0.02
	0.02



	C20
	0.7
	coal
	0.54
	0.14
	0.02
	0.07
	2.54
	1.32
	0.02
	0.44
	0.01
	0.05



	C21-R
	0.5
	sandstone
	67.41
	12.61
	0.49
	0.06
	0.20
	0.27
	1.13
	0.17
	0.02
	0.03



	C22-R
	0.5
	sandstone
	60.58
	16.52
	0.85
	0.03
	0.41
	0.47
	1.43
	0.22
	0.01
	0.06



	Coal-av
	-
	-
	0.34
	0.20
	0.03
	0.17
	2.28
	0.79
	0.02
	0.39
	0.01
	0.01



	China 1
	-
	-
	8.47
	5.98
	0.33
	4.85
	1.23
	0.22
	0.19
	0.16
	0.02
	0.09



	CC
	-
	-
	0.04
	0.03
	0.08
	0.03
	1.85
	3.57
	0.10
	2.42
	0.53
	0.14







1 Average concentrations of elements in common Chinese coals [15].













 





Table 2. Major-element oxide content levels (wt%) in overlying rock strata of the B1 coal seam.
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	Samples
	Thickness
	Lithology
	SiO2
	Al2O3
	TiO2
	Fe2O3
	CaO
	MgO
	K2O
	Na2O
	MnO
	P2O5





	S1
	1.2
	sandstone
	72.34
	16.47
	0.91
	0.57
	0.25
	0.18
	0.41
	2.03
	0.28
	0.01



	S2
	0.8
	sandstone
	25.58
	6.87
	0.38
	1.28
	33.15
	0.99
	2.77
	0.89
	0.99
	0.50



	S3
	0.9
	mudstone
	68.40
	17.94
	0.99
	1.21
	0.50
	0.36
	0.70
	2.41
	1.57
	0.01



	S4
	1.0
	sandstone
	70.63
	16.74
	0.90
	0.71
	0.36
	0.25
	0.53
	2.26
	2.22
	0.01



	S5
	0.8
	mudstone
	67.54
	18.69
	1.01
	2.93
	0.21
	0.11
	0.78
	1.50
	0.45
	0.01



	S6
	0.9
	sandstone
	66.25
	19.72
	1.10
	1.54
	0.30
	0.21
	0.81
	2.10
	0.41
	0.01



	S7
	1.1
	mudstone
	71.05
	16.14
	1.14
	1.56
	0.18
	0.18
	0.65
	1.26
	0.39
	0.01



	S8
	1.5
	sandstone
	64.55
	13.93
	0.91
	2.79
	0.45
	4.56
	0.90
	2.02
	1.56
	0.05



	S9
	0.8
	mudstone
	66.91
	18.04
	1.01
	2.64
	0.32
	0.33
	0.88
	2.32
	1.40
	0.02



	S10
	0.8
	mudstone
	51.05
	25.86
	1.30
	8.93
	0.16
	0.13
	0.78
	1.72
	0.37
	0.14



	S11
	1.1
	sandstone
	66.03
	19.68
	1.08
	2.48
	0.33
	0.11
	0.89
	2.00
	0.43
	0.01



	S12
	0.6
	sandstone
	11.25
	3.68
	0.17
	20.09
	28.47
	9.36
	1.33
	0.60
	1.74
	2.76



	S13
	1.3
	mudstone
	65.35
	15.64
	0.69
	3.18
	0.86
	1.59
	2.09
	2.43
	2.97
	0.06



	S14
	1.0
	sandstone
	64.35
	15.41
	0.65
	4.03
	1.06
	1.64
	2.19
	2.67
	2.77
	0.05



	S15
	1.2
	sandstone
	62.77
	16.20
	0.78
	4.15
	1.69
	1.01
	2.70
	2.82
	2.87
	0.07



	S16
	0.8
	mudstone
	62.43
	16.21
	0.79
	4.33
	1.26
	0.72
	2.75
	3.86
	2.80
	0.25



	Average
	0.99
	-
	59.78
	16.07
	0.86
	5.38
	1.36
	1.32
	2.06
	1.45
	0.25
	0.53










 





Table 3. Trace element contents (μg/g) of coal seam samples from the Yihua coal mine.
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	Samples
	B
	Sc
	V
	Cr
	Co
	Ni
	Cu
	Ga
	Rb
	Sr
	Zr
	Nb
	Mo
	Cs
	Ba
	Hf
	Th





	C1-F
	49.67
	11.90
	113.00
	98.20
	2.78
	34.50
	8.49
	45.80
	39.30
	64.10
	443.00
	31.40
	1.45
	9.53
	80.70
	13.50
	16.50



	C2-F
	44.55
	11.20
	238.00
	69.90
	3.00
	44.40
	34.40
	30.80
	11.10
	173.00
	791.00
	24.80
	0.34
	2.56
	53.00
	20.70
	26.00



	C3
	118.94
	0.51
	7.23
	12.10
	8.65
	12.60
	4.09
	0.77
	0.67
	293.00
	16.10
	1.35
	0.01
	0.30
	13.30
	0.48
	1.49



	C4
	67.37
	0.49
	4.87
	16.50
	6.33
	10.90
	3.66
	0.42
	0.22
	305.00
	6.58
	1.00
	0.16
	0.24
	2.53
	0.19
	0.42



	C5
	59.73
	0.35
	4.26
	13.50
	2.24
	6.83
	2.62
	0.17
	0.32
	170.00
	5.75
	0.40
	0.14
	0.23
	2.98
	0.19
	0.34



	C6
	61.19
	0.20
	4.20
	14.00
	0.56
	3.42
	2.46
	0.36
	0.49
	148.00
	3.65
	0.55
	0.03
	0.23
	51.00
	0.12
	0.26



	C7-P
	21.76
	0.03
	3.55
	13.20
	0.41
	3.05
	1.24
	0.18
	0.11
	98.90
	1.17
	0.37
	0.02
	0.26
	23.60
	0.03
	0.12



	C8
	109.06
	0.11
	3.77
	14.20
	0.42
	2.14
	1.54
	0.13
	0.07
	179.00
	1.48
	0.43
	0.03
	0.22
	43.10
	0.05
	0.14



	C9
	125.94
	0.03
	3.79
	12.90
	0.44
	2.53
	2.08
	0.16
	0.16
	140.00
	1.51
	0.46
	0.07
	0.22
	64.10
	0.04
	0.10



	C10-P
	88.21
	0.25
	4.03
	12.10
	1.09
	7.89
	1.62
	0.25
	0.30
	202.00
	7.49
	5.90
	0.02
	0.25
	78.50
	0.19
	0.21



	C11
	110.15
	0.22
	3.85
	12.40
	0.37
	3.80
	1.68
	0.17
	0.12
	139.00
	1.98
	0.59
	0.04
	0.22
	87.30
	0.06
	0.14



	C12
	91.81
	0.06
	4.01
	12.50
	0.41
	2.91
	1.62
	0.20
	0.25
	171.00
	1.52
	0.51
	0.03
	0.23
	506.00
	0.05
	0.11



	C13-P
	116.01
	0.09
	4.04
	11.50
	0.46
	2.90
	1.98
	0.23
	0.20
	206.00
	4.73
	0.58
	0.05
	0.23
	20.20
	0.13
	0.23



	C14-P
	47.93
	0.12
	3.55
	13.90
	0.86
	4.92
	1.15
	0.17
	0.42
	318.00
	2.87
	2.87
	0.05
	0.27
	846.00
	0.08
	0.14



	C15
	115.98
	0.05
	3.60
	12.60
	0.47
	3.49
	1.79
	0.18
	0.14
	184.00
	3.88
	0.63
	0.06
	0.22
	5.97
	0.11
	0.18



	C16
	110.44
	0.11
	4.03
	8.18
	0.43
	2.00
	1.63
	0.15
	0.16
	231.00
	2.60
	0.50
	0.09
	0.26
	20.50
	0.07
	0.17



	C17-P
	53.45
	0.12
	3.73
	13.00
	4.14
	11.70
	1.62
	0.45
	0.12
	278.00
	12.20
	7.60
	0.27
	0.23
	557.00
	0.32
	0.22



	C18-L
	16.12
	4.64
	23.20
	23.80
	2.18
	4.03
	15.40
	6.57
	27.20
	335.00
	153.00
	7.24
	0.41
	1.45
	338.00
	4.44
	4.67



	C19
	131.11
	0.17
	4.21
	13.60
	2.56
	6.46
	1.84
	0.20
	0.63
	294.00
	2.49
	0.52
	0.02
	0.23
	8.93
	0.07
	0.24



	C20
	161.01
	0.02
	4.16
	12.50
	3.82
	11.90
	2.22
	0.21
	0.23
	453.00
	3.31
	0.61
	0.09
	0.23
	30.80
	0.10
	0.20



	C21-R
	38.70
	6.42
	35.20
	25.90
	6.98
	9.18
	12.00
	11.00
	28.70
	66.90
	129.00
	5.29
	0.61
	1.14
	189.00
	3.94
	4.85



	C22-R
	52.54
	15.60
	97.40
	60.00
	9.95
	13.70
	30.30
	16.70
	51.10
	68.70
	177.00
	8.24
	0.54
	4.08
	189.00
	5.46
	6.58



	Coal-av
	105.2
	0.19
	4.33
	12.92
	2.23
	5.75
	2.27
	0.26
	0.29
	225.6
	4.24
	0.63
	0.06
	0.24
	69.71
	0.13
	0.32



	Floor
	47.11
	11.55
	175.5
	84.05
	2.89
	39.45
	21.45
	38.3
	25.2
	118.6
	617
	28.1
	0.9
	6.05
	66.85
	17.1
	21.25



	Parting
	57.25
	0.18
	3.89
	12.46
	1.4
	7.34
	1.56
	0.26
	0.24
	203.9
	6.88
	4.91
	0.06
	0.25
	177.5
	0.18
	0.2



	Roof
	45.62
	11.01
	66.3
	42.95
	8.47
	11.44
	21.15
	13.85
	39.9
	67.8
	153
	6.77
	0.58
	2.61
	189
	4.7
	5.72










 





Table 4. Trace element contents (μg/g) of overlying rock strata.
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	Samples
	B
	Sc
	V
	Cr
	Co
	Ni
	Cu
	Ga
	Rb
	Sr
	Zr
	Nb
	Mo
	Cs
	Ba
	Hf
	Th





	S1
	48.26
	13.2
	98.6
	58.8
	2.57
	8.7
	21.6
	18.3
	64.9
	55.1
	229
	9.55
	0.26
	3.51
	352
	6.92
	6.62



	S2
	25.31
	18.7
	90.6
	36.2
	58.6
	116
	14.2
	8.04
	29.4
	176
	97.4
	7.25
	0.11
	2.25
	312
	2.71
	3.17



	S3
	59.63
	17.7
	114
	67.4
	40.9
	58.6
	28.9
	20
	80.7
	92.7
	187
	10.2
	0.73
	6.16
	358
	5.85
	7.39



	S4
	45.54
	15.2
	89
	59.4
	14.9
	21.8
	22.6
	16.8
	65.1
	97.1
	195
	8.56
	0.7
	3.63
	362
	5.62
	6.17



	S5
	58.69
	14.7
	124
	56.5
	4.97
	14.7
	21.1
	21.8
	63.2
	40.8
	212
	10.8
	0.57
	6.08
	281
	6.26
	7.52



	S6
	60.57
	19.7
	117
	80
	7.52
	24.8
	31.9
	22.9
	78.2
	86.8
	226
	11.2
	0.45
	5.66
	347
	6.72
	8.58



	S7
	53.35
	13.8
	106
	51.6
	9.91
	32.3
	26.1
	19.1
	62.7
	47.1
	196
	11.4
	0.69
	6.09
	261
	5.5
	6.27



	S8
	39.52
	24.9
	93.2
	59
	10.6
	24.4
	28.8
	15.6
	69.3
	152
	244
	9.56
	0.5
	3.78
	381
	6.71
	6.04



	S9
	55.21
	14.4
	114
	62
	11.1
	25.6
	37.4
	20
	81.5
	61.7
	242
	10.4
	0.46
	5.22
	383
	7.12
	7.31



	S10
	73.28
	25.4
	164
	61.7
	11.3
	30.2
	38.4
	28.8
	67.2
	57.6
	260
	11.5
	0.53
	3.8
	237
	7.5
	7.42



	S11
	60.58
	20.4
	145
	89.5
	10.6
	35
	41.6
	24.6
	91.2
	49
	204
	10.7
	0.61
	6.62
	360
	5.89
	8.12



	S12
	20.12
	9.85
	56.8
	26.3
	17.9
	58.4
	40.7
	6.37
	24
	401
	184
	5.52
	3.16
	2.05
	258
	2.64
	3.09



	S13
	43.43
	12.9
	80.2
	54.2
	10.2
	25.1
	24.8
	19.8
	83.7
	261
	203
	12
	1.02
	4.77
	424
	5.73
	10.6



	S14
	37.58
	11.5
	67.1
	49.6
	10.4
	23.6
	14.4
	16.5
	83.8
	218
	147
	10.3
	0.34
	4.37
	404
	4.54
	9.53



	S15
	53.59
	17.6
	112
	86.1
	14.5
	31.6
	29.6
	20.2
	94.3
	173
	198
	11.4
	0.78
	6.82
	370
	5.91
	11.8



	S16
	56.37
	17.1
	107
	79.1
	17.7
	40.2
	43.1
	20.4
	117
	183
	172
	11
	0.84
	8.28
	454
	4.94
	10



	Average
	49.44
	16.69
	104.9
	61.09
	15.85
	35.69
	29.08
	18.70
	72.26
	134.5
	199.8
	10.08
	0.73
	4.94
	347
	5.66
	7.48










 





Table 5. Content levels of rare earth elements and yttrium in coal seam samples from the Yihua coal mine (μg/g).






Table 5. Content levels of rare earth elements and yttrium in coal seam samples from the Yihua coal mine (μg/g).





	Samples
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Y
	Ho
	Er
	Tm
	Yb
	Lu
	REY





	C1-F
	5.41
	11.3
	1.16
	4.6
	1.02
	0.24
	1.24
	0.36
	2.51
	16.5
	0.58
	1.82
	0.34
	2.37
	0.38
	49.45



	C2-F
	10.5
	21
	2.34
	9.41
	2.7
	0.69
	3.41
	0.96
	7.02
	40.4
	1.47
	4.38
	0.77
	5.27
	0.83
	110.32



	C3
	1.04
	1.75
	0.22
	0.89
	0.17
	0.04
	0.18
	0.08
	0.26
	1.6
	0.05
	0.16
	0.05
	0.26
	0.03
	6.75



	C4
	1.29
	1.9
	0.21
	0.8
	0.15
	0.03
	0.14
	0.07
	0.16
	1.01
	0.04
	0.09
	0.04
	0.21
	0.02
	6.13



	C5
	0.53
	0.73
	0.1
	0.45
	0.09
	0.02
	0.08
	0.06
	0.10
	0.61
	0.02
	0.06
	0.03
	0.18
	0.01
	3.05



	C6
	0.44
	0.6
	0.095
	0.36
	0.07
	0.03
	0.06
	0.05
	0.06
	0.39
	0.01
	0.04
	0.03
	0.15
	0.01
	2.39



	C7-P
	1.73
	2.49
	0.24
	0.89
	0.11
	0.03
	0.10
	0.05
	0.05
	0.34
	0.01
	0.03
	0.02
	0.13
	0.01
	6.22



	C8
	0.49
	0.68
	0.1
	0.39
	0.07
	0.03
	0.07
	0.05
	0.08
	0.41
	0.02
	0.04
	0.03
	0.14
	0.01
	2.59



	C9
	0.33
	0.36
	0.07
	0.28
	0.05
	0.03
	0.05
	0.05
	0.05
	0.31
	0.01
	0.03
	0.03
	0.13
	0.01
	1.78



	C10-P
	2.79
	3.93
	0.35
	1.27
	0.16
	0.05
	0.14
	0.06
	0.08
	0.54
	0.02
	0.13
	0.03
	0.14
	0.01
	9.68



	C11
	0.43
	0.64
	0.10
	0.41
	0.07
	0.04
	0.06
	0.06
	0.08
	0.44
	0.02
	0.05
	0.03
	0.15
	0.01
	2.56



	C12
	0.27
	0.26
	0.06
	0.28
	0.07
	0.15
	0.05
	0.05
	0.05
	0.32
	0.01
	0.03
	0.03
	0.13
	0.01
	1.76



	C13-P
	0.61
	1.06
	0.15
	0.59
	0.12
	0.03
	0.11
	0.06
	0.1
	0.59
	0.02
	0.06
	0.03
	0.16
	0.01
	3.70



	C14-P
	4.21
	6.32
	0.56
	2.04
	0.26
	0.24
	0.22
	0.07
	0.11
	0.58
	0.02
	0.05
	0.03
	0.14
	0.01
	14.85



	C15
	0.48
	0.82
	0.13
	0.55
	0.09
	0.03
	0.09
	0.06
	0.11
	0.63
	0.02
	0.07
	0.03
	0.18
	0.01
	3.29



	C16
	0.62
	0.89
	0.13
	0.5
	0.10
	0.02
	0.08
	0.06
	0.09
	0.48
	0.01
	0.04
	0.03
	0.15
	0.01
	3.20



	C17-P
	0.73
	1.8
	0.23
	0.96
	0.15
	0.17
	0.14
	0.06
	0.11
	0.68
	0.02
	0.12
	0.03
	0.17
	0.01
	5.38



	C18-L
	14.2
	29.8
	2.94
	11
	1.72
	0.43
	1.59
	0.33
	2.1
	12.6
	0.47
	1.54
	0.3
	2.02
	0.32
	81.04



	C19
	0.89
	1.42
	0.16
	0.61
	0.12
	0.03
	0.1
	0.06
	0.11
	0.65
	0.02
	0.06
	0.03
	0.17
	0.01
	4.43



	C20
	0.81
	1.47
	0.19
	0.81
	0.14
	0.04
	0.13
	0.06
	0.12
	0.7
	0.03
	0.07
	0.03
	0.17
	0.01
	4.76



	C21-R
	31.2
	70.5
	7.67
	29.8
	5.26
	1.14
	4.19
	0.67
	3.23
	14.6
	0.57
	1.62
	0.27
	1.76
	0.26
	172.48



	C22-R
	24.3
	51.9
	6.08
	25.6
	5.01
	1.17
	4.4
	0.81
	4.58
	24.1
	0.89
	2.55
	0.44
	2.82
	0.42
	154.65










 





Table 6. Content levels of rare earth elements and yttrium in overlying rock strata (μg/g).
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	Samples
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Y
	Ho
	Er
	Tm
	Yb
	Lu
	REY





	S1
	24.3
	52.3
	6.14
	25.9
	5.13
	1.3
	4.46
	0.82
	4.75
	25.4
	0.93
	2.7
	0.46
	3.02
	0.45
	158.06



	S2
	15.3
	29.6
	3.38
	14.3
	3
	0.85
	3
	0.59
	3.57
	21.6
	0.73
	2.05
	0.35
	2.29
	0.34
	100.95



	S3
	27.3
	59.3
	6.75
	29.1
	5.78
	1.42
	5.19
	0.91
	5.28
	27.4
	1.01
	2.95
	0.48
	3.18
	0.47
	176.52



	S4
	24.9
	52.9
	6.21
	25.5
	5.14
	1.3
	4.57
	0.85
	4.97
	25.3
	0.93
	2.74
	0.45
	2.96
	0.45
	159.17



	S5
	14.3
	30.5
	3.33
	13.7
	2.66
	0.67
	2.61
	0.58
	3.82
	22.7
	0.82
	2.58
	0.46
	3.03
	0.48
	102.24



	S6
	28.7
	61.8
	7.41
	31
	6.18
	1.44
	5.52
	1
	5.88
	31.9
	1.14
	3.33
	0.56
	3.69
	0.56
	190.11



	S7
	15.3
	33.1
	3.46
	13.9
	2.62
	0.61
	2.48
	0.51
	3.15
	19.4
	0.65
	2.03
	0.37
	2.44
	0.38
	100.4



	S8
	33.3
	68.4
	8.49
	37.4
	7.94
	2.01
	7.64
	1.38
	7.87
	42
	1.5
	4.02
	0.65
	4.09
	0.6
	227.29



	S9
	26.9
	56.1
	6.84
	29.6
	5.93
	1.38
	5.13
	0.95
	5.43
	29.3
	1.08
	3.12
	0.53
	3.58
	0.54
	176.41



	S10
	34.7
	60.9
	8.6
	35.8
	7.23
	1.79
	6.21
	1.16
	6.82
	34.8
	1.27
	3.74
	0.62
	4.08
	0.64
	208.36



	S11
	29.9
	63.1
	7.53
	32
	6.3
	1.47
	5.35
	0.96
	5.64
	30.7
	1.06
	3.14
	0.53
	3.5
	0.52
	191.7



	S12
	41.2
	59.6
	6.22
	27.2
	5.36
	1.37
	6.78
	1.27
	8.41
	73.5
	1.81
	5.19
	0.75
	4.48
	0.68
	243.82



	S13
	29.6
	60.3
	6.94
	28.3
	5.24
	1.11
	4.65
	0.82
	4.54
	27.5
	0.86
	2.56
	0.42
	2.74
	0.41
	175.99



	S14
	28.3
	58.2
	6.85
	28.2
	5.43
	1.1
	4.6
	0.79
	4.23
	22.8
	0.77
	2.21
	0.36
	2.22
	0.35
	166.41



	S15
	33
	68.8
	7.9
	32.4
	6.13
	1.2
	5.23
	0.94
	5.25
	28.7
	1
	2.92
	0.49
	3.3
	0.51
	197.77



	S16
	28.8
	61.1
	7.05
	29.1
	5.47
	1.18
	4.56
	0.78
	4.28
	24.1
	0.82
	2.33
	0.39
	2.54
	0.38
	172.88










 





Table 7. Rare earth element parameters of coal seam samples from the Yihua coal mine.
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	Samples
	∑LREE (μg/g)
	∑MREY (μg/g)
	∑HREE (μg/g)
	∑REY (μg/g)
	L/M
	L/H
	M/H
	La/Yb
	δCe
	δEu





	Coal-av
	2.35
	0.92
	0.29
	3.57
	2.56
	7.83
	3.06
	3.77
	0.72
	2.42



	Floor
	34.72
	36.67
	9.11
	80.49
	1.01
	3.95
	3.96
	2.08
	0.99
	0.68



	Parting
	6.75
	0.94
	0.28
	7.97
	7.33
	25.70
	3.38
	13.61
	0.86
	1.83



	Roof
	128.7
	29.45
	5.80
	163.9
	4.64
	24.05
	5.12
	12.11
	1.01
	0.74







Notes: L/M: ∑LREE/∑MREY; L/H: ∑LREE/∑HREE; M/H: ∑MREY/∑HREE.













 





Table 8. Rare earth element parameters of overlying strata samples from the Yihua coal mine.
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	Samples
	∑LREE (μg/g)
	∑MREY (μg/g)
	∑HREE (μg/g)
	∑REY (μg/g)
	L/M
	L/H
	M/H
	La/Yb
	δCe
	δEu





	Max
	155.53
	91.33
	12.91
	243.82
	10.99
	54.65
	7.07
	9.20
	1.04
	0.87



	Min
	64.49
	26.15
	5.76
	100.40
	0.88
	3.61
	2.69
	6.44
	0.79
	0.64



	Average
	120.87
	42.72
	8.17
	171.76
	3.47
	17.33
	5.06
	8.52
	0.95
	0.75







Notes: L/M: ∑LREE/∑MREY; L/H: ∑LREE/∑HREE; M/H: ∑MREY/∑HREE.













 





Table 9. Correlation parameters of coal seam and rock strata.
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	La (μg/g)
	Ce (μg/g)
	∑REE (μg/g)
	La/Yb
	∑LREE/∑HREE
	δEu





	OIA
	8 ± 1.7
	19 ± 3.7
	58 ± 10
	4.2 ± 1.3
	3.8 ± 0.9
	1.04 ± 0.11



	CIA
	27 ± 4.5
	59 ± 8.2
	146 ± 20
	11.0 ± 3.6
	7.7 ± 1.7
	0.79 ± 0.13



	ACM
	37
	78
	186
	12.5
	9.1
	0.6



	PM
	39
	85
	210
	15.9
	8.5
	0.56



	CS-av
	4.70
	9.62
	29.57
	6.95
	4.11
	1.9



	OR-av
	27.24
	54.75
	171.76
	8.52
	17.33
	0.75







CS-av: average value of coal seam samples; OR-av: average of samples from overlying rock strata.













 





Table 10. Paleosalinity discrimination parameters and ranges.
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	Method
	Range
	Environment
	Coal Seam
	Rock





	
	80~125
	saltwater
	
	



	B (μg/g)
	60~80
	brackish water
	81.44 μg/g
	49.44 μg/g



	
	<60
	freshwater
	
	



	
	800~1000
	saltwater
	
	



	Sr (μg/g)
	300~800
	brackish water
	205.35 μg/g
	134.49 μg/g



	
	100~300
	freshwater
	
	



	
	>4.5
	saltwater
	
	



	B/Ga
	3.3~4.5
	brackish water
	352.8
	2.68



	
	<3.3
	freshwater
	
	



	
	>1
	saltwater
	
	



	Sr/Ba
	0.6~1
	brackish water
	14.73
	0.40



	
	<0.6
	freshwater
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