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Abstract

:

The Santanghu Basin is a typical low-rank coal-bearing basin in northwest China, with abundant coalbed methane (CBM) resources. However, the understanding of the main controlling factors and reservoir formation models of CBM in low-rank coal is still insufficient, which has restricted the exploration and development of CBM in this region. In this paper, the CBM enrichment controlling factors and enrichment models are analyzed based on the aspects of sedimentary environment, reservoir characteristics, sealing conditions, and hydrogeological conditions after systematically analyzing the geological characteristics of coal measures. The research results indicate that the coal seams of the Xishanyao Formation in the Santanghu Basin are stably developed, with the main macerals being vitrinite and a lower degree of coalification belonging to low-rank coal; the highest content of CBM can reach 7.17 m3/t, and the methane is mainly composed of biogenic gas supplemented by thermogenic gas; the roof lithology of the coal seam is mainly mudstone and siltstone, with good sealing conditions. Finally, two enrichment modes of coalbed methane in slope zones are proposed, namely, the CBM enrichment in the slope zone and the CBM enrichment by fault-hydraulic plugging. The results of this study can serve as a guide for the exploration and development of the deep-buried coalbed methane in the low-rank coal areas.
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1. Introduction


The Santanghu Basin is one of the Jurassic basins in Xinjiang, and its coalbed methane (CBM) of low-rank coal has shown certain exploration prospects [1,2]. As a type of clean energy, CBM has been successfully exploited commercially worldwide [3]. China has abundant CBM resources, with geological resources buried at depths of less than 2000 m reaching 30.5 × 1012 m3 [4], among which the proportion of CBM resources in low-rank coal is about 34% [5]. The vigorous development and utilization of CBM can contribute to China’s energy structure transformation [6] and the “dual carbon goal” [7,8]. Great progress has been made on the exploration and development of the CBM in medium–high-rank coals, such as those in Ordos Basin [9,10,11], Qinshui Basin [12], and Sichuan Basin [13]. The research on the CBM in the low-rank coals still needs to be deepened, especially because the gas enrichment mechanism and reservoir-forming model of CBM in low-rank coal have not been systematically understood [14].



In recent years, the deep-buried CBM in low-rank coal has become a hot exploration field [15]. Previous studies have analyzed, evaluated, and prospected the CBM resources in low-rank coal and exploration and development prospects in China [14,16,17,18]. Northwest China, especially Xinjiang, is rich in the Jurassic coal resources, with most of them being of a low rank [3]. The Jurassic coal basins in Xinjiang are characterized by the preservation of many coal seams, large coal seam thickness, and large resource abundance of coal, making these basins a huge potential for the CBM exploration [19,20]. The Santanghu Basin is a typical low-rank coal basin [17,21]. The coal seams of the Xishanyao Formation of the Middle Jurassic have a stable distribution in the Tiaohu and Malang sags of this basin, forming the material foundation for CBM accumulations [22]. The geological resources of the Tuha-Santanghu Basin reach 10.6 × 1012 m3 at a depth of more than 2000 m, and recoverable resources reached 1.55 × 1012 m3, accounting for 15% of the national total [6], suggesting that the study area has great prospects for deep-buried coalbed methane exploration. The exploration and development of CBM in the Santanghu Basin can be helpful for understanding the deep-buried CBM issues and CBM development in low-rank coal issues.



There are many studies on CBM in the Santanghu Basin, but they are all limited to certain aspects [1,2,17,19]. This region is beginning to emerge as a hotspot for CBM exploration and development, and there is an urgent need for a comprehensive synthesis of previous work and more in-depth research into the weaknesses of the study. In this study, geological conditions for CBM enrichment have been investigated, which include coal seam thickness, coal seam burial depth, coal maceral compositions, coal quality, and coal rank. In combination with the sedimentary environments, regional structural characteristics, and hydrogeological conditions, the CBM enrichment model in this basin has been established. It is hoped that the results of this study can serve as a reference for the exploration and development of deep-buried CBM in low-rank coal.




2. Geologic Settings


The main Mesozoic basins in northwestern China are compressional in origin, and an orogenic belt formed in response to multiple collisions as the Indian plate interacted with the Eurasia plate, which separated them [23,24,25]. The Tianshan Mountain range is one of these orogenic belts, and it separates the Junggar Basin from the Tarim Basin and was formed by the collision and docking of the Kazakhstan and Tarim plates. Tectonically, the Santanghu Basin is located at the East Tianshan mountain.



The Santanghu Basin is located in the northeastern part of Xinjiang, northwestern China, and it is adjacent to the Turpan-Hami Basin to the south and the Junggar Basin to the west [26]. The basin is distributed in a long strip shape and extends in a northwest–southeast trended direction. The basin has a length of about 500 km, with its central depression having a maximum width of about 20 km, and the total area is approximately 2.3 × 104 km2 (Figure 1).



The Santanghu Basin is a superimposed and reformed basin on the basement of the Early Paleozoic, and it is distributed between the Altai mountain system and the East Tianshan mountain system. Since the Late Permian, the basin has experienced three development stages, including the foreland basin stage, the extensional depression stage, and the reactivation of foreland basin. The current pattern is an alternation of three primary structural units with uplift and depression from southwest to northeast, namely, the southwest thrust nappe uplift zone, central depression zone, and northeast thrust uplift zone. The central depression zone can be further subdivided into 11 secondary structural units from northwest to southeast, including Kumusu Sag, Baruntala Uplift, Hanshuiquan Sag, Shitoumei Uplift, Tiaohu Sag, Chahaquan Uplift, Malang Sag, Fangfangliang Uplift, Naomaohu Sag, Weibei Uplift, and Suluke Sag [27,28] (Figure 1).



The strata in the Santanghu Basin consist of the Paleozoic, Mesozoic, and Cenozoic. Except for the absence of the Lower Triassic and Upper Cretaceous sedimentary cover layers in the Santanghu Basin, the rest of the strata are relatively well developed, and typically the Carboniferous-Permian and Jurassic strata are relatively thick. The Jurassic coal-bearing series are in angular unconformity contact with the underlying Upper Triassic. The Lower Jurassic features consist of the Badaowan Formation (J1b) and Sangonghe Formation (J1s) from bottom to top, the Middle Jurassic features consist of the Xishanyao Formation (J2x) and Toutunhe Formation (J2t) from bottom to top, and the Upper Jurassic features consist of the Qigu Formation (J3q) and Kalaza Formation (J3k) from bottom to top (Table 1). Among them, the Badaowan Formation and Xishanyao Formation are the main coal-bearing strata, while the Xishanyao Formation is the key target layer for CBM exploration and development due to its larger coal seam thickness.




3. Methods and Data Sources


A total of 17 wells or boreholes were used for their lithological statistics, and contour maps of seam thickness and coal seam depth were drawn (Table S1). A total of 10 coal samples were collected from three wells, including Tangqican 1, Tang 1, and Ma 76 wells, with 3 samples belong to the Tang 1 well, 6 samples belong to the Tangqican 1 well, and 1 sample belong to the Ma 76 well. Sample information can be found in Tables S2 and S3.



The experiments performed in this study included coal macrolithotypes identification, vitrinite reflectance (Ro, %), coal macerals, and coal proximate analysis. The coal macrolithotypes are classified according to the Chinese National Standard GB/T 18023-2000 [29]. A Leica DM4500P LED microscope was used to determine Ro and coal macerals following the ICCP (1994) [30,31,32], respectively. The proximate analysis test was conducted following the Chinese National Standard GB/T 30732−2014 [33].



In addition to the data from collected samples, more data in this paper were from the Research Institute of Exploration and Development, Petro China Tuha Oilfield Company, which are the data we have accumulated over years of experimentation. There are also some data which are from published literature. All data are included in the Supplementary Materials (Tables S1–S5).




4. Coal Seam Characteristics and CBM Distribution


4.1. Coal Seam Distribution


The coal seams of the Xishanyao Formation are mainly developed in the transitional part between the braided river delta sedimentary system and the lake sedimentary system [34]. The coal seams are developed throughout the area, and the coal accumulation centers are distributed in a NW–SE trended zone, mainly distributed in the northern areas of Tiaohu Sag and Malang Sag. The coal seam thickness in the Tiaohu syncline area can reach over 40 m, while the coal seam thickness in the northern part of Malang Sag can reach 60 m. The coal seam thickness in the southeastern part of Malang Sag is relatively thin, generally 10–20 m. The thickness of coal seams in Naomaohu Sag can reach over 30 m, while the maximum thickness of coal seams in Hanshuiquan Sag can reach over 20 m. In other areas, coal seams are relatively thin, generally less than 10 m (Figure 2).



The burial depth of the coal seams in the Xishanyao Formation varies greatly, ranging from 500 to 3000 m (Figure 3). Overall, the burial depth of the coal seam in the northern part of the basin is relatively shallow, and gradually increases toward the south. The maximum burial depth is located in the Tiaohu Sag and Malang Sag. The maximum burial depth of the coal seam in the Tiaohu syncline can reach over 2500 m, and the coal seam in the southwest of Malang Sag has the maximum burial depth, being over 2000 m. The coal seams in the Hanshuiquan Sag and Naomaohu Sag are relatively shallow, with burial depths generally less than 1500 m.




4.2. Coal Proximate Analysis and Coal Petrology


The coal macrolithotypes are predominantly semi-dull coal, followed by dull coal and semi-dull coal. The original macerals data from the Tang 1 well were not equally spaced in the vertical direction, so three coal samples were added to make them uniformly distributed throughout the coal seam. The maceral compositions are dominated by vitrinite, with the content ranging between 30.0 and 90.0%, averaging 51.4%. The content of inertinite varies from 8.0 to 64.0%, averaging 40.9%. The content of the liptinite is generally low, being less than 10%. The reflectance of vitrinite of coal samples is relatively constant. The vitrinite reflectance (Ro) ranges from 0.38 to 0.62%, with most of the values being below 0.5%, indicating a low-rank coal (Table 2 and Table S2).



The proximate analysis data from the Tangqican 1 well have significant inconsistencies. To confirm the data’s accuracy, this study has supplemented six more samples at different depths, and the results show that there is still a great difference, indicating that the coal seam here has an obvious heterogeneity. In general, the proximate analysis reveals that the coals of the Xishanyao Formation in the Santanghu Basin have a moisture content ranging from 3.71 to 8.81%, ash yield ranging from 2.58 to 11.94%, and the volatile matter content ranging from 29.47 to 48.22% (Table 3 and Table S3). Following the China Coal Industry Standards MT/T 849-2000 [35], MT/T 850-2000 [36], and GB/T 15224.1-2018 [37], these coals can be classified as low-to-medium-moisture, high-volatile-matter, and low-ash-yield coals.




4.3. Coal Reservoir Characteristics


Coal structure is generally classified into four types, including primary coal, cataclastic coal, granulitic coal, and mylonitic coal [38,39]. The coal structure of the Santanghu Basin is mainly composed of primary coal, followed by cataclastic coal. Primary coal is more conducive to the storage of CBM, but its adsorption capacity and permeability are relatively low compared to cataclastic coal [40]. The permeability of coal seams is mainly influenced by the burial depth and coal body structure [41,42], and as the burial depth increases, the permeability decreases [43,44]. There are significant differences in porosity and permeability of coal seams in different regions and burial depths in Santanghu Basin; the coal sample from the Tang 1 well in the Malang Sag has a permeability of 8.83 mD and porosity of 7.44%. The coal sample from the Tang 2 well in the Tiaohu Sag has a permeability of 0.89 mD and a porosity of 2.25%. The coal sample in Well Tiao 15 in the Malang Sag has a porosity of 9.88%. The coal samples from Naomaohu Sag have a porosity of 6.05%–12.91% with an average of 9.48% [45], and the permeability is 0.69–3.05 mD [41]. The average porosity of the coal in the Hanshuiquan Sag is 11.38%, while the average porosity of the coal in the Naomaohu depression is 9.48%.




4.4. Distribution of the CBM Content


The measured gas content of the Xishanyao Formation coal seam in the Santanghu Basin ranges from 1.71 to 10.00 m3/t [46]. The areas with high gas content are located in the Malang and Tiaohu Sags, which can reach over 6 m3/t, with the measured gas content in the Tang 1 well reaching the highest of 7.17 m3/t (Figure 4). In general, the thicker coal seam would be conducive to the enrichment of CBM [47]. In this study area, there is also a good positive correlation between coal seam thickness and gas content.





5. CBM Accumulation


5.1. Coal Depositional Conditions


Sedimentary conditions determine the characteristics of coal accumulation, lithofacies assemblage of coal-bearing strata [48,49], spatial distribution of the coal reservoir, and the physical properties of the coal reservoirs and caprocks [50].



The sedimentary environment is closely related to the development of the coal seams, controlling the coal seam thickness, coal quality, and coal physical properties [51,52]. The seams were mainly distributed in the maximum lake flooding surface near the lake transgression system area, and the inter-delta bay, the lake bay of the braided river, and the delta plain area of the downstream braided river would be the most favorable sites for coal accumulation.



Coal seam thickness not only controls the CBM-generating potential of coal reservoirs but also plays an important role in CBM preservation, and the thicker the coal seam, the more favorable it is for CBM preservation [53]. The Xishanyao Formation coal seam in the study area has a thickness of more than 20 m in a single layer, and the coal has mainly a primary structure, which makes for a good CBM reservoir.



The content of inertinite in coal seams is the key parameter controlling the formation of pores and fractures, and the unfilled inertinite has better adsorption capacity [51,54]. In the middle- and low-rank coals, the content of inertinite is positively correlated with the proportion of mesopores and macropores [55]. The macerals of coal seams in different sags in the Santanghu Basin varies greatly, as do the macerals in the same thick coal seam. The content of the inertinite and the vitrinite alternated as the main components (Table 1 and Table S2). The vitrinite mainly produces CBM, while the inertinite provides pores for CBM storage, so the layer with a vitrinite/inertinite (V/I) ratio close to 1 can be selected as a favorable layer for CBM development.




5.2. Influence of the Sedimentary Successions on CBM Preservation


The low-permeable caprocks will reduce the outward seepage and escape of coalbed methane, and thus play a more important role in CBM reservoir formation than other sedimentary factors [56]. Mudstone has less-developed pores and better sealing ability, making it the best quality caprock, with siltstone being second best [54]. The caprock of the coal seam in the Xishanyao Formation is mainly composed of mudstone and siltstone. The overall sealing performance of the coal seam roof in the basin is good, among which the Malang Sag coal seam roof has the best sealing performance, and the coal seam roof is all thick mudstone (Figure 5).



The combination of coals and their roof and floor rocks affects the preservation conditions of CBM and has a direct control effect on CBM [50]. Four lithological associations of the reservoirs and caprocks are identified in the Santanghu Basin, which are characterized by different superimposing combinations of coal and its surrounding rocks (Figure 6). The first combination is represented by the succession of “the fine-grained sandstone –coal–fine-grained sandstone–pebbly sandstone”, which was deposited in a deltaic distributary channel environment (Figure 6a). The second combination is represented by the succession of “the medium-grained sandstone–coal–fine-grained sandstone”, which was deposited in the delta plain environment (Figure 6b). The third combination is represented by the succession of “the siltstone–coal–siltstone”, which was deposited in the coastal and shallow lake environment (Figure 6c). The fourth combination is represented by the succession of “the mudstone–coal–fine-grained sandstone”, which was deposited in the coastal and shallow lake environment (Figure 6d). In consideration of the sealing abilities of different lithological combinations, it can be concluded that the coal seams deposited in coastal and shallow lake environments have a relatively better sealing capacity resulting from the caprock of thick-bedded mudstone and interbedded thin-bedded fine-grained sandstone.




5.3. Burial History


The subsidence and uplift of strata caused by tectonic movement will affect the gas generation and storage conditions of coal seams. The Xishanyao Formation in the research area has experienced two distinct subsidence-uplift processes [57]. The first stage of subsidence took place in the Late Jurassic, leading to a coal burial depth of 500–600 m and formation temperature close to 55 °C, and then uplifted to the surface in the Late Jurassic. The second subsidence process took place in the Early Cretaceous, leading to a coal burial depth of nearly 2000 m and formation temperature close to 90 °C. The Early Cretaceous was an important stage for CBM generation in the coals of the Xishanyao Formation in the Tiaohu, Hanshuiquan, and Malang Sags. The coal in the Naomaohu Sag has the lowest degree of coalification and has not reached the threshold of thermal hydrocarbon generation; therefore, there is no generation of thermal gas [45,58]. Simulation experiment of biogenic gas shows that the native methanogen and fermentation bacteria will die in large numbers when the temperature reaches 55 °C [59]. Therefore, the paleotemperature at that time were not suitable for the survival of methanogen, and there was almost no primary biogenic gas.




5.4. Genetic Analysis of CBM


In general, CBM including biogenic gas and thermogenic gas and these genetic types can be determined by studying the geochemical characteristics of CBM [60,61,62,63,64]. Biogenic CBM can generally be subdivided into primary and secondary biogenic types, with many similarities in their generation mechanisms [64]. The early primary biogenic gas or some thermogenic gas is easy to escape through groundwater flow and the fracture systems [21] and cannot be retained in a large amount in coal seams, while the secondary biogenic gas is widely distributed in coal seams. This study used stable isotopic compositions to analyze the origins of CBM in the Malang and Tiaohu Sags in the Santanghu Basin. The results show δ13C(CH4) in the Malang Sag range from −64.1‰ to −54.7‰, and δDCH4 range from −268‰ to −239‰. The δ13C(CH4) in the Tiaohu Sag range from -52.6‰ to −55.0‰, and δDCH4 range from −216‰ to −215‰ (Table S4). The cross plots of the δ13C(CH4)−CH4/(C2H6 + C3H8) and the δD−δ13C(CH4) indicate that the CBM in the Tiaohu and Malang Sags is dominated by a mixed origin (Figure 7). It can be seen from Figure 7 that the CBM in the coals of the Xishanyao Formation in the Santanghu Basin has a similar origin as the CBM in typical low-rank coal basins such as the Surat Basin.




5.5. Hydrological Factors


CBM is mainly preserved in the pores of coal in an adsorbed state, and hydrogeological conditions have a significant impact on the occurrence and migration of the absorbed methane, with the latter being crucial for the extraction of CBM [68,69]. The influence of hydrogeological conditions on the CBM preservation in the Santanghu Basin is mainly reflected in two aspects, including the hydraulic migration and the hydraulic plugging. The hydraulic plugging effect is conducive to CBM enrichment.



The favorable area for the enrichment and accumulation of CBM in low-rank coal is the slow groundwater runoff zone, which has a better hydraulic plugging effect on the CBM. The fast runoff in the drainage zones can cause the loss of CBM during transportation, which is very unfavorable for the preservation of CBM [21,46].



The Jurassic strata in the Santanghu Basin belong to a weakly water-rich aquifer, with insufficient surface water replenishment, resulting in the formation of “dry coal seams” [58]. The salinity of coal seam water is high, and the corresponding mineralization is also high (Table 4) [70]. The low mineralization of the coal seam water is suitable for the survival of methanogen and is conducive to the formation of biogenic gas [71]. The Kumusu, Hanshuiquan, and Naomaohu Sags are the closed weak runoff hydrogeological units, while the Tiaohu and Malang Sags are open local retention hydrogeological units. The open local retention hydrogeological units have a drainage capacity lower than the closed weak runoff units and are conducive to CBM accumulation. When the mineralization of the underground water is higher than 10,000 mg/L, it will cause a large number of deaths of methanogens and also reduce the adsorption capacity of low-rank coal. The mineralization of the coal seam water in the research area is relatively high, but it is less than 10,000 mg/L, and there will still be certain capacity for the formation of biogenic gas (Figure 7).





6. CBM Enrichment Models


According to the geological conditions and the characteristics of CBM generation and preservation, we have selected the well sections with gas content to draw cross-sections corresponding to the enrichment models. Two types of CBM enrichment models in the Santanghu Basin are proposed, namely, the CBM enrichment in slope zone and the CBM enrichment by fault-hydraulic plugging.



6.1. CBM Enrichment in Slope Zone


The runoff along the northern edge of the Malang and Tiaohu Sags in the central part of the Santanghu Basin are supplied by atmospheric precipitation and melting water from ice and snow. The runoff infiltrates the aquifer through the surface and flows deep into the coal seam, diluting the mineralization of the coal seam water when flowing through the coal seam, and forming low-mineralization groundwater. Therefore, the mineralization of the coal seam water is low, about 1000–5000 mg/L, which is suitable for the reproduction, growth, and survival of methanogens. Groundwater carrying methanogen converts organic matter into methane gas, thus providing favorable conditions for the generation of secondary biogenic gas. The depth of methane weathering zone in the Santanghu Basin is generally between 400 and 1000 m [70], and the depth of the methane weathering zone in the Malang and Tiaohu Sags is generally between 300 and 400 m, with a maximum depth of no more than 600 m. When the strata in the slope zone are affected by tectonic processes, such as changes in syncline or anticline structures, a relatively gentle slope break zone will be formed, which is more conducive to the enrichment of CBM. The Ro of deep-buried coal seams reaches 0.80% [46], indicating the mixed genetic characteristics of thermal and secondary biogenic gases. The continuous supply of surface water forms a confined water seal, which is beneficial for the preservation of CBM. Therefore, the CBM accumulates and forms in the coals of the slope zones (Figure 8).




6.2. CBM Enrichment by Fault-Hydraulic Plugging


There are many thrust faults in the Malang and Tiaohu Sags. It can be seen from the gas content and structural belt distribution (Figure 9) that the maximum gas content is located in the syncline between two thrust faults. The two thrust faults compress toward the syncline axis, and the atmospheric rainfall supplies the groundwater into the coal seam. The pressure of confined water and the compression pressure of the thrust fault can better seal the CBM and prevent the upward escape of the CBM. In the central depression area of the Tiaohu Sag in the Santanghu Basin, δ13CCH4 of the CBM ranges between −55.0‰ and −54.1‰, and δ D CH4 is between −216‰ and −215‰, mainly showing an origin of thermogenic gas [46]. The thermal simulation results for low-rank coal show that the amount of thermogenic gas per ton of coal exceeds 18 m3 [72]. Therefore, the high-abundance CBM reservoirs can also be formed.





7. Conclusions


	(1)

	
The CBM geological conditions in the Santanghu Basin are characterized by a greater total coal seam thickness (10.5–61.3 m) and various coal burial depths (500−2600 m). The coal accumulation center is located in the Tiaohu Sag and Malang Sag, and the deepest burial depth is also located in these two sags. The Ro is generally 0.38%–0.62%, mainly composed of lignite and long flame coal, and the macerals are mainly composed of vitrinite (30%–90%), with certain amounts of inertinite (8.0%–64%).




	(2)

	
The areas of high CBM content correspond to the regional coal accumulation centers, which are located in the Tiaohu and Malang Sags. These sags are favorable blocks for the CBM exploration in the Santanghu Basin, with a CBM content of up to 7.17 m3/t. Stable isotopic analysis shows that the CBM is of mixed origin, mainly thermogenic and secondarily biogenic.




	(3)

	
Combining the depositional environments, structure features, and hydrogeological conditions, two types of CBM enrichment models are summarized, including the CBM enrichment in the slope break zone and the CBM enrichment by fault-hydraulic plugging in the reservoir. It is further delineated that the northern slope zone of the Tiaohu and Malang Sags are the sweet spots for the CBM exploration.
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Figure 1. Tectonic unit subdivision and columnar section of Santanghu Basin. On the left is the geological outline and tectonic units in the Santanghu Basin with the inset showing location in the Santanghu Basin in China. On the right is the stratigraphic column of the Jurassic in the Santanghu Basin. 
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Figure 2. Isopach map of coal seam thickness of the Xishanyao Formation in the Santanghu Basin. 
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Figure 3. Contours of the coal seam burial depth of the Xishanyao Formation in the Santanghu Basin. 
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Figure 4. Contours of the CBM content of the coals in the Xishanyao Formation in the Santanghu Basin. 
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Figure 5. Map showing the distribution of the lithologies of the coal roof of the Xishanyao Formation in the Santanghu Basin. 
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Figure 6. CBM preservation ability of different sedimentary successions in the Santanghu Basin. (a,b) show two rock successions from distributary channels, and (c,d) show two rock successions from coastal and shallow lake environments. 
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Figure 7. CBM genesis identification based on geochemical composition, data from [46]. Also shown are CBM production gases from the Bowen Basin, Queensland [65]; eastern Surat Basin, Australia [66]; Erlian Basin [67]. 
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Figure 8. CBM accumulation model in the slope zone of the Santanghu Basin. 
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Figure 9. Fault-hydraulic plugging reservoir formation model. 
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Table 1. Stratigraphic subdivision of the Jurassic in Santanghu Basin.
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System

	
Series

	
Group/Formation

	
Contact






	
Cretaceous

	
Lower

	
Tulufan (K1tg)

	
unconformity




	
Jurassic

	
Upper

	
Kalazha (J3k)




	
Qigu (J3q)

	
conformity




	
Middle

	
Toutunhe (J2t)

	
conformity




	
Xishanyao (J2x)

	
conformity




	
Lower

	
Sangonghe (J1s)

	
conformity




	
Badaowan (J1b)

	
unconformity




	
Triassic

	
Upper

	
Haojiagou (T3h)











 





Table 2. Coal macrolithotypes and maceral compositions of the coals in the Xishanyao Formation of Santanghu Basin.
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Well ID

	
Burial Depth (m)

	
Coal Macrolitho-Type

	
Maceral Compositions (%)

	
Ro (%)




	

	
Vitrinite

	
Inertinite

	
Liptinite






	
Tangqican1

	
722.4–757.06

	
semi-dull

	
48.7

	
48.4

	
2.9

	
0.61




	
Tang1

	
992.31–1027.13

	
semi-bright

	
36.1

	
61.8

	
2.1

	
0.45




	
Tang3

	
1186.3

	
semi-dull

	
90.0

	
8.0

	
2.0

	
0.57




	
Bei2

	
1966.2

	
semi-dull

	
30.0

	
64.0

	
6.0

	
0.61




	
Ma205

	
768.85–768.88

	
bright

	
46.0

	
44.0

	
10.0

	
0.38




	
Ma76

	
1800.4

	
semi-bright

	
60.0

	
34.0

	
6.0

	
0.62




	
Tiao15

	
843.72–851.93

	
semi-dull

	
44.9

	
53.8

	
1.3

	
0.44








Vitrinite, inertinite, and liptinite content are average of the values given in Table S2; Ro averaged random vitrinite reflectance under oil-immersed reflected light.













 





Table 3. Results of the partial proximate analysis of the coals in the Xishanyao Formation in the Santanghu Basin.
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Well ID

	
Depth (m)

	
Proximate Analysis (%)

	
Data Points




	
Mad

	
Ad

	
Vdaf

	
FCad






	
Tangqican1

	
722.29–757.38

	
8.32

	
11.92

	
38.01

	
50.21

	
46




	
Tang1

	
991.57–1027.13

	
4.23

	
2.94

	
31.42

	
62.50

	
11




	
Tang3

	
1186.3

	
6.94

	
2.58

	
45.11

	
49.76

	
1




	
Ma205

	
768.77–768.79

	
7.73

	
3.1

	
46.19

	
48.12

	
1




	
Ma76

	
1800.4–1806.54

	
3.00

	
30.24

	
21.73

	
51.80

	
2




	
Tiao15

	
843.72–851.93

	
8.13

	
5.28

	
32.21

	
59.31

	
17








Mad, moisture on air-dry basis; Ad, ash yield on dry and ash-free basis; Vdaf, volatile on air-dry basis; and FCad, fixed carbon on air-dry basis.













 





Table 4. Hydrogeological types of Santanghu Basin (also see Table S5 for details).
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	Structural Units
	Mineralization (mg/L)
	Water Chemical Type
	Hydrogeological Type
	Data Source





	Kumusu Sag
	1800–3400
	Na-Cl-SO4
	confined weak runoff
	[70]



	Hanshuiquan Sag
	1400–3100
	Na-Cl-SO4
	confined weak runoff
	[70]



	Tiaohu Sag
	2400–5000
	Na-Cl-SO4
	open local stagnation
	[70]



	Malang Sag
	1000–5000
	Na-HCO3-SO4
	open local stagnation
	[70]



	Naomaohu Sag
	1000–3000
	Na-Cl-SO4
	confined weak runoff
	[70]



	Ma 18
	3882
	HCO3-Na
	
	



	Ma 206
	5625–5657
	Na2SO4
	
	



	Ma 214
	3827
	NaHCO3
	
	



	Ma 208
	3880
	NaHCO3
	
	



	Ma 209
	3155
	NaHCO3
	
	



	Ma 203
	1160
	Na2SO4
	
	



	Ma 205
	4778
	NaHCO3
	
	



	Ma 202
	2241
	Na2SO4
	
	



	Ma 201
	2382
	NaHCO3
	
	



	Xi 9–13
	2398
	NaHCO3
	
	



	Xi 9–11
	2865
	NaHCO3
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