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Compared with marine shale formations, marine-terrestrial transitional shales exhibit rapid lithofacies changes. This poses significant challenges for the classification of shale lithofacies and the study of their characteristics. The Permian Longtan Formation (LTF) coal-measure shale in marine-terrestrial transitional facies in the central-southern Sichuan Basin is expected to be a new gas-rich formation with development value in China. Based on core observation and thin-section identification, and using techniques such as XRD, TOC analysis, field-emission scanning electron microscopy, low-temperature gas adsorption, and high-pressure mercury intrusion, this study systematically analyzed the lithofacies types, geochemical characteristics, and pore features of the LTF coal-measure shale in the deep area (4,220–4,400 m) of the central Sichuan Basin. The study shows that the shale in the studied interval mainly developed four lithofacies: organic-rich clay shale (CS-H), medium-organic mixed shale (MS-M), medium-organic siliceous shale, and low-organic calcareous shale (CAS-L). The four lithofacies are interbedded with each other, and their characteristics differ significantly. Clay content and TOC content are the main factors affecting their quality. Through multiparameter analysis, it is determined that the CS-H lithofacies has a good hydrocarbon generation basis, well-developed pores, and good preservation conditions, making it a high-quality lithofacies. The research conclusions provide important insights into the study of marine-terrestrial transitional shale formations and offer a basis for further advancing the development and utilization of transitional shales.
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1 INTRODUCTION
After more than a decade of exploration, the unconventional energy industry, including shale gas, has developed rapidly (Selley, 2012; Clarkson et al., 2013; Zou et al., 2016). In southern China, marine shale gas from the Longmaxi Formation (LMXF) of the Silurian System in the Sichuan Basin has achieved commercial development (Mohaghegh, 2013; He J. et al., 2020; Han et al., 2023), and breakthroughs have been made in the Qiongzhusi Formation (QZSF) of the Cambrian System and the Wujiaping Formation (WJPF) of the Permian System (Wei et al., 2015; Tang et al., 2024; Zou et al., 2024). However, compared with the numerous commercially developed shales in the United States, China’s proven shale gas reserves are still relatively limited (Kulga and Ertekin, 2018; Zhao et al., 2021; McMahon et al., 2024). Previous studies have demonstrated that, organic-rich shales can develop in marine, terrestrial, and marine-terrestrial transitional sedimentary systems (Moreira et al., 2024). Transitional coal-bearing shales are widely distributed in multiple basins (Ma and Guo, 2020; Qiu et al., 2021; Wang et al., 2023), Rich in shale gas resources (Wang et al., 2024). Subsequently, coal-measure shale formations deposited in transitional environments have become an important subject in Earth science research.
Currently, the study of marine-terrestrial transitional shale gas in China is still in its early stages (Wang et al., 2021; Zhang B. et al., 2023; Wang L. et al., 2025). Recent studies have reported on the transitional shale in the Ordos Basin (Liu et al., 2018; Wei et al., 2021; Wu et al., 2021; He et al., 2022; Zhuang et al., 2025). In contrast, research on the transitional shales in the Sichuan Basin is relatively limited. The Upper Permian Longtan Formation (LTF) marine-terrestrial transitional shale is characterized by its considerable thickness and extensive distribution (Luo et al., 2019; Wang E. et al., 2022; Zhang M. et al., 2023). It comprises multiple lithofacies with great resource potential and has now become a key formation with the potential for shale gas development. For the southern part of the basin with relatively shallow burial depth (less than 3,500 m), some scholars have carried out partial research. Based on geochemical analysis ofLTZ samples from a depth of 2,500–2,600 m, (Yang et al., 2022) identified the shale as typical high - over mature organic - rich shale. Wang E. et al. (2022) conducted lithofacies classification for LTF shales at a depth of 3,000 m in the southeastern margin of the basin, identifying four lithofacies types: organic-poor calcareous shale, organic-poor mixed shale, organic-poor clay shale, and organic-rich clay shale. They also identified the organic-rich clay shale as the most favorable lithofacies in the study area. Chen Y. N. et al. (2023) analyzed LTZ samples from four representative shale gas wells in southern Sichuan to identify the dominant lithofacies types in their study area and investigated the pore structure characteristics of each lithofacies. Jizhen Zhang et al. (Zhang et al., 2017) characterized the pore structure of LTF shale samples from the southern Sichuan Basin and found that the organic pores are poorly developed. These studies have enriched the research on LTF in the basin. However, studies on the influence of the lithofacies types, geochemistry and pore structure characteristics of the LTF shale in the deep layer (with current burial depth >3500 m) in the deep layer (with current burial depth >3500 m) in the Sichuan Basin on the quality of the lithofacies are lacking.
This study focuses on the deep Permian LTF shales in the Suining area of the central Sichuan Basin (CSCB). It aims to establish a lithofacies classification scheme for transitional deep mud shales and identify the developed lithofacies types. To clarify the geochemical characteristics of each lithofacies and reveal the heterogeneity of each lithofacies. Conduct multi-scale systematic characterization of pore structures for different lithofacies, perform qualitative and quantitative analyses, and identify their pore structure characteristics. Finally, analyze the effects of geochemical characteristics and pore structures on lithofacies quality, and in combination with the analysis of preservation conditions, identify high-quality lithofacies. To lay a foundation for the characterization and quality assessment of this type of shale reservoir.
2 GEOLOGICAL OVERVIEW
The Sichuan Basin is located in the central-western part of China, with an area of approximately 180,000 square kilometers. It is the most important oil and gas-bearing basin in China (Chen et al., 2019), with abundant natural gas resources and great exploration potential. The Sichuan Basin can be divided into six tectonic units (Lin et al., 2018) (Figure 1a). During the Late Permian, the basin was influenced by the Dongwu Movement, resulting in a paleotopography that gradually deepened from the southwest to the northeast. (Jiang et al., 2016; Ge and Bond, 2022). Due to the differences in paleotopographic patterns, the sedimentary systems during the same period varied significantly from the southwest to the northeast, with the development of sedimentary facies ranging from fluvial-deltaic to deep-water shelf facies. In particular, the southeastern and central parts widely developed swamp and lagoon sedimentary environments. Accompanied by large-scale sedimentation, a suite of coal-bearing transitional shale formations was formed., namely, the Permian LTF. The main lithology consists of interbedded black shales with thin siltstone and coal layers (Figure 1b). The LTF is divided into three third-order sequences, from bottom to top: Tan 1, Tan 2, and Tan 3 (Deng et al., 2023).
[image: Map and stratigraphic chart of the Sichuan Basin in China. The map (a) shows tectonic units, fault lines, and locations like Chengdu and Chongqing. Key symbols indicate suture zones, faults, boundaries, wells, and place names. The stratigraphic chart (b) depicts lithology with layers of shale, carbonaceous shale, siltstone, sandstone, mudstone, limestone, muddy limestone, and coal, with thickness in meters for different geological periods.]FIGURE 1 | (a) Location of sampling wells (Lin et al., 2018); (b) Composite stratigraphic column of the Permian System (Yang et al., 2021; Chen Y. et al., 2023).3 MATERIALS AND METHODS
This study selected 33 drilled core shale samples from the LTF of well NT-1H. With depths ranging from 4284.60 to 4380.47 m, widely distributed in the vertical direction, as shown in Figure 1a. The testing methods and standards for XRD whole-rock mineral experiments, total organic carbon (TOC) analysis, rock pyrolysis, stable carbon isotope analysis of kerogen, and thermal maturity (Ro) analysis refer to Chen Y. et al. (2023). The testing methods and standards for FE-SEM testing, gas (CO2,N2) isothermal adsorption, and high-pressure mercury intrusion refer to Wang J. et al. (2025). It is particularly noted that the N2 isothermal adsorption was conducted under the conditions of approximately 77K and 0.15–0.2MPa, using particles with a mesh size of 60–80.
4 RESULTS
4.1 Principles of lithofacies classification
Each lithofacies often reflects the genesis of the rock and its comprehensive characteristics in different aspects. Currently, there are diverse lithofacies classification schemes in the academic community (Shi et al., 2020; Zhan et al., 2023), with redundant indicator information and no unified shale lithofacies classification standard. The percentage of minerals is a direct indicator of the lithofacies-forming environment, while the total organic carbon (TOC) content indicates the material basis for hydrocarbon generation in sedimentary rocks. Both play a significant role in the classification of mud shale types and the determination of their quality (Baudin et al., 2015). This study draws on previous lithofacies classification methods (Wu et al., 2021; Wang E. et al., 2022), and on the basis of the mineralogical ternary classification method, TOC is selected as a secondary parameter for lithofacies classification. Accurate quantitative mineral composition is obtained through whole-rock X-ray diffraction analysis as the first element for lithofacies classification. Mineral content is divided at the 50% threshold, and a ternary diagram of mineral percentage content is plotted (Figure 2). Using the TOC content as the secondary indicator, considering the poor quality of organic matter (OM), a TOC value of 2% is taken as the threshold between organic-poor and organic-moderate shales, and a TOC value of 4% is taken as the threshold between organic-moderate and organic-rich shales.
[image: Ternary diagram categorizing samples into siliceous (S), calcareous (C), and clay (CA) components, with data points distributed across three sections: green for CA, gray for S, and blue for C, and a central white area marked M.]FIGURE 2 | Ternary diagram of mineral composition for deep LTF shale lithofacies types in the CSCB.4.2 Lithofacies types
The TOC distribution of the Permian LTF transitional coal-bearing shales from well NT1H in the central Sichuan Basin ranges from 0.23% to 9.33%, with an average of 3.41% (n = 33), exhibiting typical characteristics of organic-rich shales. The Ro values range from 2.36% to 2.49%, with an average of 2.43% (n = 18), indicating that the OM is in the over-mature stage. The results of whole-rock X-ray diffraction analysis show that the mineral composition of LTF coal-bearing shales is complex, including clay minerals, quartz, feldspar, calcite, and dolomite, as well as minor amounts of pyrite and siderite, with clay minerals and siliceous minerals being dominant, The content of clay minerals varies widely, ranging from 5.3% to 80.4%, with an average of 37.4% (n = 33). The clay minerals are mainly composed of chlorite and kaolinite, with the content of illite/smectite mixed layers and illite minerals generally below 10%, except for one sample with a high illite content of 22.04%. The siliceous minerals are mainly quartz, with a content ranging from 0.2% to 60.5%, averaging 27.5% (n = 33). The calcareous minerals are more diverse (including gypsum, calcite, dolomite, etc.), with a content ranging from 0.3% to 83.30%, averaging 34.4% (n = 33). Compared with Chinese marine shales, they have higher clay mineral content and lower siliceous mineral content. Integrating mineral percentage content and TOC data, the deep LTF shales in CSCD mainly develop four lithofacies types.: high-organic clay shale facies (CS-H) (Figure 3a), medium-organic mixed shale facies (MS-M) (Figure 3b), medium-organic siliceous shale facies (SS-M) (Figure 3c), and low-organic calcareous shale facies (CAS-L) (Figure 3d). Parameters are shown in Table 1.
[image: Four rock core samples labeled a to d against a red background. Sample a shows pyrite and bedding annotations. Sample b has a scale of three centimeters and features labeled surface details. Sample c indicates lamellation with a four-centimeter scale. Sample d highlights pyrite occurrences with a four-centimeter scale.]FIGURE 3 | Typical core photos of Permian LTF shale lithofacies in the CSCB: (a) 4371.48–4371.62 m, CS-H, black shale with irregular pyrite development; (b) 429.82–4330.13 m, MS-M, dark gray shale; (c) 4333.69–4333.81 m, SS-M, grayish-black shale with clear bedding planes on the fracture surface; (d) 4376.06–4376.32 m, CAS-L, gray shale with dispersed spot-like py.TABLE 1 | Table of geological characteristics of different lithofacies shales in the CSCB.	Lithofacies types	Mineral composition (%)	TOC (%)	Por (%)	Ro (%)	Depositional structure
	Clay	Siliceous	Calcareous
	CS-H	61.3∽80.4
66.4 (68.1)	0.3∽31.6
18.0 (17.9)	0.2∽31.3
15.2 (19.4)	3.77∽9.33
6.73 (6.70)	2.78∽11.16
8.07 (8.81)	2.42∽2.46
2.45 (2.44)	Lamination Structure
	MS-M	12.8∽45.6
35.1 (39.0)	11.9∽47.8
34.5 (40.0)	12.8∽43.0
30.2 (35.9)	1.79∽3.85
2.65 (2.49)	1.04∽8.70
4.74 (4.79)	2.38∽2.48
2.44 (2.44)	Massive Structure
	SS-M	5.3∽28.8
18.2 (19.4)	50.7∽60.5
57.1 (58.7)	10.5∽34.3
20.7 (19.0)	1.84∽3.01
2.44 (2.46)	3.19∽12.29
7.25 (6.76)	2.36∽2.49
2.41 (2.40)	Lamination Structure
	CAS-L	7.4∽32.8
16.4 (14.7)	4.7∽37.6
20.2 (23.0)	50.7∽83.3
63.5 (64.5)	0.30∽1.77
1.00 (1.01)	0.54∽10.33
4.88 (4.26)	2.37∽2.49
2.43 (2.43)	Stratified Structure


* Note: Parameter ranges/Average value (Median).
4.3 Geochemical characteristics
4.3.1 Mineralogical characteristics
The four types of shale lithofacies exhibit different mineralogical characteristics under the microscope. The CS-H lithofacies shows a laminated structure, with well-developed bedding planes observed under the microscope. With oriented recrystallization, and minor amounts of sandy debris, mainly fine silt of quartz and feldspar, distributed sporadically. Carbonaceous material is well-developed in the rock, often appearing in bands, with some in the form of carbonaceous fragments (Figure 4a). The bedding fractures are well-developed and unfilled (Figure 4b). The MS-M lithofacies shows a massive structure, with local bedding visible, and the rock composition is diverse (Figure 4c). Sandy debris mainly consists of fine silt of quartz, feldspar, and argillaceous fine debris, distributed sporadically. Siderite is uniformly distributed as mud crystals, with minor calcite nodules and carbonaceous fragments, and local occurrences of argillaceous-powdery dolomite (Figure 4d). Pores are well-developed, with the highest average porosity among the four lithofacies types. The SS-M lithofacies shows distinct laminated structure with well-developed bedding fractures (Figure 4e). The rock composition is mainly siliceous minerals, with slightly oriented recrystallization (Figure 4f). Sandy debris, mainly fine silt of quartz, feldspar, and argillaceous fine debris, is evenly distributed. The CAS-L lithofacies shows a stratified structure with interbedded sand and mud, and the long axes of debris are oriented (Figure 4g). The rock is deeply altered, with sandy debris mostly altered into argillaceous particles, followed by mica, completely altered and argillized, with a few quartz and feldspar grains. Some fine debris is enriched in layers, with carbonate development in the clayey layers. Siderite and dolomite powder crystals aggregate into patchy distributions, with evidence of replacement of debris (Figure 4h). Mineral percentage content is shown in Table 1.
[image: Images of microscopic views of carbon-bearing iron ore, labeled a to h. a: Shows kish carbon and minerals with direction. b: Displays a fissure. c: Features bedding layers. d: Contains quartz and kish carbon. e: Highlights multiple fissures. f: Shows minerals with direction. g: Displays a boundary. h: Highlights alteration and layered texture. Each image has a scale in micrometers.]FIGURE 4 | Microscopic characteristics of lithofacies under the microscope: (a) CS-H lithofacies, 4320.27 m, ×50 (−); (b) CS-H lithofacies, 4328.88 m, ×50 (−); (c) MS-M lithofacies, local bedding visible, at 4332.6 m, ×25 (+); (d) MS-M lithofacies, 4332.6 m, ×100 (+); (e) SS-M lithofacies, 4333.81 m, ×50 (−); (f) SS-M lithofacies, ×100 (+); (g) CAS-L lithofacies, 4368.58 m, ×25 (+); (h) CAS-L lithofacies, 4368.58 m, ×100 (+).4.3.2 Organic matter abundance
TOC content is the most universal parameter for characterizing OM abundance (Lai et al., 2024), nd it plays an indispensable role in lithofacies quality analysis. As shown in Table 1, the comparison reveals that the CS-H lithofacies of the LTF in CSCB has the best hydrocarbon generation potential, while the MS-M and SS-M lithofacies also have good hydrocarbon generation potential. In contrast, the CAS-L lithofacies has the poorest hydrocarbon generation potential. The subject of this study is at a higher level compared to the LTF shales from other wells in southern Sichuan reported by Chen Y. et al. (2023) and in southeastern Sichuan reported by Cao et al. (2022).
4.3.3 Organic matter type
Kerogen type is an indicator for evaluating the quality of OM (Niu et al., 2023), and it is divided into sapropel-type (Type I), mixed-type (Type II), and humic-type (Type III). There are many methods for evaluating kerogen type, and selecting appropriate methods is conducive to accurate determination. Multiple methods are usually applied to corroborate each other. As shown in Figure 5, most shale samples have low hydrogen indices (HI) and high peak temperatures for thermal decomposition, generally between 580°C and 600°C, which does not clearly indicate the OM type of the Upper Permian LTF shale. A plot with TOC as the x-axis and pyrolysis hydrocarbon yield (S2) as the y-axis is also used to indicate the type of kerogen in source rocks (Tao et al., 2013). As shown in Figure 6, the OM in all four lithofacies types is of Type III. The carbon isotope content of kerogen does not change significantly during the thermal degradation process. (Liang et al., 2020; Ogbesejana et al., 2021). Therefore, this parameter can also be used to effectively determine the type of OM. (Liang et al., 2009). According to previous experience (Zhang et al., 2015), taking δ13C equal to −29‰ and −26‰ as the two thresholds for distinguishing types I, II and III kerogen. Shows the OM type of the Upper Permian LTF shale identified by kerogen stable isotope data. The δ13C values of kerogen in the deep LTF shales of CSCB range from −26.2‰ to −23.8‰ (Figure 7). This range partially overlaps with that of the Shanxi Formation (SXF) (−25.5‰ to −22.6‰), but overall, the δ13C values of the SXF samples are relatively lighter. They are significantly lighter than those of the marine Wojiaping Formation (−28.0‰ to −26.0‰) and LMXF (−30.9‰ to −26.9‰). In summary, the OM of the four lithofacies is mainly Type III, with only the CAS-L lithofacies containing a small amount of Type II.
[image: A graph depicting HI (mg/g) versus Tmax (°C) with four distinct curves for different samples: CS-H, MS-M, SS-M, and CAS-L. The curves are color-coded and labeled I, II₁, II₂, and III, with dashed lines representing Rₒ values at 0.5% and 1.3%. An inset highlights data points around 580-600°C, showing variation in HI among the samples.]FIGURE 5 | Figure of Hl and Tmax (peak temperature of thermal decomposition) and kerogen types of shale lithofacies.[image: Graph displaying \( S_2 \) (mg HC/g TOC) on the y-axis and TOC (%) on the x-axis. Data points represent different sample types: squares (CS-H), circles (MS-M), triangles up (SS-M), and triangles down (CAS-L). Areas are labeled I, II, and III, with lines indicating Hydrogen Index (HI) values at 800, 600, and 200 mg HC/g TOC.]FIGURE 6 | Figure of TOC and S2 for lithofacies. (Modified from (Tao et al., 2013)).[image: Chart displaying δ¹³C values across different formations. Includes Longtan Fm. in the study with values ranging from -24.2 to -30.9, and formations from Ordos Basin and Hongxing Area with values from -25.5 to -28.0. Bars indicate variations in the values for each formation.]FIGURE 7 | Distribution characteristics of kerogen δ13C(CS-H:n = 4; MS-M:n = 6; SS-M:n = 4; CAS-L:n = 6). (SXF from (Sun et al., 2017), WJPF from (Wang P. et al., 2022), LMXF from (Shengxiu et al., 2021)).4.3.4 Organic matter maturity
The maturity of OM is a key factor in determining whether the OM in a lithofacies has undergone the hydrocarbon generation process (Tessin et al., 2017; Adeyilola et al., 2022). The application of determining maturity (Ro) based on vitrinite reflectance is the most common in the petroleum industry (Xia et al., 2013; Liu et al., 2023). The maturity of the four types of LTF shales in CSCB shows minor differences, with each lithofacies experiencing a slight increase with increasing burial depth (Figure 8). The OM is primarily in the overmature stage. The maturity of the CS-H lithofacies is the highest among the four lithofacies types, the SS-M lithofacies is the lowest, while the MS-M and CAS-L lithofacies are intermediate between the two.
[image: Graph depicting vitrinite reflectance versus depth in meters, illustrating coal maturity stages: immaturity, low maturity, maturity, high maturity, and overmaturity. Symbols represent different sample types: CS-H (squares), MS-M (circles), SS-M (triangles), and CAS-L (inverted triangles).]FIGURE 8 | Distribution characteristics of vitrinite reflectance (Ro) for the four shale lithofacies types.4.4 Porosity type and structural characteristics
Similar to conventional reservoirs, rock pores are the primary space for shale gas occurrence, and porosity is the most fundamental indicator for evaluating the storage capacity of lithofacies. The CS-H lithofacies has well-developed pores, with the highest average porosity among the four lithofacies types. The CAS-L lithofacies has the second-highest average porosity, followed by the SS-M lithofacies, with the MS-M lithofacies having the lowest average porosity. However, for shales, porosity measurement alone is not sufficient for evaluation. This study further characterizes the pore structures of typical samples using field-emission scanning electron microscopy (FE-SEM), CO2 gas adsorption (CO2GA), low-temperature N2 adsorption (LTN2A), and mercury intrusion porosimetry (MIP). Typical sample test numbers are shown in Table 2.
TABLE 2 | Table of sample numbers and parameters.	Sample number	Lithofacies types	Depth (m)	Porosity (%)	TOC (%)
	NT1H-4	CS-H	4333.20	8.42	5.86
	NT1H-5	MS-M	4368.49	4.30	2.74
	NT1H-6	SS-M	4284.60	6.34	2.48
	NT1H-8	CS-H	4325.76	9.75	4.86
	NT1H-9	CAS-L	4375.55	7.82	1.28
	NT1H-10	CAS-L	4297.40	7.77	1.01
	NT1H-21	MS-M	4335.10	6.48	3.32


4.4.1 Porosity type
To elucidate the characteristics of pores and microfractures (Wei et al., 2021; Guan et al., 2024), Field emission-scanning electron microscopy (FE-SEM) observations and analyses of pore types and morphologies were conducted on different lithofacies of the deep LTF shales in CSCD. Loucks et al. (2012), while studying the siliceous Barnett shales in the Fort Worth Basin in North America, proposed that matrix pores could be categorized into organic pores, intragranular pores, and intergranular pores based on their spatial relationship with grains, but this classification scheme did not include microfractures. Building on their research, the pores in the LTF shales of the study area can be classified into mineral framework pores, OM pores, and microfractures.
CS-H lithofacies: The interlayer pores in clay (Figure 9a) are well-developed and have a curved shape. The intergranular pores in clay (Figure 9b) are well-developed, with relatively irregular pore shapes and significant variations in pore size. OM appears as irregular clumps (Figure 9c), with poorly developed OM pores that are dispersed and relatively isolated (Figures 9d,e). OM shrinkage microfractures are developed at the edges (Figure 9c), and hydrocarbon generation-induced microfractures are developed internally (Figure 9e). In this study, OM internal fractures and OM-mineral interfacial fractures are collectively referred to as OM-related fractures, with the former termed A-OM-related fractures and the latter B-OM-related fractures. MS-M lithofacies: Local intergranular pores are developed to a certain extent (Figure 9f), appearing as pits and irregular shapes. Microfractures are developed (Figure 9g), with a single direction and relatively straight shape. OM appears irregular (Figure 9h), with underdeveloped OM pores. SS-M lithofacies: Abundant authigenic quartz is developed (Figure 9i), with well-developed intergranular pores in minerals. OM is distributed in filamentous form (Figure 9j). Microfractures are developed within OM (Figure 9k), with a high density. Fractures are visible at the edges of OM (Figure 9l), with the scale of OM edge fractures being slightly larger than that of internal OM fractures. CAS-L lithofacies: The pore types in this lithofacies are relatively simple, with limited development of inorganic pores. The OM in this lithofacies is basically distributed in a dispersed manner (Figure 9m). Some OM encloses pyrite grains (Figures 9n,o), with relatively abundant intergranular pores in pyrite.
[image: A grid of fifteen electron microscope images labeled a to o, showing microstructures with annotations. Examples include clay interlayer fissures (a), intergranular pores (b, f, o), organic matter (OM) pores and fissures (d, e, h, k, l), and pyrite formations (n, o). Scale bars range from one to twenty micrometers. Annotations highlight structural and compositional features.]FIGURE 9 | SEM Images of the Four Lithofacies Types: (a) CS-H lithofacies, interlayer pores in clay; (b) CS-H lithofacies, interlayer pores in clay; (c) CS-H lithofacies, irregular OM, shrinkage fractures; (d) CS-H lithofacies, minor organic pores developed; (e) CS-H lithofacies, isolated organic pores, microfractures; (f) MS-M lithofacies, intergranular pores; (g) MS-M lithofacies, microfractures; (h) MS-M lithofacies, organic pores underdeveloped; (i) SS-M lithofacies, abundant authigenic quartz, well-developed intergranular pores; (j) SS-M lithofacies, filamentous distribution of OM; (k) SS-M lithofacies, internal fractures in OM; (l) SS-M lithofacies, marginal fractures in OM; (m) CAS-L lithofacies, dispersed distribution of OM; (n) CAS-L lithofacies, OM in clumps enclosing pyrite grains, minor isolated organic pores developed; (o) Yellow-boxed area in Figure n, intergranular pores in pyrite.4.4.2 Pore structure characteristics of different shale lithofacies
This study is based on the experimental methods of CO2GA, LTN2A, and MIP (Wang J. et al., 2025), and systematically characterized the pore morphology of different lithofacies of the Permian LTF coal-bearing shales in the CSCB. According to the classification criteria of the International Union of Pure and Applied Chemistry (IUPAC) (Rouquerol et al., 1994), hysteresis loops are divided into four types (H1-H4), adsorption isotherms are divided into five types (I-VI), and the pore structure is divided into micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) based on pore size.
Figures 10a,d,g,j shows the CO2 adsorption curve characteristics of different lithofacies shales in the study area. The experimental show that the adsorption volume of all samples increases with the increase in relative pressure. However, when the relative pressure is below 0.015, the adsorption volume of all four lithofacies samples increases rapidly. After the relative pressure exceeds 0.015, the rate of change in adsorption volume gradually becomes more gradual. All adsorption curves show a typical “convex upward” shape, which corresponds to Type I in the IUPAC classification of physical adsorption isotherms, indicating the presence of a certain number of irregular microporous structures in all four lithofacies. In terms of the final adsorption volume, the CS-H lithofacies shows the largest adsorption volume, the SS-H and CAS-L lithofacies have similar adsorption volumes, and the MS-M lithofacies has the smallest adsorption volume. This result reveals the pore development characteristics of different lithofacies: the CS-H lithofacies has the most developed micropores, which are likely mainly composed of irregular intergranular pores; the MS-M lithofacies has the least developed micropores, mainly characterized by intercrystalline pores; the SS-H and CAS-L lithofacies have similar micropore development, both characterized by the development of irregular intergranular pores.
[image: Twelve graphs display adsorption and mercury intrusion data: Graphs a, d, g, and j show quantity adsorbed relative to low pressures; b, e, h, and k depict adsorption over a full range of pressures; c, f, i, and l illustrate mercury saturation against capillary pressure. Each set uses yellow and red data points, suggesting comparisons between different samples or conditions.]FIGURE 10 | Curves of CO2GA, LTN2A, and MIP: (a–c) CS-H; (d–f) MS-M; (g–i) SS-M; (j–l) CAS-L.Figures 10b,e,h,k shows the low-pressure N2 adsorption and desorption curves of different lithofacies shales in the study area. All four lithofacies samples of LTF show desorption hysteresis loops, thus forming hysteresis loops with the desorption branch and the adsorption branch. The structural characteristics of shale pores can be determined based on the shape of the hysteresis loops on the nitrogen adsorption-desorption curves. The N2 adsorption isotherms of the four lithofacies samples are of Type II, with hysteresis loops similar to H3 loops and some characteristics of H2 and H4 loops (Chen et al., 2016). CS-H and CAS-L mainly exhibit slit-like pore shapes produced by ink-bottle and plate-like particles (Figures 10b,k). The hysteresis of adsorption-desorption isotherms indicates pore connectivity and complex shapes. N2 adsorption experiments indicate that the MS-M lithofacies has a limited number of mesopores, with pore shapes predominantly ink-bottle and slit-like. The characteristics of the hysteresis loop suggest poor connectivity of these pores (Wang J. et al., 2025). The SS-M lithofacies exhibits more pronounced H4-type characteristics, indicating that the pores are primarily slit-like.
Figures 10c,f,i,l shows the mercury intrusion and extrusion curves of different lithofacies shales in the study area. All four lithofacies curves exhibit a significant hysteresis phenomenon similar to that observed in low-temperature N2 adsorption. This hysteresis indicates that a considerable amount of mercury remains in the matrix pores of the samples after extrusion. The phenomenon is typically associated with the ink-bottle effect, indicating the presence of ink-bottle pores in the matrix of the LTF shale samples in the study area, which further corroborates the results of low-temperature N2 adsorption experiments. When the intrusion pressure is between 1 and 10 MPa, the mercury saturation of MS-M and SS-M hardly increases, while CS-H and CAS-L show a significant increase. When the intrusion pressure exceeds 10 MPa, the mercury saturation increases in all four lithofacies. This indicates that CS-H and CAS-L have well-developed macropores and microfractures. The development of macropores and microfractures in MS-M and SS-M is very limited, especially in MS-M, which restricts its storage capacity.
4.4.3 Pore size distribution characteristics of different lithofacies
Integrating high-pressure mercury intrusion and low-temperature gas adsorption tests, the volumes of mesopores and micropores were determined using the Barrett-Joyner-Halenda (BJH) model and the Density Functional Theory (DFT) model, respectively (Thommes et al., 2015), to systematically analyze the pore size distribution characteristics of different lithofacies of LTF in the study area. For CS-H, the test shows that mesopores account for the largest proportion (Figures 11a,b), with pore size peaks ranging from 20 to 50 nm. Macropores account for 11.1% of the total pore volume, mesopores for 85.2%, and micropores for 3.7%. Micropores, mesopores, and macropores all contribute to the storage space of this lithofacies to varying degrees. The mesopore volume of MS-M clearly dominates (Figures 11c,d), with a bimodal pore size distribution, the main peak ranging from 20 to 100 nm and the secondary peak from 2 to 10 nm. Macropores account for a very small proportion, only 0.2% of the total pore volume, mesopores for 91.0%, and micropores for 8.8%. Mesopores are the main storage space for this lithofacies. The pore volume of SS-M is dominated by mesopores (Figures 11e,f), with pore sizes mainly distributed between 20 and 50 nm. Macropores account for 2.3% of the total pore volume, mesopores for 86.6%, and micropores for 11.1%. Micropores and mesopores constitute the main storage space for this lithofacies. The proportion of mesopores in CAS-L is lower than in other lithofacies (Figures 11g,h), at 85.7%. Micropores and macropores account for 4.0% and 10.3%, respectively. Mesopores remain the main contributor to the storage space of this lithofacies.
[image: Graphs show pore volume distribution and percentage for samples NTIH-4 to NTIH-10. Charts a, c, e, g present pore volume against pore width for different samples. Charts b, d, f, h display micropore, mesopore, and macropore percentages. Key findings highlight variations in pore distribution across the samples.]FIGURE 11 | Pore size distribution curves and pore volume fraction histograms for different lithofacies of LTF shale: (a,b) CS-H; (c,d) MS-M; (e,f) SS-M; (g,h) CAS-L.5 DISCUSSION
5.1 The influence of geochemical characteristics on the quality of lithofacies
TOC is the material basis for shale gas generation (Ghanizadeh et al., 2015a; b), and is also one of the key factors affecting methane adsorption capacity. OM not only provides a carbon source for shale gas generation, but its microporous structure also makes it an important carrier for adsorbing gases, thereby significantly affecting the amount of adsorbed gases (Jarvie et al., 2007). It is noteworthy in this study that the CS-H samples exhibit non-closing hysteresis loops at low relative pressures. This may be due to the expansion of the rock or OM during the adsorption process, leading to incomplete desorption of nitrogen, or it may be due to irreversible adsorption occurring in pores with diameters similar to that of nitrogen molecules (Cao et al., 2018; Chen et al., 2018). This study shows that for the same lithofacies, gas adsorption is greater when TOC is relatively high (Figure 12). The adsorption capacity of the samples increases with increasing TOC, but the rate of increase gradually decreases as TOC increases. This indicates that higher TOC is associated with stronger adsorption properties (Jarvie et al., 2007), but the dominant degree of adsorption decreases. Previous studies have also shown (Zou et al., 2010) that under the same temperature and pressure conditions, organic-rich shales typically have larger micropore spaces and higher specific surface areas than organic-poor shales, and thus can adsorb more natural gas. Therefore, the high organic carbon content of LTF shale indicates a strong potential for hydrocarbon generation and adsorption performance.
[image: Two scatter plots labeled "a" and "b" show the relationship between TOC percentage and gas adsorption. Plot "a" displays CO2 adsorption, and plot "b" displays N2 adsorption. Both plots feature a trend line with different markers: red circles (CS-H), orange squares (MS-M), yellow triangles (SS-M), and blue crosses (CAS-L). Both trend lines increase with TOC percentage.]FIGURE 12 | Variation of Maximum gas adsorption quantity with TOC: (a) CO2; (b) N2.For the transitional-phase deposited LTF shales, terrestrial biomass contributes a high proportion of its OM supply, making a significant contribution to the TOC content (He Q. et al., 2020). This study further clarifies that the LTF kerogen type is predominantly Type III, with relatively weaker hydrocarbon generation potential compared to the other two types of kerogen (Niu et al., 2023). The four lithofacies of LTF in the central Sichuan region (CAS-L, SS-M, MS-M, CS-H) are essentially consistent in OM type, but show certain differences in quality. Specifically, the kerogen isotope values of the CAS-L and SS-M lithofacies are slightly lower than those of the MS-M and CS-H lithofacies (Figure 7), while the light index is slightly higher (Figure 5), indicating that the OM quality of the former is slightly better than that of the latter. Compared with other typical shales, the OM quality of LTF shales shows certain regional characteristics (Figure 7). Compared with the transitional-phase SXF shales in the Ordos Basin, LTF shales have a relative advantage in OM quality. However, compared with the commercially developed marine LMXF shales in the southeastern Chongqing area and the contemporaneously deposited marine WJPF shales within the basin, the OM quality of LTF shales is at a distinct disadvantage. This difference mainly stems from the different sedimentary environments; marine shales typically have better kerogen types (I or II kerogen), thus having stronger hydrocarbon generation potential (Ji et al., 2020). In contrast, transitional-phase shales, influenced by terrigenous input, are predominantly Type III in kerogen type, with relatively limited hydrocarbon generation potential (Dang et al., 2016).
During the diagenetic evolution of organic-rich shales, OM undergoes a thermal maturation process associated with burial (Lin et al., 2018; Deng et al., 2023). The thermal maturation of OM is the primary cause for the formation of organic pores and organic fractures in transitional-phase shales. The OM in the four lithofacies of LTF is mainly in the over-mature stage. Meanwhile, Ro and Tmax exhibit a strong positive correlation (Figure 13). This indicates that all four shale lithofacies have experienced the peak hydrocarbon generation phase in geological history. Among them, CS-H and CAS-L show the best correlation, with R2 > 0.9, indicating a more gradual thermal evolution process of OM (Mango, 1987; 1991), which is conducive to the generation and expulsion of hydrocarbons. Compared with the Shanxi and Taiyuan formations in the Ordos Basin, which are also transitional-phase shales, it can be found that although LTF was deposited later, it has a higher degree of evolution (Qiu et al., 2021; Yu et al., 2022; Yu et al., 2024). Although excessively high organic matter maturity may not be conducive to finely characterizing the complete OM hydrocarbon generation process, pore evolution characteristics, and natural gas accumulation patterns in shale studies, the high maturity of the LTF shales in CSCD remains a favorable factor for lithofacies quality definition (Zhang et al., 2020).
[image: Graph displaying Tmax (°C) versus Ro (%) with four data series: CS-H, MS-M, SS-M, and CAS-L. Each series has a distinct color and marker shape. Linear trend lines with corresponding equations and R² values are shown, indicating the fit quality.]FIGURE 13 | Figure showing the relationship between Ro and Tmax for the four shale lithofacies.5.2 The impact of pore characteristics on lithofacies quality
The results of this study indicate that the pore characteristics of transitional shales are similar to those of marine shales, mainly manifested as open pore structures. These pores have favorable morphological characteristics, providing favorable conditions for the migration and development of natural gas (Chen et al., 2016). Based on the correlation analysis between porosity tested by the saturated liquid method and shale composition, shale porosity is positively correlated with the percentage of clay minerals (Figure 14a) and TOC (Figure 14d), with fitting coefficients of 0.178 and 0.236, respectively. It is negatively correlated with calcareous minerals (Figure 13b), with a fitting coefficient of 0.234. There is no significant correlation with siliceous minerals (Figure 14c). This may be the reason why different lithofacies were not distinguished.
[image: Four scatter plots labeled a, b, c, and d show relationships between porosity percentages and different mineral contents. Plot a features clay mineral content with a slight positive correlation, b shows calcareous mineral content with a negativecorrelation, c illustrates siliceous mineral content with minimal correlation, and d displays total organic carbon (TOC) with a positive correlation. Each plot includes a trendline equation and R-squared value to indicate correlation strength.]FIGURE 14 | Figure showing the correlation analysis between porosity of LTF shale and different compositional components of shale. (a) por-clay mineral content; (b) por-calcareous mineral content; (c) por-Siliceous mineral content; (d) por-TOC.Based on lithofacies classification, the sensitivity of porosity to different compositional components varies among each lithofacies. The porosity of CS-H shows a good positive correlation with clay and TOC content, indicating that the increase in clay (Figure 15a) and TOC (Figure 15d) content has a positive effect on pore formation. It has a weaker correlation with siliceous content (Figure 15c). It has a negative correlation with calcareous content (Figure 15b), reflecting that the increase in calcareous minerals is not conducive to pore formation. The porosity of MS-M has poor correlation with the content of the four types of shale components (Figures 15a–d), showing low sensitivity. For SS-M (Figures 15a,b), in addition to a significant negative correlation with the siliceous component (Figure 15c), the correlation with other components is not obvious (Figures 15a,b,d). The porosity of CAS-L has a clear positive correlation with clay minerals, siliceous minerals, and TOC content (Figures 15a–c), and a negative correlation with calcareous content (Figure 15b).
[image: Four scatter plots labeled a, b, c, and d show relationships between mineral contents and TOC with porosity percentages. Each plot has trend lines and R-squared values for various categories: CS-H, MS-M, SS-M, and CAS-L, indicated by red circles, orange squares, yellow triangles, and blue crosses, respectively. Plots highlight correlations: a) clay mineral content, b) calcareous mineral content, c) siliceous mineral content, and d) TOC.]FIGURE 15 | Figure showing the correlation analysis between porosity of different lithofacies and various compositional components of shale. (a) por-clay mineral content; (b) por-calcareous mineral content; (c) por-Siliceous mineral content; (d) por-TOC.Given the overall underdevelopment of organic pores in LTF, the porosity of CS-H and CAS-L shows a good correlation with OM content, partly because these two lithofacies have a certain amount of organic pore development, and more likely because the OM-related fractures in these lithofacies are well-developed. By comparing Figure 16 with Figure 9, it can be seen that the number of organic pores in LTF is less than that in the SXF (Figures 16a–c), the contemporaneous marine Wojiaping Formation (Figure 16f), and the commercially developed LMXF (Figures 16d,e) (Chen Y. N. et al., 2023). However, compared with the Shanxi and Wojiaping formations, there are more OM-related fractures. Both have abundant B-OM-related fractures compared with LMXF shale. This may be due to the rapid thermal evolution rate of OM in LTF as described in Section 5.2. OM undergoes deformation (Zolfaghari et al., 2017), the formation of abundant OM-related fractures provides reservoir conditions for natural gas. Through SEM observation, full pore size testing, and correlation analysis between porosity and shale composition, for CS-H, the mesopore-level clay interlayer gaps, OM pores, OM-related fractures, and macropore-range intergranular pores provide abundant storage space for natural gas. Among them, the contribution of OM-related fractures cannot be ignored (Rexer et al., 2014; 2020). The pore size is mainly distributed in the mesopore range, with some reaching macropores (Pommer and Milliken, 2015; Shi et al., 2018). MS-M has various types of mesopores as the main storage space, possibly because the uniform distribution of components makes the rock more compact. The porosity of SS-M lithofacies shows poor correlation with TOC, possibly because the concentrated distribution of TOC results in a relatively fixed absolute value of the contribution of visible OM-related fractures to the storage space under the microscope. At the same time, Due to the presence of a significant amount of quartz, the intergranular pores are well-developed, leading to good storage conditions for this lithofacies. The porosity of CAS-L lithofacies is low, and the analysis identifies two reasons: first, the development of calcareous minerals and the underdevelopment of intergranular pores. Meanwhile, dissolution pores are underdeveloped and almost not observed under the microscope (Cao et al., 2022). On the other hand, the low TOC of this lithofacies limits the contribution of OM-related storage space.
[image: Grid of six scanning electron micrographs labeled a to f, showing organic matter (OM) and associated pores at different scales. Image a displays OM with pores at 50 micrometers. Image b shows a closer view of OM pores at 25 micrometers. Image c presents OM and pores at 5 micrometers. Image d highlights OM and a fissure with pores at 2 micrometers. Image e reveals detailed OM pores and fissures at 400 nanometers. Image f focuses on OM pores at 500 nanometers. Scale bars indicate relative sizes in each image.]FIGURE 16 | Scanning Electron Microscope (SEM) Images of Typical Shales from Other Formations: (a–c) SXF, modified from (He et al., 2022); (d,e) LMXF, modified from (Chen et al., 2019); (f) Wojiaping Formation, modified from (Zhang et al., 2024).5.3 Favorable lithofacies types and their distribution
By comprehensively considering the hydrocarbon generation potential, pore development conditions, and preservation conditions, the CS-H lithofacies type can be identified as a high-quality lithofacies type. It is mainly sporadically distributed in the Tan 2 section and relatively continuously distributed in the upper middle part of the Tan 1 section (Figure 17). On one hand, it is characterized by high TOC and high Ro compared to other lithofacies. On the other hand, it features well-developed clay intergranular fractures and intergranular pores, providing ample storage space. Although its OM quality is not superior among the four lithofacies, its higher OM content and maturity result in well-developed organic pores and OM-related fractures. In terms of pore size, micropores are relatively well-developed compared to other lithofacies, while mesopores and macropores are even more developed. Under the background of favorable hydrocarbon generation conditions matched with high-quality storage spaces, natural gas accumulation has superiority (Hazra et al., 2017; Yang et al., 2023). In terms of depth, it has an appropriate burial depth (4200–4400 m). Regionally, the upper part of LTF has an effective cap rock and a stable tectonic setting (Liu et al., 2021). Spatially, the development locations of this lithofacies are often interbedded with coal seams, often interbedded with coal seams. According to the data from the NT1H well, including closed-core sampling and gas content testing (Wen et al., 2024), the distribution layer of this lithofacies exhibits overpressure and oversaturation, the formation pressure coefficient reaches 2.03, confirming the favorable quality of this lithofacies (Goulty et al., 2012; O'Neill et al., 2018; Wang et al., 2019).
[image: Geological log chart depicting the Longtan Formation, with depth ranging from 4240m to 4380m. It includes lithology, gamma ray, resistivity, and density logs, clay and calcareous content, porosity, and total organic carbon. A colored column represents lithofacies types, with a legend indicating shale, limestone, siltstone, and others.]FIGURE 17 | Integrated lithofacies distribution columnar diagram of well NT1H.6 CONCLUSION
On the premise of clarifying the lithofacies types of the Middle Permian LTF marine-continental transitional shales in the CSCB a detailed analysis of their organic geochemical and pore characteristics was conducted. Based on this, the impact of various factors on lithofacies quality was discussed, revealed high-quality lithological types. By comparing the favorable lithofacies with typical marine shales, the following conclusions were drawn:
	(1) In the Suining area of CSCB, the Permian LTF marine-terrestrial transitional shales exhibit strong vertical heterogeneity. Four lithofacies types are mainly developed: organic-rich clay shale (CS-H), medium-organic mixed shale (MS-M), medium-organic siliceous shale (SS-M), and organic-poor calcareous shale (CAS-L). The mineral percentage content and organic matter (OM) abundance show clear differences among different lithofacies shales, while kerogen type and maturity (Ro) are essentially consistent.
	(2) The Longtan shale has a diverse range of pore types and a complex pore structure. CS-H and CAS-L are primarily characterized by slit-like pore shapes produced by ink-bottle and plate-like particles. The pore shapes of the MS-M lithofacies are mainly ink-bottle and slit-like. The pores of the SS-M lithofacies are predominantly slit-like.
	(3) The inorganic pores of CS-H and MS-M are mainly intergranular pores in clay, with CS-H not only having better-developed intergranular pores in clay but also exhibiting clay interlayer fractures. For SS-M and CAS-L, inorganic pores are predominantly intergranular pores. The development of OM pores is poor, typically appearing as isolated pores. There are significant differences in the development of OM-related fractures among different lithofacies, with CS-H and SS-M being superior to MS-M and CAS-L. Through full pore size characterization, mesopores and micropores are well-developed in LTF shales. Among them, mesopores dominate, accounting for over 85% of the pore volume, followed by micropores, which account for about 10%.
	(4) Based on geochemical analysis and full-pore characterization, the organic-rich clay shale facies (CS-H) is identified as a high-quality lithofacies type by integrating its hydrocarbon generation potential, pore development, and preservation conditions. The study reveals the stratigraphic intervals where high-quality lithofacies are developed, providing important evidence for the development of this type of unconventional energy.
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