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Introduction: The Yanchang gas field in the southeastern Ordos Basin is an important region for natural gas exploration due to the presence of Upper Paleozoic coal-bearing source rocks. This study systematically evaluates these source rocks in terms of organic matter abundance, type, and thermal maturity to assess their hydrocarbon generation potential.Methods: Organic geochemical analyses were performed to determine the total organic carbon (TOC) content, kerogen type, and thermal maturity of the source rocks. The Benxi and Taiyuan Formations were specifically targeted for detailed evaluation. Kerogen maceral analysis was used to classify organic matter types, while thermal maturity was assessed through vitrinite reflectance (Ro) values.Results: The results indicate that the Upper Paleozoic source rocks exhibit high TOC content, with the Benxi and Taiyuan Formations showing excellent hydrocarbon generation potential. Kerogen maceral analysis identified predominantly Type III (humic) kerogen with some Type II2 (humic-sapropelic) components, suggesting a strong capacity for gas generation. Thermal maturity analysis revealed that the source rocks have reached the overmature dry gas stage, signifying advanced thermal evolution.Discussion: The findings highlight the central and southern parts of the Yanchang gas field as promising exploration targets, characterized by high TOC content, favorable kerogen type indices, and high Ro values. These features collectively demonstrate the significant hydrocarbon generation potential of the Upper Paleozoic source rocks.Conclusion: The Upper Paleozoic coal-bearing source rocks in the Yanchang gas field represent a highly prospective target for natural gas exploration, particularly in regions with favorable organic geochemical properties.Keywords: Ordos basin, coal-bearing source rocks, upper Paleozoic, source rock evaluation, Yan’ an gas area
1 INTRODUCTION
The global energy demand is projected to grow by approximately 3.3% in 2024, with fossil fuels continuing to dominate the energy structure, accounting for 75% of the total energy supply (International Energy Agency, IEA) (IEA, 2023; Karakurt and Aydin, 2023; Ozdemir, 2023). As demand for energy increases, the exploration and development of hydrocarbons such as oil and natural gas remain crucial for economic stability and growth. However, the development of new hydrocarbon resources requires an enhanced understanding of subsurface formations, particularly source rocks, which play an essential role in oil and gas generation.
Traditionally, laboratory measurements, paleontological data, and well logs have been used to perform mineralogical and chemical analyses for the classification of rock samples. Despite their value, these methods are time-consuming and can have limited accuracy, especially in complex geological environments. To address these limitations, recent advancements in digital intelligence technologies have been applied to geological research, particularly in the exploration and classification of hydrocarbon-bearing formations. By integrating clustering, classification, data mining, and statistical methods, these new approaches offer improved accuracy in classification predictions and accelerate the entire process (Ashraf et al., 2024a). This technological shift presents a significant opportunity to enhance the evaluation of lithofacies and source rock characterization.
The accurate identification of organic geochemical characteristics in source rocks is fundamental to natural gas exploration and development. Source rock evaluation plays a critical role in determining the hydrocarbon generation potential of a basin, providing vital insights into oil and gas resource potential and guiding exploration and development activities. However, predicting extractable lithofacies in complex and heterogeneous geological environments remains a challenge. Recent research has demonstrated the value of digital intelligence strategies, which employ multiple classifiers to achieve high-precision lithofacies predictions that are both cost-effective and time-saving. Such advancements are crucial for characterizing hydrocarbon reservoirs, assessing reservoir potential, and optimizing extraction processes (Ashraf et al., 2024b; Tissot and Welte, 1984).
The Ordos Basin is one of China’s most important oil and gas resource bases, significantly contributing to national energy security and economic development (Bai et al., 2020). The main source rocks in this basin are Carboniferous-Permian coal-bearing formations and coal-measure mudstones, which are rich in organic matter, primarily of sapropelic origin. These formations exhibit high organic carbon content and hydrocarbon generation potential, making them key targets for exploration (Chen et al., 2022; Jiang et al., 2023; Kai et al., 2016; Li et al., 2018). Previous studies have investigated the tectonic evolution and stress fields in the eastern part of the Ordos Basin, providing a foundation for understanding the region’s geological characteristics (Wan et al., 2017). These formations are rich in organic matter, primarily of sapropelic origin, and possess high organic carbon content and hydrocarbon generation potential (Li et al., 2023; Liu et al., 2020; Lu et al., 2018; Ma et al., 2020; Wu and Zhang, 2018; Zhao et al., 2014). Currently, numerous scholars have conducted reverse studies on the tectonic evolution and stress field in the eastern part of the Ordos Basin, achieving substantial research results (Wan et al., 2017). Understanding the physical and mechanical properties of reservoir rocks, including the influence of acidification on porosity and permeability, is also critical for improving extraction efficiency and assessing reservoir potential (Dai et al., 2007; Lü et al., 2024; Runsheng et al., 2023; Hu et al., 2024; Umar et al., 2020).
The aim of this study is to systematically evaluate the source rocks of the Upper Paleozoic in the Ordos Basin, thoroughly determine their characteristics, and identify favorable areas for hydrocarbon exploration. By analyzing the organic geochemical characteristics of numerous source rock samples collected from multiple wells, a comprehensive assessment of the hydrocarbon generation potential of the Upper Paleozoic strata has been conducted. The findings contribute to the understanding of the geological conditions in the basin, offering valuable insights for the further exploration and development of natural gas resources.
2 OVERVIEW OF THE STUDY AREA
The Ordos Basin is located on the North China Plate, bordered to the west by the Alxa Block, to the north by the Yinshan, Daqing, and Langshan Mountains, to the south by the Qinling Mountains, stretching from the Liupan and Helan Mountains in the west to the Taihang and Lüliang Mountains in the east. The basin spans across five provinces (autonomous regions): Shanxi, Shaanxi, Ningxia, Gansu, and Inner Mongolia, covering a total area of approximately 370,000 square kilometers (Ashraf et al., 2024a; Ashraf et al., 2024b; Dai et al., 2007). The basin has undergone multiple episodes of intracontinental orogeny and basin formation, dating from the Late Carboniferous to the Middle Triassic. Studies have identified three major sets of hydrocarbon source rocks in the Ordos Basin (Lü et al., 2024; Runsheng et al., 2023; Hu et al., 2024; Umar et al., 2020).
The Yanchang gas region, located in the central-eastern part of the Ordos Basin, is a region with low exploration activity but significant potential. The Upper Paleozoic in this area is predominantly characterized by shore-shallow lacustrine deposits, which provide favorable conditions for the formation and preservation of source rocks. According to existing research, the gas reservoirs in the Upper Paleozoic of the Yanan Gas Field are primarily sourced from coal seams and carbonaceous mudstones of the Upper Paleozoic.
3 GEOLOGY OF THE STUDY AREA
The Benxi Formation belongs to the Upper Carboniferous and is primarily composed of bluish-gray to black mudstone and sandy mudstone, with a few layers of gray fine sandstone and relatively thick coal seams. It is in disconformable contact with the underlying Majia Formation, with a clear lithological change. The Taiyuan Formation is mainly composed of gray-black limestone and argillaceous limestone, interbedded with thin layers of black mudstone, and is conformably in contact with the Benxi Formation, showing a significant lithological contrast. The Shanxi Formation consists mainly of gray-black mudstone and sandy mudstone, interbedded with coal seams, marking a transition from marine to terrestrial deposition. The Shihezi Formation is composed of gray mudstone and sandstone and is divided into upper and lower parts, with the “Camel Neck Sandstone” at the bottom of the He 8 section, characterized by an erosional surface. The Shiqianfeng Formation is dominated by purple-red mudstone in the upper part, interbedded with thin to thick layers of sandstone; the lower part consists of brownish-red and greenish-gray sandstone, interbedded with thin layers of mudstone. The bottom is medium sandstone containing gravel, conformably in contact with the Shihezi Formation.
Stratigraphic studies indicate that the thicknesses of the Shanxi Formation through to the Shiqianfeng Formation are relatively uniform, while the Benxi and Taiyuan Formations show significant variations in thickness. Notably, the thickness fluctuations of the Benxi Formation are the most pronounced, which is related to the direction of marine transgression. In the region, the strata in the eastern part are thicker, while those in the western part are thinner. Overall, the Benxi Formation in the western part of the study area gradually thins out until it disappears (Figure 1) and (Table 1).
[image: Figure 1]FIGURE 1 | Contour map of Upper Paleozoic thickness in Yanchang gas area. (A) Shiqianfeng Formation; (B) Shihezi Formation; (C) Shanxi Formation; (D) Benxi Formation; (E) Taiyuan Formation.
TABLE 1 | Thickness table of Upper Paleozoic strata in Yan’ an gas field (m).
[image: Table 1]4 RESEARCH METHOD
4.1 Data collection and sample collection
The source rock evaluation data of the Yanan Gas Field in the Ordos Basin were obtained through the collection of existing single-well data and experimental analysis. Data from 17 single wells were gathered, including organic carbon content, chloroform bitumen, hydrocarbon generation potential, microscopic composition characteristics, and vitrinite reflectance. Additionally, for 36 coal-measure source rock samples from 7 new wells, tests were conducted on organic carbon content, vitrinite reflectance, microscopic component observations, and rock pyrolysis analysis. These samples were all core samples, making the test results highly valuable for reference. This approach provides a comprehensive understanding of the variations in organic matter content, thermal maturity, and hydrocarbon generation potential. The distribution of well locations is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Location map of Yanchang gas area in Ordos Basin.
4.2 Experimental method
4.2.1 Pyrolysis experiment of rock
According to the GB/T 18602–2012 standard for “Rock Pyrolysis Analysis,” rock pyrolysis experiments were conducted using the ROCK EVAL 6 pyrolyzer to calculate total organic carbon content (TOC), hydrogen index (HI), oxygen index (OI), and hydrocarbon generation potential (He et al., 2016; Li et al., 2019a; Qin et al., 2018; Cui et al., 2023). The source rock samples were dried and crushed to an appropriate particle size to ensure uniformity. The pretreated samples were placed in the pyrolyzer, where the temperature was gradually increased to release organic matter. During the pyrolysis process, the TOC, HI, and OI of the samples were determined. Additionally, the hydrocarbon generation potential (S1 + S2) was calculated, where S1 represents the hydrocarbons that have been generated but not yet expelled from the sample, and S2 represents the potential hydrocarbons that can still be generated.
4.2.2 Organic carbon content testing experiment
Following the GB/T 19145–2022 standard for “Determination of Total Organic Carbon in Sedimentary Rocks,” total organic carbon content in the source rock samples was measured using a carbon-sulfur analyzer (CS744). The pretreated samples were placed in the analyzer, where high-temperature combustion decomposed the organic carbon in the samples, simultaneously measuring the amount of CO₂ released (Xu et al., 2023).
4.2.3 Microscopic component identification and vitrinite reflectance experiment
Based on the SY/T 5125–2014 standard for “Identification and Classification Methods of Microscopic Components in Transmitted Light-Fluorescence Kerogen,” the microscopic component characteristics and vitrinite reflectance (Huo et al., 2019; Li et al., 2019b; Yang et al., 2020) of the source rock thin sections were observed using a polarized light microscope. The samples were examined to identify the microscopic components of kerogen (such as amorphous matter, alginite, and lignin) and to record their relative abundances. Vitrinite reflectance (Ro) was measured using a reflected light microscope to assess the thermal maturity level of the source rocks. The research technology roadmap is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Research Flowchart.
5 RESULTS
5.1 Abundance characteristics of organic matter
5.1.1 Organic carbon content characteristics
The organic carbon content evaluation criteria adopted in this study are derived from the previous classification of organic carbon content of Upper Paleozoic mudstone source rocks in the central Ordos Basin, focusing on the organic carbon content of carboniferous and Permian coal-bearing strata (Ratnayake, 2024; Li, 2015; Chen et al., 2023).
The coal samples primarily originate from the Benxi Formation and the Taiyuan Formation, with total organic carbon (TOC) ranging from 60.34% to 85.15%, and an average value of 68.31%. The carbonaceous mudstones are distributed across the Shanxi, Benxi, and Taiyuan formations, with TOC ranging from 9.12% to 36.8% and an average of 18.79%. In the study area, the organic carbon content of 122 mudstone samples from the Upper Paleozoic varies between 0.04% and 8.41%, with an average of 1.87%, indicating a good hydrocarbon generation capacity (Figure 4).
[image: Figure 4]FIGURE 4 | Organic carbon frequency distribution of Upper Paleozoic mudstone in Yanchang Gas area.
Analysis of the organic carbon content of source rocks in the Upper Paleozoic of the Ordos Basin shows that the organic carbon indices of mudstones from the Carboniferous-Permian are generally above the moderate hydrocarbon source rock threshold of 0.6%, reaching the standards for moderate source rocks. Additionally, approximately half of the samples meet the criteria for good source rocks, reflecting a favorable hydrocarbon generation potential. Among them, the organic matter content in the mudstone source rocks of the Shihezi Formation ranges from 0.04% to 1.54%, with an average of 0.31%, indicating that most are non-source rocks. The organic carbon content in the mudstone source rocks of the Shanxi Formation ranges from 0.10% to 8.41%, with an average of 1.64%, categorizing them as poor to good source rocks. The organic carbon content in the mudstone source rocks of the Taiyuan Formation varies from 0.36% to 8.21%, averaging 3.45%, placing them in the good to very good source rock category. Finally, the organic carbon content of the mudstone source rocks in the Benxi Formation ranges from 0.16% to 8.13%, with an average of 3.18%, also categorizing them as good to very good source rocks (Table 2).
TABLE 2 | Statistical table of organic carbon content of Upper Paleozoic coal measure source rocks in Yan’ an Gas field.
[image: Table 2]Based on the analysis of organic carbon content in the Upper Paleozoic source rocks of the Yanan Gas Field, it is evident that the organic carbon indices of the Carboniferous to Permian strata generally exceed the moderate hydrocarbon source rock threshold of 0.6%, consistently meeting the criteria for moderate source rocks. Specifically, most samples from the Shihezi Formation are classified as non-source rocks, while the mudstone source rocks from the Taiyuan and Benxi Formations exhibit exceptionally high organic carbon content, reaching the levels of very good source rocks, indicating that this stratigraphic sequence possesses excellent hydrocarbon generation potential. Additionally, the presence of numerous coal seams and carbonaceous mudstones within the study area further highlights their hydrocarbon generation capabilities (Figure 4).
Furthermore, according to the contour map of organic carbon content in the mudstones of the Upper Paleozoic in the Yanan Gas Field (Figure 5), the organic carbon values in the study area display a general trend of lower values in the south and higher values in the north. Only in the Ganquan-Fuxian region does the organic carbon content fall below 0.5%, while most areas exceed the threshold of 1.0% for good source rocks. In the central and northern regions of the study area, organic carbon content typically reaches above 3.0%.
[image: Figure 5]FIGURE 5 | Isogram of organic carbon content in Upper Paleozoic shale source rocks in Yan’ an Gas field.
5.1.2 Content of chloroform extractable bitumen “A”
Due to the high maturity to over-maturity stage of the Upper Paleozoic coal-measure source rocks in the study area, most of the residual soluble organic matter and thermally degradable organic matter have escaped. Consequently, the content of chloroform bitumen “A” is generally low and cannot accurately indicate the organic matter abundance in this region; it serves merely as a reference for comprehensive evaluation.
The chloroform bitumen “A” content in the Upper Paleozoic source rocks of the study area is relatively low, ranging from 0.0002% to 0.0023%. Notably, the chloroform bitumen “A” content in coal samples is higher than that in mudstone samples, with values ranging from 0.0018% to 0.017%. Except for two mudstone samples from the Benxi Formation, the chloroform bitumen “A” content in other mudstone source rocks is significantly lower than in coal samples. The average content of chloroform bitumen “A” in Upper Paleozoic mudstones is 0.00117%, with values ranging from 0.0002% to 0.023%, showing a gradual increase from shallow to deep layers. Specifically, the chloroform bitumen “A” content in the Shihezi Formation mudstones ranges from 0.0005% to 0.0021%, with an average of 0.0009%; in the Shanxi Formation, it ranges from 0.0002% to 0.0037%, with an average of 0.0014%; in the Taiyuan Formation, it ranges from 0.0004% to 0.0046%, with an average of 0.0017%. The Benxi Formation has only two mudstone samples, with chloroform bitumen “A” content ranging from 0.0193% to 0.0230% (see Table 3).
TABLE 3 | Parameter table of chloroform asphalt “A” of Upper Paleozoic coal measure source rock in Yan’ an Gas field.
[image: Table 3]5.1.3 hydrocarbon generation potential characteristics
The minimum lower limit for the hydrocarbon generation potential of non-source rocks in coal-measure source rocks is set at 0.5 mg/g (Wang and Yin, 2019). Similar to chloroform bitumen, for source rocks with a maturity level higher than high maturity, the hydrocarbon generation potential serves only as a reference for comprehensive evaluation according to relevant standards.
In the study area, the hydrocarbon generation potential (S1 + S2) of the Upper Paleozoic coal-measure source rock samples is generally low, except for the coal samples. Specifically, the S1 + S2 values for coal samples range from 0.90 mg/g to 8.047 mg/g, with an average of 2.78 mg/g. In contrast, the S1 + S2 values for mudstone range from 0.01 mg/g to 4.22 mg/g, with an average of 0.291 mg/g.
For the Shihezi Formation mudstone, the S1 + S2 values range from 0.02 mg/g to 0.52 mg/g, with an average of 0.152 mg/g. The Shanxi Formation mudstone shows S1 + S2 values ranging from 0.01 mg/g to 1.49 mg/g, averaging 0.204 mg/g. The Taiyuan Formation mudstone has S1 + S2 values between 0.08 mg/g and 4.22 mg/g, with an average of 0.693 mg/g. Finally, the Benxi Formation mudstone exhibits S1 + S2 values ranging from 0.06 mg/g to 0.51 mg/g, averaging 0.212 mg/g (see Table 4).
TABLE 4 | Hydrocarbon generation potential parameters of Upper Paleozoic coal measure source rocks in Yan’ an gas field.
[image: Table 4]5.2 Organic matter type characteristics
In this study, kerogen maceral and organic element determination (H/C-O/C) methods were used to analyze and evaluate the organic matter types of source rocks (Wang and Yin, 2019).
5.2.1 Maceral characteristics of kerogen
A total of 213 samples of mudstone and coal were analyzed for the identification of kerogen, with the relative percentage distribution of its four types presented in Table 5. Among the samples, there are 109 instances of Type III kerogen, 62 instances of Type II2 kerogen, 47 instances of Type II1 kerogen, and 12 instances of Type I kerogen.
TABLE 5 | Table of kerogen types and quantity of organic matter in source rocks in Yanchang gas area.
[image: Table 5]In the study area, the kerogen types extracted from coal samples are primarily Type III kerogen, with vitrinite content exceeding 80%. In the mudstone samples, Type III kerogen is predominant, with the main composition being vitrinite, while the contents of exinite and inertinite are relatively low. However, in the Upper Paleozoic mudstone source rocks, not only is there a significant presence of Type III kerogen, but there is also a certain proportion of Type II1 and II2 kerogen, while Type I kerogen is relatively scarce (Thul, 2012) (Figure 6 and Table 6).
[image: Figure 6]FIGURE 6 | Frequency distribution of Upper Paleozoic mudstone kerogen types.
TABLE 6 | Maceral components of kerogen in Upper Paleozoic source rocks of Yan’ an Gas Field (average).
[image: Table 6]Based on the contour map of organic matter type indices for the Upper Paleozoic source rocks in the Yanan Gas Field (Figure 7), it is observed that the organic matter type index exhibits a pattern of higher values in the central area and lower values towards the edges. According to the classification standards for organic matter type indices, areas with indices less than 20 are predominantly composed of humic kerogen, while those with indices ranging from 20 to 40 mainly consist of humic-sapropelic kerogen. In regions with indices greater than 40, sapropelic-humic kerogen is the dominant type.
[image: Figure 7]FIGURE 7 | Contour map of organic matter type index of Upper Paleozoic source rocks in Yan’ an Gas field.
From the analysis of Figure 7, it can be concluded that the overall kerogen in the study area is primarily of humic type. In the central region of the study area, the kerogen is mainly composed of humic-sapropelic and sapropelic-humic types. Additionally, both the western and eastern edges of the study area feature the development of humic-type kerogen.
5.2.2 Composition characteristics of kerogen elements
By projecting the H/C atomic ratio and O/C atomic ratio onto the “Van Krevelen” diagram (see Figure 8), it can be observed that most of the sample points from the study area fall on both sides of the Type III kerogen region, while a small portion of samples is located within the Type II kerogen area. This indicates that the organic matter type of the Permian source rocks in the Yanan Gas Field generally leans towards gas generation. However, there are notable differences across various regions.
[image: Figure 8]FIGURE 8 | Kerogen Fan diagram of Upper Paleozoic source rock in Yan’ an gas field.
The analysis suggests that the kerogen types favoring gas generation can be attributed to two main factors: first, the samples have relatively high maturity levels; second, most of these samples originate from fluvial facies, which possess poorer organic matter quality, thus naturally categorizing them within the humic kerogen range.
The data presented in Figure 8 indicates that the O/C and H/C atomic ratios of most samples from the study area are located on both sides of the Type III and Type II kerogen regions, suggesting that the organic matter type of the Permian source rocks in the Yanan Gas Field generally leans towards gas generation. However, variations exist across different regions.
The analysis identifies two primary reasons for the kerogen types favoring gas generation: first, the samples exhibit relatively high maturity levels; second, these samples predominantly originate from fluvial facies deposits, which have poorer organic matter quality, thus classifying them within the humic kerogen range.
5.3 Maturity characteristics of organic matter
In this study, vitrinite reflectance and rock pyrolysis peak temperature were used to analyze and evaluate the maturity of organic matter in source rocks (Wang and Yin, 2019; Yu and Yin, 2023; Li et al., 2019c).
5.3.1 Vitrinite reflectance characteristics
In the Upper Paleozoic coal source rock samples from the Yanan gas field, the reflectance (Ro) values of 5 coal samples range from 1.95% to 3.28%, with an average value of 2.67%, indicating that they are in the over mature gas stage. The Ro values for 30 mudstone samples from the Shihezi Formation range from 1.48% to 2.25%, with an average value of 2.01%. The Ro values for 65 mudstone samples from the Shanxi Formation range from 1.66% to 2.78%, with an average value of 2.19%, also indicating the over mature gas stage. The Ro values for 5 mudstone samples from the Taiyuan Formation range from 1.88% to 2.82%, with an average value of 2.22%. The Ro values for 4 mudstone samples from the Benxi Formation range from 1.98% to 2.88%, with an average value of 2.31%. Overall, these samples exhibit characteristics indicative of the over mature gas stage (see Table 7). These data suggest that the coal source rocks in the Upper Paleozoic of the Yanan gas field are generally in the over mature gas stage, reflecting a high degree of thermal evolution of the organic matter in this area.
TABLE 7 | Reflectance parameters of vitrinite source rocks of Upper Paleozoic coal measures in Yan’ an Gas field.
[image: Table 7]In the central Ordos Basin, the planar characteristics of the reflectance (Ro) of vitrinite in the Upper Paleozoic coal source rocks indicate that most areas in the study zone have Ro values greater than 2.0%, generally reaching the over mature gas stage (see Figure 9). The planar distribution of Ro values shows a certain regularity, with the lowest maturity of the source rocks in the central area of the study zone at 1.7%, gradually increasing towards the northwestern and southwestern edges, reaching a maximum of 3.3%. Overall, the organic matter maturity of the Upper Paleozoic coal source rocks in the Yanan gas field is relatively high, generally in the over mature gas stage, indicating that this area is well-developed for Upper Paleozoic source rocks.
[image: Figure 9]FIGURE 9 | Contour map of maturity of Upper Paleozoic source rocks in Yan’ an Gas field.
5.3.2 Maximum pyrolysis peak temperature
According to the analysis results of the Tmax values of core samples from the Upper Paleozoic coal source rocks in the Yanan gas field, all five tested coal samples in the study area are in the over mature stage, with pyrolysis peak temperatures ranging from 561°C to 572°C, with an average value of 568°C. Among the 119 shale samples, the minimum Tmax value is 377°C, the maximum is 587°C, and the average is 531°C. Specifically, the Tmax values for the shale samples of the Shihezi Formation have a minimum of 419°C, a maximum of 564°C, and an average of 516°C; the Shanshi Formation shale samples have a minimum of 377°C, a maximum of 587°C, and an average of 529°C; the Taiyuan Formation shale samples have a minimum of 486°C, a maximum of 580°C, and an average of 552°C; the Benxi Formation shale samples have a minimum of 491°C, a maximum of 573°C, and an average of 538°C (Table 8).
TABLE 8 | Pyrolysis peak temperature of organic matter in Upper Paleozoic of Yan’ an gas field.
[image: Table 8]When the maximum pyrolysis peak temperature exceeds 490°C, it indicates that the organic matter has entered the over mature stage. In the coal source rock samples from the Yanan gas field, 86% of the samples have maximum pyrolysis peak temperatures exceeding 490°C, indicating that the coal source rocks of the Shihezi Formation, Shanshi Formation, Taiyuan Formation, and Benxi Formation have overall entered the over mature stage (see Figure 10).
[image: Figure 10]FIGURE 10 | Tmax frequency distribution of Upper Paleozoic source rock in Yanchang gas area.
6 DISCUSSION
The evaluation of hydrocarbon generation potential in the Upper Paleozoic source rocks of the Yanchang gas field highlights significant geological and economic implications. The Benxi and Taiyuan Formations exhibit considerable potential, primarily due to Type III kerogen and an overmature state, indicating dry gas generation. This aligns with the characteristics of thermally mature coal-derived gases in the Ordos Basin, including those in the Jingbian Gasfield (Ashraf et al., 2024a; Hu et al., 2024).
Advanced seismic inversion techniques, particularly constrained sparse spike inversion (CSSI), reveal promising facies such as braided fluvial channels and porous zones. These features, prevalent in formations like Shanxi and Taiyuan, are key indicators of zones with optimal reservoir quality for gas recovery. The analysis further shows the importance of identifying regions of lower acoustic impedance, which indicate higher porosity and better hydrocarbon recovery prospects (Lü et al., 2024; Liu et al., 2019).
The distribution of hydrocarbon source rocks in the Upper Paleozoic of the Yanan gas field exhibits distinct regional characteristics. In the central and southern regions, the organic matter maturity (Ro value) reaches 3.1 or higher, indicating that the organic matter in these areas has undergone a high degree of thermal evolution and possesses mature hydrocarbon potential. These high Ro value regions suggest that organic matter has been converted into oil and gas and may have entered the main generation phase for hydrocarbons. Furthermore, these areas are typically associated with higher hydrocarbon generation efficiency, making them key areas for focus and exploration. High maturity implies that the oil and gas yield and quality in these regions may be higher, providing significant economic value.
In contrast, the northern and northwestern regions exhibit lower organic matter maturity, with Ro values around 1.7 to 2.0, indicating that the thermal evolution degree of the organic matter in these areas is relatively low and has not yet reached the maturity required for efficient hydrocarbon generation. These regions may still be in the early stages of hydrocarbon generation, with lower potential for hydrocarbon production. Low Ro values suggest that the oil and gas resources in these areas are primarily in an immature or early maturity state, requiring a longer time or higher temperature conditions to transform into economically recoverable oil and gas resources.
The type index in the southern and central regions reaches 50 or higher, indicating that the organic matter in these areas is predominantly of Type II kerogen. Type II kerogen can generate a significant amount of liquid hydrocarbons (oil) during thermal evolution, indicating strong oil generation potential. High type index regions are often markers of high-quality hydrocarbon source rocks and should be prioritized for exploration and development, as they are expected to provide a large quantity of high-quality oil and gas resources. In comparison, the northern and western regions have a lower type index, approximately −60 to 0, suggesting that the organic matter types may be primarily Type III kerogen, which mainly generates gaseous hydrocarbons (natural gas). Although the oil generation potential is relatively poor, there remains some potential for gas generation, making these areas suitable for the development of natural gas resources.
The TOC (Total Organic Carbon) values in the northern and central regions reach 4.4 or higher, indicating that these areas have a rich organic matter content, which is a significant marker of high-quality hydrocarbon source rocks. High TOC values suggest that the sedimentary environment for organic matter in these areas is favorable, providing high hydrocarbon generation potential and indicating that these regions are accumulation zones for oil and gas resources, warranting further exploration and development. Conversely, the southern and southwestern regions have lower TOC content, around 0.2 to 2.0. While these areas have less organic matter and lower-quality hydrocarbon source rocks, there may still be locally concentrated high-quality hydrocarbon source rocks. Detailed geological exploration efforts will help identify these potential accumulation zones and assess their feasibility for economic development.
In summary, high-quality hydrocarbon source rocks in the Upper Paleozoic of the Yanan gas field are primarily concentrated in the central and southern regions, where the organic matter maturity is high (high Ro value), type index is high, and organic carbon content is rich (high TOC), indicating good hydrocarbon generation potential. These regions should be prioritized for exploration and development. Although the northern region has higher TOC content, its low Ro value and type index indicate a primary focus on gas generation, making it a potential area for natural gas resource development. Despite the lower TOC content in the southern and southwestern regions, detailed exploration is still necessary to determine the distribution of locally concentrated high-quality hydrocarbon source rocks.
7 CONCLUSION

(1) The Upper Paleozoic hydrocarbon source rocks in the Yanan gas field have generally good organic matter abundance. The mudstones and coals of the Shanxi, Taiyuan, and Benxi Formations largely reach an excellent level, demonstrating good hydrocarbon generation potential.
(2) The kerogen types in the Upper Paleozoic mudstone hydrocarbon source rocks include not only Type III but also a certain proportion of Type II1 and Type II2, while Type I kerogen is relatively scarce. Overall, the kerogen in the study area is primarily humic in type, with the central region dominated by humic-sapropelic and sapropelic-humic types. Both the western and eastern margins of the study area feature the development of humic kerogen, primarily generating gas.
(3) The Upper Paleozoic coal-measure hydrocarbon source rocks in the Yanchang gas field are generally in the overmature dry gas stage. The maturity of the source rocks is lowest in the central part (1.7%), increasing gradually towards the northwest and southwest margins, reaching a maximum value of 3.3%.
(4) High-quality hydrocarbon source rocks in the Upper Paleozoic of the Yanan gas field are primarily concentrated in the central and southern regions, where the organic matter maturity is high (high Ro value), type index is high, and organic carbon content is rich (high TOC), indicating good hydrocarbon generation potential.
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